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Abstract

The shape and connectivity of neurons underlies all higher brain functions and
abnormalities in these features are a hallmark of many neuropsychiatric disorders.
In the brain, functional neural networks arise through an interplay between intrinsic
intracellular processes and interactions between neurons and other cell types,
including glia. CYFIPI is a neuropsychiatric disease-associated gene with
established roles in actin remodeling and local protein translation. Previous studies
have shown that altered expression of CYFIP1 regulates neuronal morphology,
connectivity and synaptic plasticity, although it is currently unclear to what extent
these represent cell-autonomous effects. Additionally, the embryonic lethality of
CYFIP1 has precluded the study of complete CYFIP1 loss in vivo. This thesis aims
to address some of these questions using transgenic mice harboring cell
type-specific deletions of CYFIP1. Firstly, an excitatory neuron-specific CYFIP1
knockout was generated. Loss of neuronal CYFIP1 led to stunted dendrite growth in
vitro and in vivo and to differential effects on axon growth. Migration of neuronal
progenitor cells during embryogenesis was unaffected in this model. Investigation
revealed normal synapse formation in cultured neurons lacking CYFIP1. However,
several developmentally-dependent changes were observed in vivo, including
immature spine morphology and an increase in post-synaptic inhibition in young
adult mice. Lastly, a novel role for CYFIP1 in microglia was investigated. Using a
live-imaging assay of acute slices, a role for CYFIP1-associated actin remodeling
complexes in microglial motility was established. A microglia-specific CYFIP1
knockout mouse showed changes in microglial morphology and a specific defect in
surveillance motility. These results provide evidence for novel functions of CYFIP1
in neurons and microglia that will inform our understanding of the cellular

interactions underlying disorders such as autism and schizophrenia.
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Chapter 1

Introduction

Understanding the context within which altered CYFIP1 function in the brain occurs
requires an overview of how neurons develop and the relevant cellular and molecular
processes involved. As remodelling of the cytoskeleton is a critical function of
CYFIP1 and underlies many of it’s associated functions, this introduction will begin
with an overview of cytoskeletal dynamics, focused particularly on regulation of
actin involved in establishing cell morphology and motility. This will form the basis
for a discussion on neuronal development and synaptic transmission, with emphasis
on the role of cytoskeletal dynamics and links with psychiatric disease. Finally, the
known molecular functions and clinical associations of CYFIP1 will be covered in

this context.

1.1 Control of cell shape and movement

1.1.1 Core components of the cytoskeleton

Cells adopt different shapes in order to perform specific functions efficiently. Often

this means dynamically changing their shape over timescales varying from



1.1 Control of cell shape and movement 2

milliseconds to days. The generation of specific morphologies is an active process
for animal cells that requires intracellular protein ‘scaffolds’ to provide mechanical
tension, rigidity and directed force to mold the shape of the plasma membrane.
Together, the network of proteins that compose this intracellular scaffold and its

regulators are known as the cytoskeleton.

The cytoskeleton is composed of three major filament types; actin filaments
(microfilaments), microtubules and intermediate filaments. These three building
blocks differ in their size, tensile strength and dynamics. However, they are all
primarily composed on monomeric units that polymerise to form filamentous
macromolecules. Alongside its role in cell shape and motility, the cytoskeleton is

also critical for intracellular trafficking, cell adhesion and division.

1.1.1.1 Microtubules

Microtubules (MTs) are the largest element (by width) of the cytoskeleton. They have
critical roles in cell division, intracellular trafficking of organelles and establishing
cell shape and stability. MTs are composed of globular heterodimers of ¢-tubulin and
B-tubulin monomers. These dimers assemble end-to-end into linear protofilaments,
with B-subunits interacting with the o-subunit of the adjacent dimer (Fig 1.1).
Protofilaments align laterally to form a tube-like filament that typically contains 13
protofilaments and is roughly 25 um in diameter with a central lumen (Goodson and
Jonasson, 2018). Due to this assembly pattern, MTs have inherent polarity; a fast
growing plus end with B-tubulin exposed and more slowly growing minus end with

exposed a-tubulin.

Both tubulin monomers bind guanosine triphosphate (GTP), and though -
tubulin GTP is stable, -tubulin GTP can be hydrolysed once the dimer is integrated
into a MT filament. This feature is critical for the cycles of MT extension and
retraction known as ‘dynamic instability’. Dynamic instability reflects the fact that

the plus-end of MTs stably polymerise only when the rate of addition of GTP-bound
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o/ B-tubulin dimers is greater than the subsequent hydrolysis of GTP to GDP in those
dimers. Should the addition rate slow such that the GTP-bound ‘cap’ of the plus is
hydrolysed, the plus end will rapidly depolymerise in a process termed ‘collapse’. In
most metazoan cells, the minus end of MTs are stabilised in a microtubule-organising
complex (MTOC), the most common being the centrosome that resides near the
nucleus. Thus, the cycling of growth and collapse occurs mainly at the plus end and

underpins the MT dynamics in the cell.

MT filaments can be stabilised in a number of ways. MTs are subject to a
number of post-translational modifications (PTMs), the best characterised example
of which is tyrosination of the carboxy-tail of B-tubulin (Janke and Bulinski, 2011).
Due to the preferential activity for dimeric tubulin of the tyrosine ligase, TTL, new
MT filaments are almost entirely tyrosinated. Over time, MTs are detyrosinated and
become increasingly stable, in part due to reduced affinity of detyrosinated tubulin
for depolymerising kinesin, KIF2A (Peris et al., 2009). Other PTMs include
acetylation (which also increases MT stability), polyglutamylation and
polyglycylation. Interestingly, many of these PTMs are specifically enriched in the
brain, MTs in the axon are heavily detyrosinated, polyglutamylated and
polyglycylated (Janke and Bulinski, 2011). Given the length and longevity of axons,
this supports PTMs of axonal MTs as functionally relevant. Indeed, loss of TTL in

neurons alters MT stability and axonal morphology (Peris et al., 2009).

Many proteins broadly termed microtubule binding proteins (MTBPs) interact
directly with MTs. This diverse group can be split into two categories: motor and
non-motor MTBPs. As mentioned, MTs are intracellular highways that coordinate
long range trafficking within the cell. Motor proteins bind and track along MTs and,
through concomitant binding to cargo, mediate intracellular trafficking of organelles
and macrocomplexes. MT motor proteins can be split into kinesins and dyneins
based on their preference to movement towards the plus end or minus end of MTs
(Hirokawa et al., 2009). Another group (+TIPs) bind to the growing ends of MTs

and either sway the balance of dynamic instability in favour of polymerisation
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Fig. 1.1: Types of cytoskeletal filaments

Illustration of the three filamentous components of the cytoskeleton. Actin filaments and
microtubules are formed from addition of actin and tubulin monomers to dynamic ends
respectively. Intermediate filaments form from the lateral association of tetrameric subunits.
From (Mostowy and Cossart, 2012).
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(EB1, APC) or catastrophe (Stathmin, kinesin-13) (Goodson and Jonasson, 2018).
Although +TIPs bind both plus and the minus end in vitro, in eukaryotes minus
end MTs are more commonly associated with stabilising complexes, such as y-
TuRC. Finally, a large number of MT-associated proteins (MAPs) bind the body
of MTs, where they have important roles in stabilising MTs via crosslinking of
protofilaments or bundling of separate MT filaments. In neurons, a number of MAPs
show spatially distinct distributions, such as tau and MAP2, which are localised to

axon and dendritic compartments respectively.

It is worth stressing that these different systems do not work in isolation. MAPs
and +TIPs compete with each other for binding to the lattice and ends of MTs
respectively. Equally, MAPs have been shown to alter the association of motor
proteins to MTs, and a subset of motor proteins are capable of actively
depolymerising the plus end (Monroy et al., 2018). Finally, MAPs link the MT
network to other cytoskeletal elements, including actin and intermediate filaments,
which is critical for orchestrating cytoskeleton-wide remodelling events such as cell

division.

1.1.1.2 Intermediate filaments

Intermediate filaments (IFs) are large and genetically diverse group of proteins,
with humans having at least 65 IF genes (Herrmann et al., 2007). In contrast
to the globular monomers of MTs, IF proteins share a conserved «-helical rod
domain flanked by additional residues at N- and C-termini that are more structurally
diverse. Another key difference to MTs is the lack of intrinsic polarity, which arises
from the fact that IFs do not form from the addition of monomeric subunits to an
extending filament. Instead, individual IF proteins form anti-parrallel homo- or
heterodimers that associate laterally into tetrameric building blocks. Assembly of
these tetrameric units together forms unit-length filaments that can subsequently
anneal end-to-end to create mature filaments that have a width of 10 um (Fig 1.1).

The lack of polarity means that IFs are not used for intracellular trafficking by motor
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proteins. Instead, IFs function by altering the mechanical properties of the cell,
in part by modulating physical properties of actin filaments and MTs (Herrmann
et al., 2007). The genetic diversity of IFs allows for tissue-specific and cell-type
specific expression, for instance in neurons (neurofilaments) and glia (GFAP) in the
brain. IFs also show spatial diversity within the cell; a class of IFs called lamins
form the nuclear lamina that lines the inner nuclear membrane, whereas other IF
classes (ketarins, vimentin-like) are cytoplasmic and have roles in linking cell-cell
adhesions and extracellular matrix (ECM) interactions (via focal adhesions and

hemidesmosomes) to the cytoskeleton.

1.1.1.3 Actin filaments

Actin filaments (AFs) are the smallest component of the cytoskeleton, roughly 8 um
in diameter, and also the most evolutionarily conserved. Actin genes are found in
all forms of life of Earth, from bacteria to eukaryotes (Pollard and Cooper, 2009).
Although some eukaryotes have only one actin gene (e.g. budding yeast), most have
multiple copies generated via evolutionary duplication and divergence. Humans have
3 a-actin genes, a B-actin gene and 2 y-actin genes which differ primarily in their

expression in either muscle or non-muscle cells.

AFs are formed from the polymerisation of globular actin monomers (G-actin),
which accounts for approximately 5% of total cell protein (Pollard and Cooper, 2009).
Similar to MTs, G-actin binds phospho-nucleotides but these are adenosine-based
(ATP/ADP). ATP-bound actin monomers assemble to form a helical structure held
together by non-covalent bonds between subunits of the filament (Fig 1.1). Another
shared feature of AFs and MTs is polarity, as revealed in electron microscopy
(EM) studies of negatively stained filaments saturated with myosin heads (Ishikawa
et al., 1969). This revealed a ‘barbed’ end and a ‘pointed’ end, named after the

myosin-bound filament end looking like a pointed arrow head.



1.1 Control of cell shape and movement 7

Polymerisation of actin can occur at both the pointed and barbed ends, though
they have different kinetics. Addition of ATP-bound G-actin is roughly 10-fold
faster at the barbed end, though it also dissociates more readily. Because of this
difference, assembled actin monomers in a filament gradually move from the barbed
end to the pointed end, a process known as treadmilling. Additionally, assembly
into filamentous actin (F-actin) shifts the equilibrium in favour of hydrolysis of
actin-bound ATP, meaning that over time F-actin becomes increasingly ADP-bound.
Despite their dynamism, the polymerisation dynamics of AFs are far more measured

than the all-or-nothing dynamic instability of MTs.

All else being equal, the concentration of free G-actin within the cytoplasm of
cells (50-200 uM) would lead to the spontaneous incorporation of all monomers into
AFs. In order for cells to regulate the incorporation of G-actin into filaments, a vast
array of actin-binding proteins exist that modulate this equilibrium. Additionally, AFs
in cells are not simply a selection of individual filaments but instead a complex array
of different macro-structures, including branched actin, bundled parallel filaments
and crosslinked filament webs. This diversity of the actin cytoskeleton exists due
to a large group of actin-binding proteins (ABPs), an overview of which will be

discussed presently.

1.1.2 Regulation of the actin cytoskeleton

1.1.2.1 Profilin, cofilin and capping

A number of actin-binding proteins (ABPs) control actin dynamics through
controlling polymerisation rates. The majority of monomeric actin in eukaryotic
cells exists in complex with profilin. Profilin binds the barbed end of actin, sterically
inhibiting pointed end polymerisation but facilitating elongation at the barbed end
(Pollard and Cooper, 2009). Elongation is further promoted by interaction of profilin

with proline-rich domains (PRDs) present in formins and Ena/VaSP ABPs
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(discussed later). Once incorporated into an AF the profilin-actin complex weakens,
leading to dissociation of profilin and facilitating further addition of actin. Mammals
have an additional ABP that binds monomeric actin called thymosin-f4, which
competes with profilin G-actin. In contrast to profilin, thymosin-4 binding

sequesters G-actin preventing its incorporation into F-actin.

Cofilin is a small ABP that binds both G-actin and ADP-bound F-actin. Cofilin
competes with profilin to sequestor the pool of G-actin, whereas its association with
F-actin facilitates severing of existing filaments. Interestingly, cofilin activity is often
associated with increased actin polymerisation, due to the generation of new barbed
ends that filament severing generates. As a result, cofilin is required during formation
of membrane protrusions in some instances (Bravo-Cordero et al., 2013). Regulation
of severing activity by cofilin activity is quite varied; phosphotyidylinositol-4,5-
bisphosphate (PIP;) inhibits cofilin, as does phosphorylation by LIM kinase. A
functionally related family of ABPs to cofilin are the Gelsolin family. These proteins
have various related but different functions to that of cofilin, such as Glial maturation
factor (GMF), which specifically severs branches from branched actin filaments (see

Arp2/3) (Ydenberg et al., 2013).

The barbed-end tips of AFs are often ‘capped’ with the appropriately named
capping protein. In antagonism with profilin, capping protein stabilises ends,
limiting elongation and leading to depolymerisation as a consequence of actin
treadmilling. However, capping protein function can be modulated, for instance by
phosphatidylinositols (PIs), to allow for steady polymerisation (Pollard and Cooper,
2009). Pointed-end capping also occurs, for instance by the Arp2/3 complex after
branch severing. Thus, the dynamics of AF elongation and depolymerisation are
equisitely tuned by a variety of ABPs that act on monomeric actin, and both the tips

and filament of F-actin.
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1.1.2.2 Actin nucleation factors: Formins and Arp2/3

Profilin, cofilin and capping proteins all function by altering the polymerization and
treadmilling activity of existing actin filaments. However, cells also need mechanisms
to produce new actin filaments from G-actin de novo. There are two major classes of

ABPs that perform this function, namely the formins and the Arp2/3 complex.

Formins were discovered in the 1990s as genes critical for cytokinesis, polarity,
and tissue morphogenesis and have since been shown to nucleate new unbranched
AFs (Breitsprecher and Goode, 2013; Mass et al., 1990). They are a homodimeric
class of proteins that have 15 known members in mammalian cells and are
characterized by the presence of two C-terminal domains, formin-homology 1 and 2
(FH1 and FH2 respectively) (Breitsprecher and Goode, 2013). These conserved
FH1/FH2 domains mediate nucleation activity of formins, though precisely how this
occurs is incompletely understood. FH2 can bind G-actin dimers to initiate
nucleation in vitro, although this activity is largely absent with profilin-bound actin
(Chesarone et al., 2010). The FH1 domain contains several proline-rich domains
that can bind profilin-actin. Thus, it is currently thought that domains in the
C-terminal domain (CTD) act cooperatively to bring profilin-actin monomers
together and nucleate new filaments (Heimsath and Higgs, 2012). The diversity of
formins arise from their divergent N-terminal domain (NTD) sequences, that guide
protein-protein and protein-lipid interactions that localize formins to different
intracellular structures including the plasma membrane, golgi and ER (Breitsprecher

and Goode, 2013; Gorelik et al., 2011).

After nucleation, formins stay bound to the growing barbed end via interaction
between FH2 and F-actin. This has dual roles in protecting the barded end from
capping proteins and in sequestering new profilin-actin monomers for
polymerization, facilitating AF formation (Breitsprecher and Goode, 2013). Formins
differ in their processivity, with some (e.g. mDial) orchestrating elongation of

barbed ends for hundreds of actin monomers. In addition, many formins
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(concretlely, Diaphanous-related formins) have Dia-inhibitory domain (DID) and
Dia-autoregulatory domain (DAD) domains on their CTD and NTD respectively.
These autoinhibit formin activity by preventing the CTD actin-binding activity, as
revealed by X-ray crystallography experiments (Nezami et al., 2010). Often, binding
of active small RhoGTPases can relieve this autoinhibition thus directing formin
activity. Finally, growing evidence suggests formins alter microtubule targeting,
association with AFs and stabilization via direct binding (Chesarone et al., 2010).
Overexpression of mDial and 2 in fibroblasts increases the proportion of stable MTs
that orient towards the cell periphery (Palazzo et al., 2001). Though the important of
formins cooperative AF and MT binding has been difficult to untangle, it is likely an

important point of cytoskeletal crosstalk.

Since the discovery of formins several other proteins with unbranched nucleation
activity have been identified that do not structurally fit in the same family as the
formins. These include Spire and JMY (Quinlan et al., 2005; Zuchero et al., 2009).
These proteins utilise WASP homology (WH2) domains to bind G-actin/profilin-actin
dimers to overcome the initial activation energy required for nucleation. Together
with differing processivity of formins and balance between nucleation and elongation
activity, these proteins represent the diverse ways in which actin filaments can be

formed de novo in the cell.

Cells generate branched actin networks through the activity of the actin-related
protein complex Arp2/3. First discovered nearly 25 years ago, the Arp2/3 complex
was the first identified actin nucleator (Machesky et al., 1994). Arp2/3 is a
heteromeric assembly of seven proteins, including Arp2 and 3, all of which are
conserved in almost all eukaryotes. The complex is basally inactive, requiring
activation by nucleation promoting factors (NPFs). Upon activation, the
actin-related proteins Arp2 and Arp3 align to form a binding surface for the pointed
end of actin monomers, thereby initiating nucleation of a new actin branch. EM
micrographs of Arp2/3 and actin in vitro revealed that the Arp2/3 complex stay

attached to branch point as long as it exists, and maintains the branch at a precise
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70° angle from the mother filament (Rouiller et al., 2008). Additionally, when AF
branches are severed (e.g. by the gelsolin protein GMF), the Arp2/3 complex

remains attached to the pointed end were it limits depolymerization (Mullins et al.,

1998).

1.1.2.3 Nucleation Promoting Factors

As discussed, the Arp2/3 complex is basally inactive and requires association with
activated NPFs and ATP for branch nucleation. Arp2/3 NPFs are a class of NPF
(type I) that are functionally distinct from type II NPFs (e.g. cortactin) that despite
Arp2/3-binding do not activate the complex. Type I NPFs are all members of
the Wiskott-Aldrich Syndrome (WAS) family of proteins, of which there are five
identified members in mammalian systems; WASp, N-WASP, WAVE (isoforms
1-3), WHAMM, WASH and JMY. Despite their divergent structures, upstream
activators and downstream effectors, these proteins all share a conserved mechanism
for Arp2/3 activation (Fig 1.2). Concretely, all possess a C-terminal VCA/WCA
(verprolin/WH2, central, acidic) domain that is required for actin binding and Arp2/3
activation. Binding of the WCA domain to Arp2/3 induces a conformational change
that both brings Arp2 and 3 subunits together and increases the affinity of Arp2/3 to
mother AFs. Simultaneously, the WH2 (W) component of the WCA domain recruits
G-actin to the complex, providing a seed to initiate nucleation of a new branch.
Adjacent to the WCA domain, WAS family proteins have a proline-rich domain
(PRD) that binds profilin-actin to further promote elongation (Alekhina et al., 2017).
An important general feature of WASP proteins in basal inhibition of WCA activity

via intra- or intermolecular occlusion.

The diversity of WASP family function arises from their differential localisation,
protein and lipid interactions and activation states within the cell. This has enabled
WASP proteins to become functionally specialised in various critical intracellular

processes that require actin remodelling (Fig 1.2). As such, WASP, WASH and
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Fig. 1.2: Structural and functional diversity of WASP family proteins

Top panel: The major domain structure of the different WASP family members. All members
have a conserved C-terminal WCA motif and PPR regions but divergent N-terminal domains.
Notice the GDB binding domains of WASp and N-WASP that mediate cdc42-mediated
activation of these proteins. Also the three WH2 domains of MY that facilitate de novo actin
nucleation. Bottom panel: Illustration of the subcellular localisations of WASP proteins.
WASp, N-WASP and WAVE are primarily associated with the plasma membrane whereas
others have roles in actin remodelling of intracellular organelles, such as endosomes (WASH),
autophagosome formation (WHAMM, JIMY) and ERGIC remodelling (WHAMM). WASp,
WASH and JMY also have functions within the nucleus. From (Alekhina et al., 2017)
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WAVE proteins are all evolutionarily ancient, whereas WHAMM and JMY proteins

first arose in invertebrates (Veltman and Insall, 2010).

WAS family proteins are named after the first identified member, WASp, being
the protein product of the gene mutated in the immune-deficiency disease Wiskott-
Aldrich Syndrome (Derry et al., 1994). WASp is primarily expressed in haemopoietic
systems, including the spleen, thymus and lymphocytes. In contrast, N-WASP
is expressed more ubiquitously, and its deletion is embryonically lethal in mice
(Snapper et al., 2001). WASp and N-WASP are structurally very similar, differing
only in an extra WH2 domain in the WCA region of N-WASP (Figl.2). Both
proteins are autoinhibited by binding of central and acidic domains of the WCA
to the GTPase-binding domain (GBD, also known as CRIB) region. This inactive
conformation is further stabilized by WHI1-interacting protein (WIP). Binding of the
RhoGTPase cdc4?2 to a central GBD relieves autoinhibition of N-WASP and is a key
activation signal. However, activity is also modulated by additional signals; PIP;
binding to the basic region (BR), SH3-containing proteins binding to the proline-rich
regions (PRR) (e.g. NCK1, ABI1), phosphorylation of tyrosine residues in the GDB
(Campellone and Welch, 2010). Many of these interactions help localise WASp and
N-WASP proteins to the plasma membrane, where they have critical functions in
phagocytosis, endocytosis and cell motility. Interestingly, recent work has uncovered
a role for WASP in the nucleaus where it recruits chromatin remodelling factors
to the TBX21 promoter in T-cells to regulate autoimmune response (Sarkar et al.,

2015).

The other important group of WASP proteins at the plasma membrane are
WAVEs. WAVE proteins form heteromeric complexes in the cell and are inhibited
by transmolecular interactions (Ismail et al., 2009). WAVE proteins (of which there
are 3 mammalian isoforms) are active when isolated (Innocenti et al., 2004).
However, in cells they exist exclusively as part of a heteropentameric complex
consisting of NAP1, CYFIP, ABI and HSPC300 proteins that together is termed the
WAVE regulatory complex (WRC). In this complex, the WCA region of WAVE is



1.1 Control of cell shape and movement 14

buried and therefore inaccessible to either actin monomers or the Arp2/3 complex
(Chen et al., 2010). This intermolecular inhibition is relieved by binding of another
RhoGTPase, Racl. The regulation of this complex is discussed in further detail in
section 1.4. WAVE proteins have well-defined functions in cell motility and
lamellipodia formation and, alongside N-WASP, directly regulate Arp2/3 activity at

the plasma membrane.

Analogous to WAVEs, WASH proteins have unique N-terminal WASH
homology domains (WHDI1 and 2) that mediate interactions with proteins, including
capping protein, FAM21, strumpellin and CCDC53 (Jia et al., 2010). It is thought
these interactions form a complex similar to the WRC, that inhibits WASH activity
under basal conditions, although the details of this are poorly understood. It is
interesting to note that capping protein has independent roles in AF polymerisation
and thus provides a way of coordinating different actin remodelling functions locally.
Functionally, WASH is localised to endolysosomal compartments and is critical for
actin remodelling during the formation and sorting of endosomes and lysosomes.
Loss of the WASH results in collapse of the endolysosomal system and
accumulation of cargo-filled membrane tubules (Gomez et al., 2012). In accordance
with this critical role in organelle biogenesis, WASH knockout mice are

embryonically lethal.

WHAMM is localised to the endoplasmic reticulum-Golgi intermediate
compartment (ERGIC) where it facilitates vesicle formation important for
intracellular trafficking of transmembrane proteins (Campellone et al., 2008).
Additionally, WHAMM interacts with microtubules via the coiled-coil (CC) domain
and this interaction masks its WCA domain, thus providing another novel
mechanism of WASP protein inhibition. JMY is unique in its ability to nucleate AFs
via two distinct mechanisms: 1) canonical activation of Arp2/3 via the it’'s WCA
region and 2) de novo AF nucleation independent of Arp2/3 via binding of G-actin
to three serial C-terminal WH2 domains (Zuchero et al., 2012). It also has unique

roles as a transcriptional regulator; JMY translocates to the nucleus in a process
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regulated my cytoplasmic monomeric actin levels, where it activates p53 during
DNA damage response (Zuchero et al., 2012). Both JIMY and WHAMM regulate
autophagosome biogenesis at the ER through remodelling of the ER membrane
(Kast et al., 2015). Thus, the variety of Arp2/3 NPFs facilitate a diverse array of

functional nodes where Arp2/3 activity can be independently regulated.

1.1.2.4 RhoGTPases

The RhoGTPases are family of small GTPases within the larger Ras-related
superfamily, with well-described roles in the regulation of cytoskeletal remodelling.
As mentioned, several RhoGTPases are key upstream activators of NPFs. However,
these proteins also interact, directly or indirectly, with the other ABP proteins
discussed to orchestrate complex actin remodelling cascades. Thus, the function of

RhoGTPases is critical to an understanding of cytoskeleton dynamics.

In humans, there are 22 known RhoGTPase proteins, that can be further
subdivided based on sequence similarity. Though they have unique regulatory
pathways, expression profiles and downstream effectors, they all function in a
fundamentally similar way. GTPases can bind a single guanine nucleotide in either
GDP or GTP form. The GTP-bound form switches on the RhoGTPase, enabling
conformation-specific protein interactions with downstream effectors, whereas the
GDP-bound form is inactive. Three subfamilies of the RhoGTPase family (termed
classical RhoGTPases) have emerged as particularly critical for actin remodelling,
namely Rac (1, 2 and 3), cdc42 and Rho (A,B,C). Over 50 unique protein
interactions have been identified for Racl and cdc42 alone, highlighting their

importance as hubs of intracellular signalling (Jaffe and Hall, 2005).

Regulation of this GTP switch is achieved by three classes of protein; guanine
nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and
guanine nucleotide dissociation factors (GDIs). GEFs promote the exchange of GDP

to GTP by stimulating GDP release and therefore promote activation of Rho
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GTPases, whereas GAPs stimulate intrinsic GTPase activity of RhoGTPases leading
to hydrolysis of GTP and deactivation (Jaffe and Hall, 2005). GDIs oppose the
exchange of GDP for GTP, maintaining targets in an ‘off’ state and limiting
spontaneous activation. Interestingly, the have also been shown to disrupt
RhoGTPase association with membranes, something critical for many of their
functions related to cytoskeleton dynamics (Heasman and Ridley, 2008). Together,
these determine the activation state of the RhoGTPase to ensure correct spatial and

temporal dynamics.

1.1.3 Important cytoskeletal structures in cell growth and

motility

The mechanisms of motility and growth of eukaryotic cells is complex and diverse.
However, studies across species have identified several highly evolutionarily
conserved sub-cellular structures that are critical for these processes. The structures
include filopodia, lamellipodia and focal adhesion sites (Ridley, 2011). These
structures are present in higher organisms and form the basis of our understanding
of development of the complex morphologies of neurons. Classical RhoGTPases are
critical conductors of these large scale changes in actin remodelling, and are all
capable of modulating the activity of multiple ABPs discussed previously.
Interestingly, each classical RhoGTPase is associated with a specific structure; Racl
for lamellipodia, cdc4?2 for filopodia and RhoA for stress fibres formation. In reality
the situation is more complex and the spatial and temporal activation of different
RhoGTPases simultaneously in the cell facilitates fine control over the balance of

actin incorporation in these different structures.
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1.1.3.1 Filapodia formation

Filopodia are thin, finger-like structures about 100-300 nm wide that protrude from
the cell edge. They are formed from an actin-rich core of parallel bundles of
unbranched actin fibers whose polymerization provides the mechanical force to
drive membrane protrusion. Filopodia have well-established roles in sensing of the
environment and in cell motility, and therefore are critical for a number of important
processes during brain development, including axon extension and dendritic spine
formation (discussed section 1.2.4.1). The tips of filipodia are often enriched in
integrin and cadherin molecules that interact with the extracellular environment

(Galbraith et al., 2007).

The formation of filopodia is well understood. Importantly, cdc42 has emerged
as a master regulator of this process; activation of cdc42 induces the formation of
filopodia and loss activity via overexpression (OE) of dominant negative cdc42 or
knockdown leads to loss of filipodia in mouse embryonic fibroblasts (MEFs) and
reductions in the growth cones of neurons (Korobova and Svitkina, 2008). This
appears counter-intuitive given cdc42’s canonical role in promoting acting branching
via N-WASP. Arp2/3 activity may be required for initiation of filopodia formation by
providing a branched network at the base of the filopodia that converge and elongate.
This is supported by the observation that filopodia arise from lamellopodial actin
network (Svitkina et al., 2003). Interestingly, although loss of N-WASP perturbs
normal filipodia formation, it’s activtion is not absolutely required to form filopodia,

suggesting other cdc42 targets may be involved (Snapper et al., 2001).

One important cdc4?2 target is the adapter protein, IRSp53. IRSp53 was identified
by yeast two-hybrid screens to bind both cdc42 and WAVE2 and interacts with
Racl (Miki et al., 2000). It contains an [-BAR domain that can induce bends in the
membrane to induce protrusions (Suetsugu et al., 2006). This appears critical for
filopodia induction, as overexpression of IRSp53 dramatically increases filopodia

formation in a cdc42-dependent manner (Lim et al., 2008). Membrane curvature
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likely decreases the mechanical stress on actin fibers at the membrane, facilitating

their elongation into parallel bundles.
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Fig. 1.3: Actin structure in lamellipodia, filopodia and focal adhesions

Graphical illustration of three important sub-cellular structures critical for cell growth and
motility and the actin-binding proteins and transmembrane proteins involved. Lamellipodia
are characterised by a dense network of branched, dendritic actin. Filopodia commonly form
at the leading edge but have bundled parallel fibres. The lamella region is a more stable
region containing stress fibres, focal adhesions and podosomes. From (Blanque et al., 2015)

Polymerisation of AFs in filopodia requires several other ABPs. Formins bind to
the barbed end of elongating AFs in the nascent filopodia. In mammalian systems,
mDia?2 is particularly critical in this capacity and is found at the tips of filopodia (Peng
etal., 2003). mDia2 is activated by cdc42. Mena/VASP proteins also interact with the
barbed ends to protect them from capping proteins and thus promote polymerization.
VASP also associates with the body of AFs where it ‘bundles’ adjacent AFs together,

increasing their stability and reducing treadmilling (Schirenbeck et al., 2006). Fascin
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is another AF-bundling protein that is important for generating stiff and tight F-actin
structures. Interestingly, loss of fascin leads to collapse of actin bundles that buckle
against the plasma membrane and thus are unable to form stable filopodia (Vignjevic

et al., 2000).

Together, this highlights that filopodia formation is a highly complex and tightly
regulated process that involves a range of different ABPs. Many of these are directly
activated by cdc42, whilst other likely become associated with filopodia due to
inherent features the structure (i.e. multiple parallel, stable AFs). It is worth
mentioning that this is a generalized model of filopodia formation and that the
importance of specific proteins differs on the cell type and conditions the filopodia is
formed under. For example, Arp2/3 (which is activated by N-WASP) is not required
for filopodia formation in MEFs whereas it is critical in in growth cones (D1 Nardo

et al., 2005; Korobova and Svitkina, 2008).

1.1.3.2 Lamellipodia formation

Many cells in culture display a characteristic sheet-like structure at the leading
edge of the cell membrane during whole cell motility. Termed lamellipodia by
Abercrombie et al. in the 1970s, these structures are critical for cells to extend their
membrane to drive cell motility and are important cytoskeletal structures in cell

migration during development and beyond.

Early EM imaging showed that lamellipodia were actin rich and lacking
significant MTs (Svitkina and Borisy, 1999). Additionally, in contrast to the parallel
fibers of filopodia, AFs formed a highly branched network of interconnected fibers.
Imaging studies showed this region is highly dynamic, with actin polymerization
driving the forwards movement of the plasma membrane (Krause and Gautreau,
2014). Behind this actin sheet lies a more stable region termed the lamella, which is
characterized by myosin-based contractibility and adhesive contacts with

extracellular substrates. Because of this, Arp2/3 activity has long thought to be
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critical for lamellipodia formation. As such, inhibition of Arp2/3 with CK666 or
knockout of a critical subunit both lead to complete loss of lamellipodia (Steffen
et al., 2006; Wu et al., 2012). Further, severing of branched AFs by GMF is critical
for retraction of lamellipodia (Goode et al., 2018). Thus the ’dendritic’ actin

network formed by Arp2/3 branching forms the basis of the lamellopodial sheet.

The Rac1-WAVE-Arp2/3 signalling pathway appears to be particularly important
for lamellipodia formation. Inhibition of Racl inhibits lamellipodia and loss of
various WRC components inhibit Rac1-induced lamellipodia (Oikawa et al., 2004;
Steffen et al., 2004). Interaction with PIs in the plasma membrane, namely PIP,
and PIP3, play an important role in specific activation of Racl and WAVE (Oikawa
et al., 2004). Disruption of Racl binding to IRSp53, which localises cdc42, Racl
and WAVE2 to the plasma membrane (PM), inhibits lamellipodia formation (Roy
et al., 2009). Interestingly, despite this the only study correlating Rac1, cdc42 and
RhoA activity during lamellipodial protrusion show precise waves of activation of
all three of these RhoGTPases with RhoA being active at the very edge of the PM
whereas Racl and cdc42 showed more disperse activity (Machacek et al., 2009).
To support this, active RhoA and cdc42 are required for lamellipodia in certain
conditions (Kurokawa et al., 2004; Ridley, 2011). Thus Racl signalling may be

required upstream of other RhoGTPase pathways aswell as directly activating ABPs.

More recent studies have unveiled novel roles for other ABPs in lamellipodia.
Formins and Spire-family proteins, such as mDial and Courdon-Bleu, promote
polymerization of barbed ends at the leading edge, and protect them from capping
(Ridley, 2011). VASP protein stabilizes and brings together barbed ends. Indeed,
the dogma of branched actin networks dominating lamellipodial structure has been
questioned by recent EM studies showing very little ‘dendritic actin’, and more
overlapping and crosslinked structures (Urban et al., 2010). In support of this, the
AF severing protein cofilin promotes polymerization by creation of new barbed
ends, and is important for directing lamellipodium growth during chemotaxis (Sidani

et al., 2007). Importantly, activity of cofilin is regulated by Racl via LIM kinase
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activation, with the effect of localising cofilin activity at the PM (Yang et al., 1998).
Additionally, the type-II NPF cortactin is present at the lamellipodial front and
regulates actin persistence, though probably via RhoGTPase activation rather than

direct Arp2/3 binding (Lai et al., 2009).

Thus, lamellipodia formation involves a concerted activation of RhoGTPases
at the membrane. Racl-driven activation of WAVE-Arp2/3 remains critical for
generating the dendritic actin network that forms the basis of the structure. However
the stability and elongation of these branches are controlled by a host of other factors
whose activity generate the emergent properties of the lamellipodia (protrusion speed,
longevity, processivity etc). Importantly, this cytoskeletal activity is influenced
by external factors such as cell-cell contact and substrate interactions. These are

discussed next.

1.1.3.3 Focal adhesions and podosomes

There are many reasons why cells might need to physically interact with the external
environment: coordination with other cells to form larger structures, attachment to
an extracellular surface for stability, clearing a path for growth through tissue to
name a few. Because they involve interactions outside of the cell, these interactions

are mediated by proteins that span the plasma membrane.
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Fig. 1.4: Downstream effectors of RhoGTPases relating to actin remodelling
Illustration of three important sub-cellular structures critical for cell growth and motility
and the actin-binding proteins and transmembrane proteins involved. From (Heasman and
Ridley, 2008)
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The best characterised group of proteins here are the integrins. Integrins are
heteromeric dimers formed of an ¢« and f subunit, of which 24 o and 9 3 gene
variants have been identified in mammals. Both subunits have a large extracellular
NTD that interacts with binding partners outside of the cell and a small CTD tail
that signals to the cytoskeleton. An important feature of integrins is the ability for
bi-directional signalling; binding of extracellular targets can result in a conformation
change in the CTD that activates intracellular downstream targets (‘outside-in’
signalling), but interactions and alterations to CTDs and transmembrane domains
(TMDs) can also alter the affinity of integrins for extracellular ligands (‘inside-out
signalling’) (Harburger and Calderwood, 2009). Although a growing body of
research has identified a hundreds of integrin interactors, their roles in focal

adhesions and podosomes remain some of the best understood.

Focal adhesions (FAs) are integrin-based macromolecular complexes that link
the actin bundles to extracellular substrates to provide mechanical support for
adhesion and migration; and transmit signalling cues to direct chemotaxis and other
downstream pathways. FAs are observed in vitro and in a range of in vivo contexts,
including in neuronal growth cones (Cypher and Letourneau, 1991). At their core,
mature FAs are a complex joining ligand-bound integrins to bundled AF bundle, via
talin, vinculin and -actinin (Fig 1.3) (Case and Waterman, 2015). However, in
addition to these core components, FAs have highly dynamic associations with
scaffolding proteins, kinases and phosphatases that regulate their stability. One
important kinase is Focal Adhesion Kinase (FAK). FAK associates with nascent FAs
at the base of the lamellipodia, linking activated integrins to signalling adapters
paxillin and Src, and phosphorylating these targets. These lammelipodial FAs are
highly dynamic and turnover at a rate of 1 min"! (Case and Waterman, 2015). Their
stabilisation involves additional signalling that forms an important part of

controlling the directionality and speed of membrane protrusion.

Maturation of FAs involves movement into the lamellum, which is rich in -

actinin bound AF bundles. Interestingly, an early characterisation of FAK KO
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fibroblasts showed increased FA numbers (Ili¢ et al., 1995). Studies since have
shown that FAK inhibits maturation of FAs via phosphorylation of N-WASP and
o-actinin, which increases actin polymerisation (via Arp2/3 nucleation) and reduces
bundling respectively. In mature FAs, FAK is inactivated itself by phosphorylation.
Actomyosin contractility is also critical for FA maturation, and is mediated primarily
by myosin-II (Choi et al., 2008). In line with myosin II involvement, RhoA is active
at FAs where in promotes myosin contractility via ROCK-MLC phosphatase-MLCK
pathway (Mitra et al., 2005).

Podosomes are another class of integrin-based adhesion that are important for
matrix degradation needed during invasion through ECM. As such, they are found in
invasive cell types such as macrophages and microglia (Vincent et al., 2012). They
are closely related to a sister structure, invadopodia of carcinoma cells (Yamaguchi
et al., 2005). Both podosomes and invadopodia have a two-domain doughnut-like
structure, with an actin-rich core surrounded by an outer ring of adhesion molecules
such as talin, vinculin and integrins (Murphy and Courtneidge, 2011). The central
actin domain contains N-WASP, Arp2/3 and cortactin; in line with this, cdc42 and
WASP activity is required for podosome formation (Linder, 2007). Further, the
tyrosine kinase Src is highly enriched in podosomes and N-WASP and cortactin are
both Src substrates. Interestingly, Rac1/2 are also required for podosome formation
in primary macrophages (Wheeler et al., 2006). This may be due to interaction with
PAK1 and BPIX, present in the outer ring. Finally, podosomes are stabilised by
interaction with MTs, in part controlled by the MT-binding properties of the formin,

mDial.

Podosomes degrade extracellular material via the release of metalloproteinases
into the extracellular space. Concretely, MT1-MMP, MMP-2 and MMP-9 are
commonly found in podosomes of different cell types (Linder, 2007). These
enzymes are directed to podosome via vesicular trafficking, which are likely to be
directed to podosomes via stabilised MTs mentioned already. Metalloproteinases

degrade a variety of ECM components, such as collagen.
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Together, FAs and podosomes represent two important examples of how
cytoskeletal machinery can be linked to signals outside of the cell. As the next
section will illustrate, this is critical during neuronal development in the brain and

disruption of these signalling cascades are implicated in many psychiatric disorders.

1.2 Neuronal development and synaptic transmission

1.2.1 Neuronal morphology

Neurons are the primary information transfer unit in the nervous system. As such,
they are required to transmit information across vast distances from a cellular
perspective; in humans, dorsal root ganglion neurons in the spinal cord can grow
over a meter in length. This extremely polarised morphology facilitates the
millisecond timescale of communication needed for animals to process external
information and make suitable responses. Another interesting feature of neurons is
the diversity of morphologies neurons adopt in different parts of the central nervous
system (CNS). Control of this process is driven by a combination of unique

transcriptional signatures, external signaling and inherent cellular processes.

1.2.2 Structure of the neuron

As units of information transmission, the structure of the neuron can be simplified
based on its two primary functional roles; receiving and relaying signals. These
two processes are physically separated to enable the cellular specialization required
for these very different tasks. Information is received via a network of processes
emerging from the cell soma, called dendrites (Fig 1.5). Inputs are received by
dendrites either directly onto the dendritic shaft or onto small protrusions from the
shaft called dendritic spines (discussed later). As hinted previously, the dendritic

arbor of a neuron can differ greatly in size, shape and complexity. These parameters
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establish the volume of parenchyma within which a neuron can receive signals from
and thus to a large extend determines a neurons connectivity. The observation that,
despite the huge potential for variety in this substructure, neurons of the same subtype
in the brain have highly conserved dendritic morphology highlight the importance of

establishing the correct structure.

Information is transmitted to other cells via a second cellular protrusion called the
axon (Fig 1.5). In many ways axons are similar to dendrites in that they are long, tube-
like protrusions from the cell soma that branch to contact up to thousands of other
neurons. Like dendrites, these contact are dotted along the shaft of the axon at specific
locations called presynaptic terminals or boutons. There are some unique feature of
axons that pertain to their function. Firstly, the majority of axons are wrapped in a
fatty coat called the myelin sheath. The sheath is produced by a specialist type of
glial cell (Schwann cells in the peripheral nervous system, oligodendrocytes in the
CNS) and helps isolate the electrical signals that pass through the axon to ensure
efficient and rapid signal transduction. Secondly, in general axons tend to be a lot
longer than dendrites, delivering signals across different part of the body to the brain

and between regions of the brain.

Dendrites and axons possess very different protein compositions and organelles.
The difference in cytoskeletal composition is a good illustration of this. The shafts
of both axons and dendrites are characterised by dense bundles of microtubules that
are required for structural stability and trafficking. However, many MAPs associated
with MTs show distinct polarity. For instance, tau is localized exclusively to axonal
MTs, whereas MAP2B is localized exclusively to dendrites (Dehmelt and Halpain,
2005). Additionally, axonal MTs are arranged in a unipolar fashion with the plus
ends facing away from the cell soma whereas in dendrites MTs can be found in
both orientations. This has important consequences for the roles of end-directed
motor proteins like kinesins and dyneins in these different compartments. In contrast,
F-actin structures are largely excluded from dendritic shafts but highly concentrated

in dendritic spines (Konietzny et al., 2017). Recent studies have identified local actin
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Fig. 1.5: Graphical illustration of a neuron

Neurons have two major process types that control information transfer. Dendrites (blue)
receive excitatory inputs from other neurons at protrusions called dendritic spines (see zoom).
Typically neurons have a single axon (orange) that is specialised for transmission of action
potentials to presynaptic sites. From (Rangaraju et al., 2017).
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structures in dendritic shafts, such as actin patches, longitudinal fibres and rings that
associate with specific ABPs, including spectrins. Super-resolution imaging of axons
has revealed that spectrin-associated actin rings are much more common in axons
and occur at regular intervals. The function of these rings is incompletely understood
but their distribution is coordinated with sodium channel distribution suggesting they
have functional roles in action potential transduction (Xu et al., 2013). In addition,
the leading process of both dendrites and axons (termed to growth cone) is a highly

actin rich structure.

1.2.3 Mechanisms of dendritogenesis

Dendrites and axons arise concurrently during development and share a similar
subcellular origin. A newly born neuron begins the process of cellular growth by
generating numerous dynamic processes that emerge from the cell soma, called
neurites. Very rapidly one of these neurites becomes established as the axon, taking
on a unique molecular profile and different growth dynamics (Barnes and Polleux,
2009). In hippocampal culture, this occurs within two days of plating and represents
a first step in neuronal maturation. Although the molecular signals underlying
this specialization have been heavily studied, it is still incompletely understood.
The PI kinase PI3K has emerged as a critical determinant for polarity; loss of PI3K
prevents axon formation and OE produces multiple axons (Barnes and Polleux, 2009).
Concurrently, many proteins involved in modulating PI3K activity or downstream of
PIP3 signalling have been similarly implicated, including PTEN, AKT and GSK3p.
Interestingly, GSK3p has a link to CYFIP1/WAVE localisation via phosphorylation
of CRMP-2, evidence that actin remodelling dynamics likely play a role in axon
specification (Inagaki et al., 2001). In vivo, the situation is more complex and
conclusions made from in vitro experiments do not all transfer. One reason for
this may be that neurons establish dendrite-axon polarity during migration with
the leading and trailing processes of postmitotic neurons forming the basis for this

segregation (Barnes and Polleux, 2009).
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As mentioned, the development of dendritic arbor is determined by intrinsic and
extrinsic factors. The intrinsic factors include transcription factors (TFs) that control
the expression of the machinery for dendrite growth. Many of these TFs have been
identified through genetic screens in Drosophila, including CUT. CUT determines
the dendritic identity of certain neurons during larval development and its human
homologs, the CUX genes (1+2) regulate arborisation of upper layer cortical neurons
in mouse (Cubelos et al., 2010; Jan and Jan, 2010). Additional mammalian TFs such
as neurogenin 2, NEUROD1 and CREB have also been identified, and add additional
functionality such as the calcium-sensitive responses of CREB (Jan and Jan, 2010).
Extrinsic signals augment these transcriptional profiles via transmembrane receptors
on the plasma membrane. Binding of appropriate ligands to these receptors can either
attract or repel dendritic growth and the balance of many of these signals determines
local growth dynamics. Important receptors include the ROBO and Semaphorin
(SEMA) classes. Signalling of growth factors such as NGF and BDNF via TrkB
receptors are an important group of pro-growth signals; ablation of BDNF or its
receptor both lead to dramatic reductions in dendritic complexity of cortical neurons

in vivo (Xu et al., 2000).

Finally, adhesion molecules link growing dendrites with the ECM to stabilise
nascent branches. A subset of the cadherin superfamily, called protocadherins
(PCDHs), have emerged as particularly important for dendrite development. - and -
protocadherins are localised to dendrites and spines and knockout of either molecule
impairs arborisation of cortical neurons (Keeler et al., 2015). Interestingly, in both
these cases OE of constitutively active Racl can rescue these defects, suggesting that
PCDHs signal upstream of Racl. In addition, y-PCDH leads to increased activation
of FAK which may slow dendritic growth via affecting stabilisation of focal adhesions
(Suo et al., 2012). In line with this, many of the upstream signalling pathways
controlling dendritogenesis converge on the cytoskeleton remodelling. Racl and
cdc42 have both been shown to positively regulate dendrite formation, whereas
knockout of RhoA expands the dendritic arbor (Chen and Firestein, 2007; Jan and

Jan, 2010). Stabilisation of MTs is an important downstream effect of activation of
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these pathways; the negative impact of RhoA signalling is via downregulation of
Cypin levels, a MT stabilisation protein (Chen and Firestein, 2007). These pathways
also regulate actin polymerisation that occurs at growing tips and nascent branch
points. A recent live-imaging paper showed that F-actin rich sites preempted branch
formation (Nithianandam and Chien, 2018). Thus, dendritic growth is a dynamic

process of actin-mediated protrusion followed by MT infiltration and stabilisation.

It is worth noting that many of the signaling pathways regulating dendritogenesis
have parallel roles in synapse formation. Indeed, there is substantial evidence
that neuronal activity itself is critical for regulating dendrite growth. Influx of
calcium through NMDARs and mGIluR activation during synaptic activity has direct
impacts on dendritic growth, such as via activation of CaMKII and CREB signalling
mentioned previously (Ghiretti and Paradis, 2014). As discussed in the next section,
actin remodelling is critical for synapse formation and maturation. Thus, it is
likely that defective actin dynamics have knock-on effects on dendrite stability via a

changes at the synapse (Koleske, 2013).

1.2.4 The excitatory synapse

Synapses are the primary sites of information transmission between neurons. One
could imagine many ways of organizing synapses in order to perform this function.
However, in general synapses have a stereotypical basic structure that, whilst dynamic
and specialised, is consistent throughout the CNS and across the animal kingdom.
This consists of a clustering of postsynaptic ion channels whose gating is determined
by extracellular molecules called neurotransmitters. On activation these receptors
open, leading to a passive redistribution of ions across the plasma membrane, along
electrochemical gradients. This has the overall effect of altering the polarization
state of the cell, and thus its likelihood to fire an action potential. There are several
important features of this model of information transmission. Firstly, information can

be summed across many different synapses to converge on a single cellular parameter
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(membrane potential). Indeed, the effect of activating any particular synapse will
depend on its location in the dendritic arbor, the quantity and type of ions exchanged,
and the activity of other synapses. Secondly, the fact that transmission occurs
at precise locations in the cell makes it possible to extensively fine tune specific
inputs into cells. The control of synapse strength (called synaptic plasticity) is a
fundamental process during brain development, and in higher functions like learning

and memory (Bliss et al., 2014).

Excitatory synapses are named after their ability to initiate a depolarizing current
in the postsynaptic cells, ‘exciting’ the neuron by increasing the likelihood to reach
its depolarizing threshold and fire an action potential. Although there are many types
of excitatory synapse in the brain, by far the most common are those that respond to
the neurotransmitter glutamate, termed glutamatergic synapses. There are three main
classes of ion channel (ionotropic channels) sensitive to glutamate at these synapses:
AMPA, Kainate and NMDA receptors, which are named after their sensitivity to
these respective ligands. When activated by glutamate binding, these channels open
allowing influx of cations (Na* or Ca”*). Additionally, excitatory synapses also
contain metabotropic glutamate receptors that are also activated by extracellular
glutamate but switch on a diverse range of G-protein coupled intracellular signaling
pathways to transmit information. The composition, ratios and stability of these
receptors at the post-synapse shapes neuronal excitation. As shall be discussed, the

form and function of excitatory synapses is a tightly regulated process.

1.2.4.1 Dendritic spine formation and actin dynamics

A key feature of excitatory synapses is that their preferentially localisation to
specialized protrusions from the dendritic arbor called dendritic spines (spines from
now on). First observed over 100 years ago by the elegant drawings of Ramon y
Cajal, spines were shown by EM to be the location of the excitatory postsynaptic
density (PSD) — the name given to the electron-dense postsynaptic clustering of

neurotransmitter receptors and associated proteins (Dhawale and Bhalla, 2008; Gray,
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1959). A single hippocampal neuron can contain thousands of spines across its
dendritic arbor. The localisation of excitatory inputs at spines isolate these signals
from the rest of the cell and enables exquisite control of synaptic transmission.
Modern imaging has revealed spines to be highly dynamic, growing and shrinking in
response to changing in network activity or single inputs. Despite this fluidity,
during development spines undergo a gradual sterotyped change in both shape and
stability that correlates with establishment of mature networks (Bourne and Harris,
2008). In addition, abnormal numbers or morphology of spines is a pervasive
phenotype in neuropsychiatric diseases. Thus, spines have become a focus of

attention for both basic and clinical neuroscience.

Substantial evidence suggests that dendritic spines form from the stabilisation of
filopodia-like processes extending from the dendritic arbor. During early postnatal
development, hippocampal neurons are dotted with a high number of dynamic,
filopodial protrusions (Dailey and Smith, 1996). The molecular composition of
dendritic filopodia (DF) are similar to that of the conventional filopodia, although
there are some key differences. Fascin is absent in DFs whereas myosin-II and a-
actinin seem to be the major actin bundling proteins in the shaft. Perhaps surprisingly,
Arp2/3 are present within the shaft and the base of DFs where it seems to provide a
base of branched actin from which unbranched AFs form (Korobova and Svitkina,
2010). Despite this, Arp2/3 is not required for DF formation and knockout of the
complex actually leads to increased density of DFs early in development (Spence
et al., 2016). The tips of filopodia are marked by the presence of mDia2 and capping
protein, both of which promotes DF formation (Hotulainen et al., 2009; Korobova

and Svitkina, 2010).

Interestingly, the number of DFs is regulated by neuronal activity; silencing
synaptic transmission with TTX increases DF density and length, and local uncaging
of glutamate is sufficient to induce DF formation (Hotulainen and Hoogenraad, 2010;
Portera-Cailliau et al., 2003). It is currently poorly understood how extracellular

glutamate is linked to DF formation. One important pathway is local intracellular



1.2 Neuronal development and synaptic transmission 33

calcium signalling via NMDAR or mGIluR activation, which can switch on actin
remodelling via calcium-dependent phosphorylation of RhoGTPase GEFs and GAPs
(Penzes et al., 2011).

Over the course of development dendrites undergo a morphological transition
from unstable, filopodial spines to stable, mature spines. Stabilisation of spines
requires both pre and postsynaptic elements but postsynaptic maturation is driven by
changes in actin dynamics. EM images of spine heads show actin is highly branched,
lamellipodia-like network and Arp2/3 is enriched in spine heads (Hotulainen et al.,
2009; Korobova and Svitkina, 2010). Thus even though Arp2/3 knockout increases
DF formation, inhibition or knockout of Arp2/3 or components of the WRC reduces
the number of mature spines (de Rubeis et al., 2013; Soderling et al., 2007; Spence
et al., 2016). Increased spine head size is also associated with an increase in F-
actin/G-actin ratio, suggesting that Arp2/3 generation of new barbed ends leads to
increased incorporation of monomeric actin in AFs (Okamoto et al., 2004). The
redistribution of profilin to spine heads further promotes this elongation activity.
Actin contractility also shapes spine head formation; myosin II relocates from the
neck to the head during maturation and both activation and inhibition of myosin II

alters spine morphology (Hotulainen and Hoogenraad, 2010; Tatavarty et al., 2012).

In addition to these familiar ABPs, proteins with specific functions in spines
have been identified. These include AF binding proteins neurabin I, spinophilin and
Drebrin A (Sala and Segal, 2014). Drebrin A is specifically localised to spine heads
where it inhibits AF bindings of myosin II, o-actinin, and overexpression in vitro
increases spine length and instability (Ivanov et al., 2009; Sala and Segal, 2014).
Spines are also enriched in a host of GEFs and GAPs for Racl, cdc42 and RhoA that

link intracellular signalling cascades to actin remodelling.

Imaging studies of spines have converged on four main spine morphologies seen
in the adult brain; filopodia-like, long/thin, mushroom and stubby (Fig 1.6). The
former two are considered immature whereas mushroom and stubby spines are

mature. There is substantial evidence that this maturity reflects increased
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Fig. 1.6: The formation and morphology of dendritic spines

A: Actin dynamics underlying dendritic filopodia formation and spine maturation. Formins
and barbed-end binding protins promote the formation of filopodia that are stabilised by
actin bundling. Arp2/3 activity in the spine head drives expansion of a branched network that
facilitates growth of the PSD. B: Left panel shows Golgi-Cox stained dendrite with spines
of different morphologies dotted along the shaft. Right panel shows a graphical illustration
of the stereotypical morphologies. From (Hotulainen and Hoogenraad, 2010; Risher et al.,
2014).
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functionality of synapses on these spines. Mature spines have increased in surface
AMPA receptors in the spine head, sensitivity to glutamate and increased width of
the PSD (Cingolani and Goda, 2008). Spine head size also correlates with synaptic
efficacy changes induced during synaptic plasticity protocols such as LTD and LTP,
which reduce and increase head size respectively. Further, spine growth has been
shown to precede PSD formation supporting a causative link between the two (Knott
et al., 2006). Actin dynamics regulate the process by 1) increasing the head width to
facilitate more receptors 2) stabilising AMPA receptors at the PSD by linking to the
cytoskeleton and 3) controlling the recycling and trafficking of AMPA receptors to
and from the PSD (Cingolani and Goda, 2008). Although a consistent general rule,
it is worth noting that exceptions have been identified. For instance, in the amygdala
different spine types segregate the input from cortical or thalamic sources rather than

determining synaptic efficacy per se (Humeau et al., 2005).

1.2.4.2 Composition and regulation of the PSD

The PSD is a dynamic macromolecular complex composed of hundreds of proteins,
many of which have well-established roles in synaptic transmission. As mentioned,
in addition to AMPARs the PSD contains NMDARs and mGluRs, specifically group
I mGlIuR1 and 5. In fact, mGluRs act in part by regulating NMDAR activity and are
colocalised at PSDs (Tu et al., 1999). These receptors are stabilised at the PSD by
scaffolding proteins. The most common of these, indeed the most abundant PSD
protein identified, is PSD95 (Chen et al., 2011). PSD95 binds both directly (e.g. via
PDZ domains of NMDARSs) or indirectly (e.g. via adapters proteins called TARPs
for AMPARSs) to receptors. Other important scaffold molecules include the Shank
proteins (SHANKI1-3), Homer (HOMERI1-3) and GKAP. These proteins interact
to form a complex that links receptors to one another, primarily via PDZ domains.
As such, these proteins, in particular PSD95, have all been implicated in synaptic

plasticity and stabilisation. Interestingly, overexpression of PSD95 occludes LTP but
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enhances LTD, suggesting that scaffolds may prevent addition of new receptors but

not loss of existing ones at the PSD (Stein et al., 2003).

Another important class of PSD proteins are adhesion molecules that mediate
interaction between the PSD, the ECM and the presynaptic membrane. Adhesion
proteins come in protein pairs that link to form trans-synaptic bridges. The best
characterised of these are the neurexin-neuroligin family that are present on the pre-
and postsynaptic membrane respectively. Humans and mice have four neuroligin
(NLGN) genes and three neurexins (NRXN), though only 1 and 3 (partially) localise
to excitatory synapses; NLGN?2 is inhibitory and NLGN4 is primarily glycinergic
(Stidhof, 2008). NLGN-NRXN contacts have been suggested to be important for the
stabilisation of dendritic filopodia apposed to presynaptic contacts, and NLGN-PSD
clusters are seen in nascent spines prior to recruitment of AMPARs. However,
although neuroligin 1-3 triple knockout mice die soon after birth of respiratory
failure, brain stem respiratory centres show normal spine densities but impaired
transmission suggesting that their primary function is in synapse maturation
(Varoqueaux et al., 2006). Other classes of adhesion molecules include Synaptic
Adhesion-Like Molecules (SALMs), EphB-Ephrins, N-cadherin and NCAMs
(Sheng and Kim, 2011).

The dynamic nature of the PSD is driven largely by cytoplasmic signalling
molecules; kinases, phosphatases and RhoGTPase-associated proteins make up
around 20% of the PSD (Sheng and Kim, 2014). These have a range of functions
in regulating receptor activity and localisation, actin remodelling, and others. The
calcium-sensitive kinase CaMKII is particularly abundant and is used for 1) linking
NMDAR Ca2+ influx to AMPAR exocytosis and 2) recruitment of the proteasome
to the PSD for protein turnover (Jarome et al. 2013). Racl, cdc42 and RhoA are all
implicated in spine morphogenesis and RhoGEFs have emerged as key regulators
of their activity at the postsynapse (Tashiro and Yuste, 2004). Kalirin-7 is a GEF
for all three classical RhoGTPases, binds to the PSD95, promotes spine formation
and is linked to NMDAR-dependent plasticity via CaMKII phosphorylation (Sala



1.2 Neuronal development and synaptic transmission 37

and Segal, 2014). aPIX, BPIX and Tiaml are Racl/cdc42-specific GEFs also
implicated in NMDAR-dependent plasticity. BDNF-induced long term potentiation
(LTP) activates Vav-dependent Racl-GTP production downstream of TrkB receptors
that is critical for spine head enlargement (Hale et al. 2011). Relevant RhoGAPs
have also been identified, including SRGAP2 and RhoGAP2. Although a broad
picture emerges that Racl/cdc4?2 activity promotes spine growth and maturation,

there are clearly context-dependent exceptions to this rule.

The relevant downstream effects of RhoGTPase activation at spines remains
incompletely understood, but clearly involve actin remodelling. P21-activated
kinases (PAKSs) are also important. Interestingly, aPIX, PAK3 and the scaffold
protein GIT1 form a functional complex in spines that regulates spine formation.
Thus, signalling molecules link receptor activity to downstream cellular processes
including actin remodelling, protein synthesis, and vesicular trafficking that are

critical for the maturation and plasticity of spines.

1.2.4.3 Spine changes during development

The density and maturity of spines changes dramatically during development.
Although the precise timings depend on lifespan, the pattern is consistent across
mammalian species. Concretely, neonatal dendrites have few DFs that rapidly
expand in number during early postnatal life. During adolescence and early
adulthood these spines mature or are eliminated (or pruned) such that there is an
overall reduction in spine density that plateaus in adulthood, when there is a low rate
of matched formation and elimination of spines (Chen et al., 2014b). The cellular
processes mediating this loss of synapses are complex and still being uncovered. In
general, mature spines seem to be less vulnerable to elimination which has
supported the theory that pruning involves the refinement of connections in the brain,
strengthening established connections and removing weaker ones. In sensory areas,
loss of external stimuli (e.g. by whisker trimming or ocular deprivation) limits

elimination and spine maturation (Chen et al., 2014b). A recent study in primary
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somatosensory cortex showed that adjacent synapses on a dendritic shaft compete
for the local pool of B-catenin that was required for catenin-cadherin adhesions,

stabilising synapses and protecting them from elimination (Bian et al., 2015).
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Fig. 1.7: Components of the excitatory and inhibitory postsynaptic density

A: The excitatory PSD. Scaffolding proteins like PSD95 link receptors to actin cytoskeleton
via signalling molecules including CaMKII. Adhesion molecules from trans-synaptic
stabilisation. B: The inhibitory PSD. The major scaffolding protein Gephyrin links GABA
receptors to adhesion molecules and the cytoskeleton. From (Sheng and Kim, 2011).
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Multiple lines of evidence suggest that as well as cell-autonomous loss of
immature spines, glial cells play important roles in synaptic pruning during
development and in adult learning. Astrocytes, the most numerous glial cells in the
brain, release various molecules that regulate synaptic strength (Henneberger et al.,
2010; Yu et al., 2013). In addition, astrocytes are capable of phagocytosing both
axon inputs and spines. This has been best studied in visual system, where the
astrocytic pruning of synapses is required for normal eye-segregation in the dorsal
lateral geniculate nucleus (ALGN) (Neniskyte and Gross, 2017). Signalling proteins
MEGF10 and APOE and the MERTK receptors are implicated in this process.
Additionally, microglia have recently emerged as synpatic pruners. RGC synapses at
P5 are decorated with complement cascade proteins Clq and C3 (Schafer et al.,
2012). These proteins are classical opsins that are clearance signals to the innate
immune system, and initiate the phagocytosis of these synapses. Microglia are also
thought to phagocytose postsynaptic material in the adolescent hippocampus, and
during synaptic loss associated with Alzheimer’s disease (AD) (Hong and Stevens,
2016; Paolicelli et al., 2011). In addition, microglia also regulate adult spine
plasticity during learning tasks, though this is through targeted release of BDNF
(Parkhurst et al., 2013). Thus, spine changes during development involve an

interplay between neurons and glia.

1.2.5 The inhibitory synapse

Inhibitory synapses hyperpolarise the postsynaptic cell, dampening down it’s
excitability and act in antagonism to excitatory inputs. The balance between
excitation and inhibition (termed E/I balance) sets the overall activity output of
neural networks, is critical for normal brain function and as such has been

implicated in many neurodevelopmental and psychiatric disorders.

As discussed, inhibitory synapses share many core features of excitatory synapses.

However, a key difference is that, rather from being isolated in dendritic spines,
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inhibitory synapses preferentially form on the dendritic shaft and cell soma. This
was recognised early via EM studies that identified ‘symmetrical’ synapses (type
II), later confirmed to be sites of inhibition (Gray, 1959). The consequences for
this include 1) inhibitory currents are less isolated and have a more direct impact
of cellular membrane potential than via secondary messenger signalling and 2) the
cytoskeletal structure of the inhibitory postsynapse is more simplistic. Whilst this has
led to the general view that the inhibitory postsynapse is less intricate, it is emerging

as a source of significant regulation and plasticity.

1.2.5.1 The iPSD; similarities and differences

The inhibitory postsynaptic density (iPSD) contain all the classes of protein seen
at the PSD. The primary inhibitory neurotransmitter in the brain is y-aminobutyric
acid (GABA), itself a precursor to glutamate. Extracellular GABA is recognised by
ionotropic and metabotropic receptors, grouped into the protein families GABAARSs
and GABARgRSs respectively. Activation of GABA 4 Rs allow influx of chlorine ions
when open that decreases membrane potential, whereas GABAgRs are coupled to
Gi/Go signalling pathways. GABA 4Rs have 18 subunits in mammals, split into 8
subgroups that can combine in different combinations to generate functional diversity
of channel dynamics. The majority of synaptic GABAaR subtypes are composed
of two a1, a2 or o3 subunits, together with two 82 or 3 subunits and one Y2
subunit. Indeed, the y2 subunit is required for postsynaptic clustering of these
receptors (Essrich et al., 1998). In contrast, extracellular GABA s Rs have different
compositions and mediate tonic inhibition to neurons. In the spinal cord, brainstem
and retina, glycinergic synapses containing chlorine-permissible glycine receptors

are the major source of inhibition.

One scaffold protein, gephyrin, has emerged as a critical component of the iPSD.
Gephyrin is a 93kDa protein that auto-aggregates under suitable conditions to form
a lattice-like structure that forms the basis of the iPSD (Tyagarajan and Fritschy,

2014). GlyRs and, to a much lesser extent GABARSs, interact with Gephyrin and
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promotes their clustering at postsynaptic sites, though this doesn’t occur via PDZ
domains as is often the case in the excitatory PSD. Gephyrin also interacts with
inhibitory adhesion molecules. Recognised inhibitory adhesion molecules include
NLGN2, NLGN3 (which is also present at excitatory postsynapse), Slitrk3 and
the glycosylphosphatidylinositol anchor proteins MDGA1 and MDGA?2 (Takahashi
et al., 2012; Tyagarajan and Fritschy, 2014). These proteins have all been implicated
in inhibitory synapse formation or maintenance, though often have brain-region
specific effects. Interestingly, although OE of NLGN?2 increases inhibitory clusters,
NLGN?2 knockout still form functional GABAergic synapses, although inhibition
is decreased in a subset of interneurons in the cerebral cortex (Gibson et al., 2009).
A triple knockout of NLGN1-3 in mice leads to severe defects in GABAergic and

glycinergic transmission (Varoqueaux et al., 2006).

Another key gephyrin interactor is the cdc42 GEF collybistin (encoded by
Arhgef9). Collybistin helps localise Gephyrin to the plasma membrane and is
present at the iPSD; loss of collybistin reduces the clustering of gephyrin and
GABA\Rs in the hippocampus and led to reduced inhibitory transmission and
behavioural deficits such as social anxiety and impaired spatial learning
(Papadopoulos et al., 2007). Mutations in Arhgef9 are a rare cause of X-linked
mental retardation (XLMR), characterised by seizures, anxiety and aggressive
behaviour (Harvey et al., 2004, 2008). Whether collybistin function is linked to
cdc42-mediated regulation of actin is less clear. Indeed, it has been suggested that
collybistin acts via PI3K-Akt-GSK3f to alter phosphorylation of Gephyrin, which
has been shown to alter clustering (Tyagarajan and Fritschy, 2014). Gephyrin binds
with several ABPs, including profilin, Mena and G-actin. However, blocking actin
polymerisation of mature neuronal cultures did not effect Gephyrin clustering
(Bausen et al., 2006). Thus, whether AFs play a role in stabilisation of the iPSD

remain unclear.

One well-established aspect of iPSD function that relies on the cytoskeleton is

intracellular trafficking of GABARs, which is important for basic GABAergic
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transmission as well as synaptic plasticity. Newly synthesised GABAARs are
trafficked to the iPSD via the secretory pathway, in coordination with specific
proteins such as BIG2, that facilitates exit of GABAARs from the Golgi (Charych
et al., 2004). MT-dependent trafficking is mediated by interactions with the kinesin
motor KIF5A, which can interact with GABAaRs via adapters GABARAP and
HAPI1 (Nakajima et al., 2012; Twelvetrees et al., 2010). Once at the membrane,
GABA\Rs can move laterally in and out of synapses and be endocytosed for
degradation to recycling to synapses (Arancibia-Carcamo et al., 2009; Twelvetrees

et al., 2010).

1.2.6 Neuropsychiatric diseases: convergent cellular and

molecular pathways

The genetics of many neurodevelopmental and neuropsychiatric conditions,
including autistic spectrum disorders (ASDs), schizophrenia (SCZ) and intellectual
disabilities (IDs), are complex and involve small contributions from a many different
genes. These genetic biases, in combination with environmental/lifestyle factors,
combine to increase the likelihood of an individual presenting with clinical
symptoms. Additionally, there are several different types of genetic lesion that can
be associated with clinical conditions. These include: single nucleotide
polymorphisms (SNPs), which can occur at high frequencies in the population; rare
variant mutations, which are uncommon and can arise either de novo or through
germline transmission; copy number variations (CNVs) of whole sections of
chromosome (duplications or deletions) and affecting multiple genes. Further, at the
protein level, these changes can lead to changes in expression, localisation, and loss

or gain of function.

Despite this complexity, understanding the genetics of neuropsychiatric diseases
is critical to improving our knowledge of the underlying cellular processes and

molecular substrates that go awry. As shall be discussed, whilst different conditions
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have unique characteristics, they often converge on common pathways that highlight
their generalised importance in brain function. Three neuropsychiatric diseases

particularly relevant to this thesis will be discussed presently.
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Fig. 1.8: Abnormalities in neuronal morphology associated with neuropsychiatric
disease

Schematic representation of neuron depicting changes in dendrite morphology and spines
patients with various neuropsychiatric disorders. Autism spectrum disorder (ASD): decreased
dendrite branching and higher spine density than normal is observed. Rett syndrome: reduced
dendrite branching. Schizophrenia: neurons have reduced dendritic arbor and spine density.
Alzheimer’s disease (AD): dramatic atrophy of the dendritic arbor and massive loss of
synapses. Fragile X syndrome (FXS): Neurons in FXS patients have high densities of long,
immature spines. Down syndrome (DS): reduction in dendrite branching and length and spine
density is reported in adults with DS. Stress and anxiety: humans and animal models with
chronic stress and anxiety have decreased dendrites and spine density have been observed in
the hippocampus. From (Kulkarni and Firestein, 2012)
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1.2.6.1 Fragile X Syndrome

Fragile X syndrome (FXS) is a monogenetic disorder caused by loss of functional
expression of Fragile X Mental Retardation Protein (FMRP). In the majority of cases,
this is caused by an expansion of a CGG repeat region (typically over 800 repeats) in
the 5’ untranslated regin (UTR) of the FMR1 gene that leads to hypermethylation of
the region and transcriptional silencing of FMRP expression (Bagni and Greenough,
2005). Rare cases of point mutations in the FMR1 gene have also been identified,
such as the 1304N mutation, which also lead to severe FXS (Feng et al., 1997). FXS
is of particular interest for two reasons: 1) it is the most frequent inherited form of
mental retardation and is the single greatest risk factor for ASD currently known; 2)
as a monogenetic disorder it provides researchers with an extremely useful model for
which to understand both FXS and related disorders. Clinically, FXS is characterised
by varying degrees of cognitive impairment, physical abnormalities, attention deficit,
autistic behaviour and childhood seizures (Comery et al., 1997; Penagarikano et al.,
2007). Post-mortem studies have identified major spine abnormalities in FXS brains;
spine density is increased and spines have more immature morphologies, a phenotype

also seen in the FXS mouse model (Comery et al., 1997; Hinton et al., 1991).

FMRP is an mRNA-binding protein that is widely expressed but particularly
present in the brain. It’s KH and RGC-box domains appear to be particularly
important for RNA binding, and preferentially recognise G-quartet structures present
of target mRNAs. However, FMRP is reported to bind almost 4% of the mRNAs
present in the mammalian brain, suggesting that it associates fairly unselectively
and disruption could impact of a large number of cellular processes (Bagni and
Greenough, 2005). Binding of FMRP to mRNA has been implicated in mRNA
trafficking, localisation and stability. However, the best characterised is as a repressor
of translation. In models of FXS, FMRP target mRNAs are more associated with
polyribosomes and protein expression levels are increased, including aCaMKII,
MAPI1B, PSD95, and Arc/Ar3.1 (Brown et al., 2004; Zalfa et al., 2003). Further,

a large screen of proteins from purified synaptosomes in the FXS mouse revealed
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altered expression in over 100 synaptic proteins (Darnell et al., 2011; Liao et al.,
2008). Thus, the emerging picture is that loss of FMRP alters dendritic and synpatic
mRNA localisation and translation, leading to synapse dysfunction. It is worth noting
here that CYFIP1 is a key FMRP-interactor that facilitates translational repression
via it’s actions as a 4E-binding protein. This is discussed in more detail in section

1.4.

Further evidence for hypertranslation comes from the observation that mGluR-
dependent long-term depression (LTD) is enhanced in FXS mice (Gantois et al.,
2017). In wild-type, mGluR activation can initiate internalisation of AMPARSs via
initiating increased Arc expression. In contrast, FXS tissue has basally increased
Arc expression and this appears to drive an enhanced response that does not require
additional protein synthesis. Additional FMRP-binding proteins such as MAP1B
and APP could also be affected similarly. However, there have also been reports
of decreased protein expression in the FXS, including several GABA 4R subunits
(D’Hulst et al., 2006). Interestingly, the 6 subunit was shown to be trafficked to
the dendrite in response to mGluR activation in wildtype but not FMRP knockout
neurons (Dictenberg et al., 2008). Thus, altered inhibition may also contribute to

FXS pathology.

1.2.6.2 Autistic spectrum disorders

ASD is a term given to the broad spectrum of neurodevelopmental disorders
characterised atypical social behaviors, impaired verbal and non-verbal
communication and patterns of obsessive and repetitive behaviors that typically
present before the age of 3 (Geschwind and Levitt, 2007). ASDs affect between
1-2% of the population, although they are found at much higher frequencies as
comorbid with other conditions. Morphological studies found increased head size
for autistic cases and specific enlargements of the hippocampus and amygdala have
been reported (Kulkarni and Firestein, 2012). In addition, differential alterations in

neuronal densities has been observed; increased density of cortical minicolumns,
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decreased density of layer III neurons in the fusiform gyrus, aberrant organisation of
the prefrontal cortex (Chen et al., 2015). At the cellular level, ASDs are associated
with decreases in dendritic branching in the hippocampus and increased spine
density in subregions of the hippocampus and layer II of cerebral cortex (Hutsler and
Zhang, 2010; Raymond et al., 1996). Thus, a current theory of the cellular basis of
ASDs involves a mismatch in connectivity that favours short-range communication

at the expense of long range connectivity (Geschwind and Levitt, 2007).

In contrast to FXS, the phenotypic variability in ASDs is matched with equally
varied and complex genetics. ASDs are highly heritable and a child has between
25-100 fold increased risk if a parent is autistic. As mentioned, autism is comorbid
with several monogenetic conditions (termed ‘syndromic autism’), including FXS
(FMRP), Rett’s syndrome (MECP2) and tuberous sclerosis complex disorders
(TSC1/2) (Chen et al., 2015). Additionally, CN'Vs of multigene regions have been
associated with ASDs. However, together these sources may represent up to 20% of
total ASD cases, suggesting that a major genetic contribution to ASDs comes from a
large number of nominally insignificant common variants, or SNPs. Due to their low
penetrance, identification of these SNPs and their associated genes is extremely
challenging and requires large cohort sizes. As a result, to date very few common
variants have been identified that reach genome-wide significance. This has led to a
focus on identifying inherited or de novo mutations that are extremely rare and
therefore can be more easily identified as being enriched in ASD cases. This
strategy has led to numerous risk genes being identified. Although the relevance of
these genes and other are still being uncovered, there is a clear convergence onto a
set of functional groups that include E/I balance (FMR1, CNTNAP2, NLGN3,
SHANK3), synaptic function (NLGN3, NLGN4, SHANK3, GRIN2A/B, GRIK2/3,
CYFIP1), cell adhesion (NLGN3, NLGN4, PCDH9, CNTN4/6) and transcriptional
regulation (PTEN, TSC1/2, CYFIP1, MET, UBE3A).
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1.2.6.3 Schizophrenia

Schizophrenia is a heterogenous condition characterised by altered perceptions
of reality, cognition and thought that presents later in development than ASDs,
typically in late adolescence and early adulthood. SCZ affects between 0.5-1% of the
population and, like ASDs, showed significant heritability estimated at 80% (Hilker
et al., 2018). The neuropathology of SCZ is better defined than ASDs. A defining
feature is accelerated grey matter loss in the adolescent period in which synaptic
connections are being refined (Moyer et al., 2015; Penzes et al., 2011). Indeed,
numerous postmortem studies have shown that abnormal reductions in spine density
across brain regions correlate with grey matter loss. The dorsolateral prefrontal cortex
(DLPFC) and temporal lobe regions appear particularly affected, with significant
spine loss and reduced functional activity observed in these areas (Penzes et al., 2011;
Sweet et al., 2009; Yoshida et al., 2009). Further, spine defects are layer-specific,
particularly affecting layer III, that undergo more extensive pruning that deeper
layers during this period of development. This is supported by lack of evidence of

change in cell numbers or gross axonal defects in SCZ (Selemon et al., 1998).

As expected from this pathology, research into the etiology of SCZ has identified
genes that regulate synapse formation (NRXN1, NRG1, PCDH10, CACNB4),
synapse maturity (DISC, NRXN1, NRG1, ErbB4) and dendritic morphology (DISC,
GRIN2A) as risk genes (Penzes et al., 2011). There has been significant progress
made by large cohort studies that have enabled common as well as rare variants to
be identified, including GRIN2A and the trophic factor NRG1, which regulates
spine formation through interactions with postsynaptic ErbB receptor tyrosine
kinases (Mei and Xiong, 2008). Indeed, the largest genome-wide association study
(GWAYS) investigating any neuropsychiatric disease to date identified 83 novel risk
alleles (Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014). Interestingly, disruptions to cytoskeletal-associated proteins have been
another fruitful area of research. Hill et al. reported reduced mRNA expression

levels of cdc42, Debrin A, Racl and kalirin-7 in DLPFC from SCZ patients (Hill
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et al., 2006). In addition, rare coding variants for Kalarin-7 and IRSp53 are
associated with SCZ (Moyer et al., 2015; Purcell et al., 2014; Russell et al., 2014).
In vitro studies of mutant Racl GEEF, kalirin-7, showed impaired activation of Racl
and downstream increases in spine size and density (Russell et al., 2014). IRSp53
link NMDAR signalling to actin remodelling, particularly interesting given the
importance of NMDAR dysfunction in SCZ (Kang et al., 2016).

Finally, there is accumulating evidence of immune dysfunction in SCZ. Two
major genetic associations with SCZ, the major histocompatibility complex (MHC)
and the complement cascade protein C4, are core immune genes (Rees et al., 2015;
Sekar et al., 2016). The association with the complement cascade is particularly
interesting given recent evidence for complement mediated synaptic pruning at
developmental time windows relevant to SCZ (Paolicelli et al., 2011; Schafer et al.,
2012). In addition, other SCZ-associated genes such as Dysbindin-1 have recently
been shown to have roles in regulating immune activation in the brain (Al-Shammari
et al., 2018). Despite significant variability in reports, there is growing evidence
for altered cytokine levels in SCZ patients (Stuart et al., 2014). Common patterns
include increased levels of CXCL8 and CCL2, whereas others such as CXCL12 are

reduced.

1.3 Microglia and their emerging roles in brain

development

Microglia are the brains resident immune cell population. In the adult brain they
appear as small, highly ramified cells that occupy the parenchyma in distinct spatial
niches. Importantly, they have recently emerged as an important cellular substrate

for understanding brain development and dysfunction.
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1.3.1 Origins and behaviours of microglia

Microglia are unique in comparison to other glia (and indeed neurons) in that they
do not originate from the neuroectoderm, but instead from a distinct lineage of
ethyromyeloid progenitors (EMPs) in the embryonic yolk sac. They infiltrate the
primitive brain early on in development, at E9.5, and rapidly proliferate and migrate
within the parenchyma to pattern the entire brain (Ginhoux et al., 2010; Kierdorf
et al., 2013; Prinz and Priller, 2014; Tay et al., 2017). Once established, microglia
still retain proliferative potential and turnover slowly with an average lifespan of a
few weeks in mice and 9 years in humans, though this is a topic of continued debate
(Réu et al., 2017; Tay et al., 2017). Although the signalling driving this turnover
remains to be fully elucidated, certain factors (e.g. colony stimulating factor) are

critical for microglial survival throughout their lifespan (Elmore et al., 2014).

For many decades, microglia have been viewed solely as the innate immune
defence of the CNS that became ‘active’ in response to numerous cues, including
viral infection and brain trauma (Streit et al., 1988). Upon activation, microglia
undergo dramatic change from ramified to amoeboid morphology that is coupled
with changes in their transcriptional profile (Sousa et al., 2018). These changes are
critical for microglia to act as ’first responders’ to damage, though there is growing
evidence that they can also lead to deleterious affects on brain function and disease

progression (Salter and Stevens, 2017).

Pioneering imaging studies in the early 2000s of microglia in vivo showed that
‘resting’ microglia (ramified) are incredibly motile, extending and retracting their
processes into the surroundings to sample the entire parenchyma every few hours
(Davalos et al., 2005; Nimmerjahn et al., 2005). The realisation that microglia are
highly dynamic at rest has opened up new avenues of research over the last decade
unveiling novel functions that microglia play outside of immune defence and damage

response.
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1.3.2 Microglia-neuron interactions

Microglia shape brain development in numerous ways. Depletion of microglia
from the embryonic brain alters cellular composition of neocortex, with defects
in interneuron migration and increases in apoptosis of layer V principle neurons
reported (Squarzoni et al., 2014; Ueno et al., 2013). In the dentate gyrus, where
neurogenesis continues into adolescence, microglia help regulate the number of
neuronal progenitor cells (NPCs) via apoptosis-coupled phagocytosis (Sierra et al.,
2010). Microglia also modulate long-distance connectivity; microglial-depletion
leads to aberrant projections of dopaminergic axons into the striatum, and are required
for normal fasciculation of axons in the corpus callosum (Pont-Lezica et al., 2014;

Squarzoni et al., 2014).

One of their most intriguing behaviours is their ability to ’prune’ synapses.
Microglia engulf synaptic material in the developing hippocampus and disrupting
this process increases spine density and excitatory transmission at critical periods
during brain development (Paolicelli et al., 2011; Weinhard et al., 2018). To do this,
microglia take advantage of the complement signalling cascade, an innate immune
response pathway, to ‘tag’ synapses for pruning, as part of normal network refinement
during development and disease states (Bialas and Stevens, 2013; Hong and Stevens,
2016; Presumey et al., 2017; Schafer et al., 2012). Recently, this signalling pathway
has been expanded to include the ’don’t eat me’ signal, CD47-SIRPq, that protects
synapses from pruning (Lehrman et al., 2018). Defective microglial pruning is
associated with impaired functional connectivity and altered social behaviours (Kim

et al., 2014; Zhang et al., 2014a).

Interestingly, as well as pruning synapses, microglia can induce synapse
formation. Co-culture of neurons with microglia increases spine density and a
microglial BDNF signalling is required for learning-dependent synapse formation in
adult motor cortex (Lenz et al., 2013; Lim et al., 2013; Parkhurst et al., 2013).

Additionally, physical contact of microglial processes can induce filopodia
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formation on dendrites (Miyamoto et al., 2016). Thus, microglia help shape brain

connectivity via a growing array of interactions with neurons.

1.3.3 Associations with neurological disorders

Dendritic spine abnormalities and altered network connectivity are hallmarks of many
neuropsychiatric disorders, including autism and schizophrenia. The involvement
of microglia in this process has ignited interest in the role they might play in the
pathology of these conditions. Immune compromise has long been known to increase
susceptibility to conditions including ASDs (Estes and McAllister, 2015). Further,
peripheral levels of both pro- and anti-inflammatory cytokines are increased in
ASD and SCZ patients, and transcriptomic analysis of postmortem brains shows
increased cytokine expression (Radtke et al., 2017; Saetre et al., 2007). Thus immune
compromise particularly during critical periods of development has long lasting
effects on brain development that predisposes to neuropsychiatric conditions. Further,
In mouse models of AD, where there is a dramatic loss of synaptic connectivity
prior to clinical presentation, microglia have been shown to actively overprune

complement-tagged synapses (Hong and Stevens, 2016).

Etiological studies have identified a number of immune-related genes as risk
factors for these conditions. Early genetic studies found links between specific
Human Leukocyte Antigen (HLA) haplotypes and risk of ASD (Careaga et al., 2010;
Needleman and McAllister, 2012). A landmark GWAS study in 2016 identified the
complement gene C4 as a risk factor for schizophrenia (Sekar et al., 2016). Given the
established roles of the complement cascade in synaptic pruning by microglia, this
hinted that these processes could underlie pathology in neuropsychiatric disorders.
However, whether other known disease-associated genes have unidentified roles in

regulating microglial function is largely unknown.
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1.4 CYFIP proteins in health and disease

1.4.1 Evolutionary diversity of CYFIPs

CYFIP proteins are highly evolutionarily conserved, with homologs found across
the eukaryotes including Arabodopsis, Drosophila, C.elegans, mouse and humans
(Basu et al., 2004; Schenck et al., 2003, 2001). Non-vertebrate animals, such as
Drosophila and C.elegans, have a single CYFIP gene identified as dCYFIP and
GEX-2 respectively (Schenck et al., 2003; Soto et al., 2002). In contrast, model
vertebrate systems, including humans, have two CYFIP paralogues; CYFIP1 and
CYFIP2 (Pittman et al., 2010). Despite the lack of known structural domains, CYFIP
sequence is fairly highly conserved throughout the tree of life. Human CYFIP1
and 2 share 98.7% and 99.9% sequence homology to their mouse orthologs, and
both human CYFIP proteins are approximately 67% and 51% similar to fruit fly
and worm orthologs (Schenck et al., 2001). Due to their independent discoveries in
different species, CYFIP1/2 orthologs have been given a variety of names (CYFIP1:
Sral, GEX-2, KIAA0068; CYFIP2: PIR121, nev-2, KIAA1168). For clarity, these
orthologs with be called CYFIP1 and 2 in the following discussion unless relevant,

and CYFIP is used to refer to either protein interchangeably.

Comparing CYFIP paralogs shows they share 88% homology in humans. In the
CNS, expression of CYFIPs is temporally regulated during development, with both
CYFIPs increasing in expression in the mouse cortex between embyonic-adulthood
(Bonaccorso et al., 2015). However, in the embryonic zebrafish retina CYFIP1 is
expressed early on but rapidly decreases as CYFIP2 expression is turned on around
72 hours post fertilisation, suggesting that there could be local specificity in CYFIP
expression (Cioni et al., 2018). To support this, cell-type transcriptomes show that
brain cells tend to preferentially express one CYFIP (Zhang et al., 2014b). There

1s limited evidence for functional specificity at the molecular level between the



1.4 CYFIP proteins in health and disease 53

two proteins. This will be highlighted in the following discussion of the molecular

functions of CYFIP.

1.4.2 Structure and molecular functions of CYFIP proteins

CYFIP proteins were first identified two decades ago through two independent
protein binding screens searching for novel Racl and FMRP interactors (Kobayashi
et al., 1998; Schenck et al., 2001). Amazingly, these two interactions still form
the basis of our understanding of the molecular functions of CYFIPs. Research
since then has shed light on the precise nature of CYFIP function within these
different protein complexes, the inter-relationship between them, and what the wider

implications are for the biology of the cell.

1.4.2.1 WAVE regulatory complex

As discussed in the previous section (see Arp2/3 and NPFs), the WAVE regulatory
complex (WRC) is an important Arp2/3 NPF with critical roles in lammellipodia
formation and cell migration. CYFIP is a constitutive member of the WRC, alongside
WAVE, ABI, NAP and HPSC300. X-ray crystallography of a modified version of the
WRC revealed that the full complex is formed from the binding of two subcomplexes
composed of a CYFIP-NAP1 dimer and a WAVE-ABI-HSPC300 trimer, supporting
protein pull-down experiments (Chen et al., 2010; Ismail et al., 2009). In its basal
state, the WCA region of WAVE lines up against a concave surface formed between
CYFIP and a 5-helices of WAVE, termed the ‘meander region’, that tightly binds the

‘W’ and ‘C’ domains, thus preventing actin or Arp2/3 binding.

CYFIP serves as the critical link between the WRC and it’s canonical activator,
Racl. Binding of Rac1-GTP to the WRC is CYFIP (and NAP1) dependent (Steffen
et al., 2004). Although initial mutagenic studies suggested that Racl bound to a

region adjacent to the CYFIP-meander region interface, a recent EM-crystallography
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study of the Racl-bound WRC infact revealed two binding sites for Racl (Chen
et al., 2017, 2010). Both binding sites involve the CYFIP surface, one being the
hypothesised site near the meander region (A-site) and the other on the other end of
the rod-shaped CYFIP (D-site). Racl binds the D-site with approximately 40 times
affinity of A-site, but both are capable of increasing Arp2/3 activity by the WRC.
Both these interactions between Racl and CYFIP are predicted to disrupt the WCA
binding pocket, thereby enabling WRC activation. This planar structure of CYFIP is
supported by a FRET study showing that the N- and C-terminal domains of CYFIP
are spatially separated in the WRC (de Rubeis et al., 2013).

It is worth noting that activation of the WRC requires additional signaling aside
from Racl-binding. WAVE proteins have a N-terminal WAVE-homology domain
(WHD), followed by a basic region (BR) and proline-rich domain (PR), which is
nearer the C-terminus (Mendoza, 2013). The BR of WAVE mediates binding to
membrane phospholipids, primarily PIP3 but also PIP, (Koronakis et al., 2011;
Oikawa et al., 2004). PIP,/3-binding localises WRC to membranes and is required
for lammelipodia-formation by WAVE (Lebensohn and Kirschner, 2009; Oikawa
et al., 2004). Additionally, WAVE is phosphorylated at a number of key residues
that modify WRC activation but do not affect the inherent ability of WAVE to
activate Arp2/3 (Lebensohn and Kirschner, 2009). Tyr150 (Tyr151 on WAVEI1
and 3) phosphorylation by Abl kinase disrupts the CYFIP-WAVE binding surface
of WCA, helping to relieve WRC inhibition (Chen et al., 2010; Lebensohn and
Kirschner, 2009). WAVE phosphorylation has also been shown via Src, cyclin-
dependent kinases and ERK (Mendoza, 2013). Interestingly, the different WAVE
paralogs do have unique phosphorylation sites and kinases; ABI1 is not required for
Abl-mediated WAVE3 phosphorylation whereas it is for WAVE3 (Sossey-Alaoui
et al., 2007). Alongside differential expression of WRC components, this level of

regulation could support cell type-specific actin dynamics.

Additionally, WRC activity is localised and regulated by a growing number of

protein interactions outside of the pentameric complex and Racl. IRSp53 can bind
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Fig. 1.9: The molecular functions of CYFIP1

CYFIP proteins exist in the cytoplasm as part of two complexes. (1) In association with
FRMP, CYFIP1 represses translation of target mRNAs through disrupting the formation of
the translational initiation complex. (2) CYFIP1 is a constitutive member of the WRC, a NPF
for the actin branching complex Arp2/3. Transition between these complexes is mediated
by Rac1-GTP, which also promotes activation of the WRC. (3) A binding surface between
CYFIP1 and ABI interacts with various transmembrane receptors containing a WIRS motif.
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to both WAVE (via SH3-PR domain interaction) and Racl (Miki et al., 2000). As
mentioned prior, IRSp53 is activated by cdc42, thus representing a molecular bridge
between Racl and cdc4?2 signalling pathways. Functionally, IRSp53 can regulate the
formation of filopodia, lammellipodia (in multiple cell lines), but seems dispensable
for phagocytosis and cell adhesion (Abou-Kheir et al., 2008; Miki et al., 2000;
Suetsugu et al., 2006). Interestingly, IRSp53 is highly expressed by neurons in the
brain and is associated with similar neuropsychiatric disorders to CYFIP, including
schizophrenia and ASD (Kang et al., 2016). An immuno-EM study showed that
IRSp53 is localised specifically to excitatory PSDs in the cortex, hippocampus and
striatum, where it can interact with PSD proteins including Shank (Bockmann et al.,

2002; Burette et al., 2014).

The pool of WRC-interactors has been greatly expanded by the identification of
a WRC-binding motif that is present in a number of transmembrane proteins with
diverse functions (Chen et al., 2014a). The loosely conserved motif named WIRS
(F-x-T/S-F-X-X; F = preference for bulky hydrophobic residues; x = any residue;
the X-X positions can accommodate single substitutions) binds a pocket in the WRC
between CYFIP and ABI. The list of putative binding partners includes excitatory
and inhibitory synapse receptors, synaptic scaffold proteins, ECM-binding proteins
and others. Determining the relevance of these potential interactions could provide
further insight into how local WRC activity regulates cellular function. Indeed, a
recent study in Drosophila has shown that NLGN1-WRC interaction is required for
actin remodeling at neuromuscular junctions (NMJs), and protocadherin-o interacts
with the WRC via a WIRS motif to regulate cortical migration in mouse brain
development (Fan et al., 2018; Xing et al., 2018). Thus, CYFIP is a core component
of the WRC that plays a pivotal role in orchestrating the complexes interaction
with other proteins, thereby determining the spatial and temporal dynamics of actin

nucleation.
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1.4.2.2 FMRP and translational repression

CYFIP proteins also interact strongly with Fragile X Mental Retardation Protein
(FMRP) (Schenck et al., 2003, 2001). FMRP is an mRNA binding protein with roles
in localization, stability and translation of target mRNAs (Bagni and Greenough,
2005). It is capable of binding to mRNA targets both via direct interaction or through
RNA adaptors, such as BC1 (Zalfa et al., 2003). Screens for targets of FMRP have
revealed that the protein binds a vast number of mRNAs that sum to roughly 4% of
available mRNA pool (Ascano et al., 2012; Darnell et al., 2011). Although large in
number, these targets are enriched in genes active at the pre- and postsynapse, and
that have known associations with ASDs, ID and other neuropsychiatric conditions
(Darnell et al., 2011). However, the precise functions and biological consequences

of FMRP binding with mRNA is still incompletely understood.

A pioneering study by Napoli et al. revealed that CYFIP acts in coordination
with FMRP to repress translation of FMRP-binding targets (Napoli et al., 2008).
Cap-dependent translation involves the recruitment of el[F4A-elF4G-elF4E (elF4F)
complex to the 5> m7G cap (Richter and Sonenberg, 2005). When complexed
with FMRP and mRNA, CYFIP interacts with eIF4E of the translational initiation
complex. elF4E-binding is a common and evolutionarily conserved mechanism
of repressing translation, blocking the eIF4E-elF4G interaction that is required for
translational initiation (Richter and Sonenberg, 2005). Although most 4E-binding
proteins (4E-BPs) controlling overall translational activity, others are tissue specific,
such as Neuroguidin that is the only other known CNS 4E-BP (other than CYFIP)
(Jung et al., 2006). Reduction in CYFIP1 expression in neurons increased expression
of key FMRP targets, including c CAMKII, APP and ARC/Arg3.1 (Napoli et al.,
2008). Further, a key synaptic pathology of FMRP loss, enhanced mGluR-dependent
LTD, is also observed in haploinsufficient CYFIP1 mouse model (Bassell and Warren,
2008; Bozdagi et al., 2012). This effect is mediated via increased Arc-dependent

AMPA receptor endocytosis via activation of the AP2-Clathrin pathway (Wall and
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Corréa, 2018). These studies point to a model where loss of either FMRP or CYFIP1

releives translational repression of key target mRNAs.

In neurons, the association of CYFIP with FMRP is activity-dependent.
Treatment of cortical cultures with BDNF to stimulate the network leads to a
decrease in association of CYFIP1 with eIFAE (Napoli et al., 2008). Interestingly,
this seems to be mirrors by an increase in CYFIP1 integration into the WRC, and a
structural change in CYFIP1 from a globular (FMRP-bound) to planar
(WRC-bound) configuration (de Rubeis et al., 2013). This switch in CYFIP
assembly appears to be dependent on Racl as NSC23766-treatment blocked this
effect. In support of this, molecular dynamic modelling of the two CYFIP1
configurations suggests that Racl preferentially binds to the planar version (Di
Marino et al., 2015). However, whether physical binding of Racl to CYFIP1 is
responsible for this switch (in fact, molecular dynamics data argues against this)

remains to be seen.

Interestingly, functional studies have provided evidence for CYFIP proteins and
FRMP working in an antagonistic fashion. Early functional genetic experiments in
flies showed that null mutants of dCYFIP had opposite effects on NMJ length than
FMRP null mutants, whereas OE of dCYFIP1 phenocopied FMRP loss (Schenck
et al., 2003). This study was recently expanded on, showing that double KO of
dCYFIP and FMRP partially rescues NMJ length (Abekhoukh et al., 2017). As
shall be discussed in the following section, FMRP and CYFIP also differentially
effect mTOR signalling. A potential explanation for these interactions comes from
another study of fly NMJ that looked at genetic interactions between CYFIP and
WAVE (Zhao et al., 2013). Abnormal synaptic boutons in dCYFIP null flies could be
partially rescued by reduced expression of WAVE, suggesting that loss of dCYFIP1
might have its effects via gain-of-function of a WAVE-dependent process. This is
supported by the common observation that loss of CYFIP1 expression increases

actin turnover in multiple systems (Pathania et al., 2014; Zhao et al., 2013).
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1.4.2.3 mTOR signalling

The mechanistic target of rapamycin (mTOR) is a serine/threonine kinase which
serves as a master regulator of cell metabolism, growth and survival. mTOR can
exist as part of two distinct protein complexes, referred to as mTORCI1 and
mTORC?2, which are rapamycin sensitive and insensitive respectively and also differ
in the proteins they complex with (Jacinto et al., 2004). MTORCT is the far better
studied pathway; mTORCT1 activity is dependent on GTP-bound Rheb, which is turn
is regulated by TSC1/2 and Akt, themselves a source of regulation from a wide
range of cellular cues (Crino, 2016). Key upstream signals include the
PI3K/PIP;/PDK1 pathway and ERK1/2 signalling. Activated mTORCI1 leads to
altered protein synthesis and mRNA handling via downstream effectors S6K and
4EBP1. In contrast, little is known about the activation of mTORC?2, although PI3K
activity has been implicated here as well (Thobe et al., 2017). Active mTORC2
regulates cytoskeletal dynamics through PKCoa and Racl phosphorylation.
Additionally, mTORC?2 positively regulates mTORCI1 activity via phosophorylation
of Akt.

Altered mTOR signalling is perturbed in several neuropsychiatric disorders
(Crino, 2016). mTOR phosphorylation is enhanced in the Fragile X mouse in
coordination with dyregulation of various mTOR pathways components, cumulating
in enhanced basal activity of the pathway (Sharma et al., 2010). The PI3K activator,
PIKE-S, is an FMRP target and is the proposed mediator of this effect (Darnell
et al., 2011). Supporting this, a study of patient FXS lymphocytes showed increased
phosphorylation of S6K, eIF4E and Akt suggesting that protein translation could be
upregulated (Hoeffer et al., 2012). Intriguingly, this study also found an increase in
CYFIP2 but not CYFIP1 expression, as predicted by CYFIP2 mRNA as target of
FMRP (Darnell et al., 2011). A recent study showed that metformin, which indirectly
inhibits mTORC1 and ERK, could rescue many core behavioural and pathological

hallmarks of FXS in FMR1 KO mice (Gantois et al., 2017).
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Additionally, growing evidence suggests a link between ASDs and overactive
mTOR signalling. Patients with PTEN mutations often present with ASD alongside
ID (Varga et al., 2009). Tang et al. showed that levels of phosphorylated mTOR
and S6K were increased in temporal lobes of ASD young adolescents (13-18yo)
(Tang et al., 2014). Interestingly, this was correlated with increased spine density and
decreased autophagic flux. This study went on to show that a Tsc heterozygous mouse
model recapitulated many of these phenotypes and that these could be alleviated by
inhibition of mTORC1 by rapamycin. This supports work in other ‘overactive mTOR’
mouse models that have shown ASD-like behaviours and neuronal pathologies (Tsai

et al., 2012).

Two recent reports have suggested that CYFIP1 dosage effects mTOR signaliing.
Overexpression of CYFIPI in an in vivo mouse model led to altered gene expression
of numerous mTOR pathway members (Oguro-Ando et al., 2015). Protein lysates
from cultured neuronal progenitors OE CYFIP1 showed increased mTOR and
reduced in PTEN levels, and rapamycin treatment reversed many effects of CYFIP1
OE, including increased cell size and branching. Further, protein samples from
patient brains that carried a CYFIP1 duplication had increased pS6K levels,
indicative of overactive mTOR. Conversely, knockdown of CYFIP1 has been shown
by two independent groups to decrease mTOR expression (Abekhoukh et al., 2017;
Oguro-Ando et al., 2015). Indeed, loss of CYFIPI reverses the increase in pS6K
seen in the FMRP KO cortical cultures (Abekhoukh et al., 2017). Thus, CYFIP1
dosage appears to regulate mTOR signaling in a dose-dependent manner, and in
coordination with FMRP. However, the molecular basis for this is still unclear and
not immediately intuitive given the coordinated role of CYFIP1 and FMRP in

translational repression.
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1.4.3 Pathological associations of CYFIP1

Since its association with FMRP, the link between CYFIP1 and neurodevelopmental
and psychiatric disorders has been of interest. This etiological research has bore fruit
and unveiled a host of genetic associations between CYFIP1 and various neurological
conditions, characterised by altered CYFIP1 dosage (summarized in Table 1.10).
Indeed, altered CYFIP1 expression has also been seen in a number of pathological

conditions not caused by genetic lesions.

1.4.3.1 Prader-Willi and Angelman Syndromes

Human CYFIPI is located on chromosome 15 in region ql11.2 (roughly 1.2Mb)
that also contains the genes TUBGCPS, NIPA1 and NIPA2 (Chai et al., 2003).
TUBGCPS5 encodes a tubulin gamma complex proteins, whereas NIPA1 and 2
are magnesium transporters with differential expression in the kidneys and brain
respectively. 11.2 is at the proximal end of a larger region of chromosome 15
spanning q11-q13 that is associated with two related genetic disorders: Prader-Willi
Syndrome (PWS) and Angelman Syndrome (AS). Both PWS and AS are severe
neurodevelopmental disorders characterised by developmental delay (DD), ID and

behavioral abnormalities (Cox and Butler, 2015).

The q11-q13 region contains three common breakpoints (BP1-3) due to recurrent
low copy DNA repeats of pseudogenes, that allow for interstitial deletions and
duplications between them. The q11.2 locus is contained within the region between
BP1 and BP2, whereas a larger (roughly 5.3Mb) region is between BP2 and 3. PWS
and AS can be caused by either deletion of the BP1-BP3 (Type I) or BP2-BP3
(Type II) regions. The clinical distinction between PWS and AS arises from the fact
the genes within BP2-BP3 are differentially imprinted by epigenetic modifications
specifically in the brain and thus the genes affected by deletion depend on the parental
origin of the chromosome. Concretely, deletion of paternal origin leads to PWS with

the snoRNA gene HMBII-85 thought to be the major causative gene (Ding et al.,



1.4 CYFIP proteins in health and disease 62

2008). Conversely, deletion in the maternal chromosome leads to AS and is due to

loss of UBE3A function (Greer et al., 2010).

Although deletion of q11.2 is not required for PWS or AS, numerous studies have
suggested type I deletions (that include the q11.2 locus) show more severe clinical
phenotypes that those with Type II deletions. In PWS, type I patients have lower
intelligence scores, delayed verbal speech acquisition and increased compulsive, self-
injurious behaviours in PWS (Bittel et al., 2006; Varela et al., 2005). Interestingly,
these behaviours correlate with expression of reduced expression of q11.2 genes,
including CYFIP1 (Bittel et al., 2006). Similarly, type I AS patients have reduced
verbal IQ and enhanced seizure susceptibility compared to type 11 (Milner et al.,
2005; Valente et al., 2013). Finally, a recent prepublication study suggested a
causative link between reduced CYFIP1 expression and hyperphasia and obestiy
that is commonly seen in PWS (Babbs et al., 2018). In mice, haploinsufficiency of
CYFIP1 led to increased compulsive behaviour and food intake, though increased
food intake was more prevalent in mice with deletion of the paternally-inherited
CYFIP1 allele. The parental origin effect is interesting considering that the q11.2
region is not known to be imprinted (Chai et al., 2003). Thus, CYFIP1 deletion
in PWS and AS modifies various clinical outcomes including intellectual ability,

epileptogenesis and behaviour.

1.4.3.2 Schizophrenia

Genetic instability at the ql1.2 locus can also lead to microdeletions and
microduplications of this region, separate from BP2-BP3. Indeed, CNV of q11.2
locus occurs in approximately 0.25% of the healthy population. Though CNV of
ql1.2 doesn’t lead to either PWS or AS, duplications and deletions are found at
higher frequencies (1.3% and 0.7% respectively) in patients with neurological
conditions (Abdelmoity et al., 2012). A review of clinical phenotypes associated
with q11.2 microdeletions in 200 such patients showed that the majority have

delayed development, speech, writing and impaired memory (Cox and Butler, 2015).
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Further, even though many occurrences of q11.2 CNV do not manifest with
neuropsychiatric disorders, an Icelandic study showed these non-case examples have
increased prevalance of dyslexia, dyscalculia and structural changes associated with

first-episode psychosis in SCZ (Stefansson et al., 2014).
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Numerous reports have shown an association between q11.2 CNV and SCZ.
Several large scale GWAS have shown q11.2 deletion was over 2-fold enriched in
SCZ cases over controls (Kirov et al., 2012; Rees et al., 2014; Stefansson et al., 2008;
Tam et al., 2010; Zhao et al., 2013). Additionally, CNV gain has also been observed,
though less frequently, in SCZ (Ingason et al., 2011; Rees et al., 2014). Though q11.2
CNVs involve changes in gene expression aside from CYFIP1, there is evidence
for CYFIP1 playing a predominant role in SCZ association of this region. Firstly,
neuronal progenitor cells (NPCs) carrying q11.2 deletion have reduced CYFIP1
expression and altered cell-adhesion signalling in vitro and in vivo (Yoon et al.,
2014). Indeed, research into CYFIP1 has revealed a host of functions in brain
development and connectivity that provides mechanistic link to SCZ (discussed in
chapter 3 + 4). Finally, Zhao et al. have reported a putative association between
a common SNP and SCZ in the Han Chinese population, though the functional

relevance of this is unclear (Zhao et al., 2013).

1.4.3.3 ASDs and FXS

Altered CYFIP1 expression has also been associated with autism and ASDs. Both
deletions and duplications of q11.2 are prevalent in ASD patients (Depienne et al.,
2009; Leblond et al., 2012; van der Zwaag et al., 2010; Wisniowiecka-Kowalnik et al.,
2013). These can arise from either de novo genetic abnormalities or be inherited from
either parent. Interestingly, Leblond et al. showed CYFIP1 deletion concurrent in
patient with a SHANK? deletion, suggesting that increased load of ASD-associated
genetic mutations may affect susceptibility in an additive manner. Whole exome
sequencing has revealed increased load of specific rare variants of CYFIP1 in ASD
patients (Toma et al., 2014; Waltes et al., 2014). Interestingly, a subset of these ASD
associated variants positively correlate with CYFIP1 mRNA levels in prefrontal
cortex (Toma et al., 2014). How these variants alter mRNA levels is currently not
known. However, a study of a CYFIP2 variant that diverged in two lineages of

the CLB6 mouse line showed that one variant had reduced protein stability despite
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normal interaction with WRC components (Kumar et al., 2013). Given the fact that
deletions in q11.2 are also associated with ASDs, it would be interesting to know if

any of these ASD-associated variants effect CYFIP1 stability.

ASD-associated rare variant mutations in the WRC component NCKAP1 have
also been identified. A study looking for de novo mutations found a nonsense
mutation in the C-terminal of NCKAP1 (Iossifov et al., 2012). This has been
subsequently supported by other studies finding further de novo or inherited rare
varients in NCKAPI that are likely to be gene disruptive (de Rubeis et al., 2014;
Wang et al., 2016). These findings suggest that WRC dysfunction may be a common
thread linking multiple ASD-associated genes, including core WRC components
but also upstream and downstream interactors, such as NLGN1 and 4 (Chen et al.,

2014a).

These etiological studies suggest that altered CYFIP1 gene dosage is a risk factor
for ASDs. However, given that q11.2 deletions or duplications are only found in a
small percentage of cases (approximately 0.5%), it is important to know if CYFIP1
protein levels could be altered by indirect means. Evidence for this comes from a
recent study examining CYFIP1/2 levels in ASD patients, not screened for genetic
lesions at the q11.2 locus (Noroozi et al., 2018). They report increased levels of
CYFIP1 and 2 mRNA in peripheral blood samples, suggesting that increased CYFIP1
expression could be a more generalized risk for ASD and even a biomarker. Although
promising, the sample size in this study was small and larger cohorts will be needed
to validate whether or not peripheral CYFIP1 levels are an accurate readout of ASD

or a subset of these conditions.

Further indirect evidence for a CYFIP1-ASD association comes from the
molecular interactions of CYFIP1 and FMRP. Autism is a common comorbidity in
FXS. Although there is significant variability across studies, the prevalance of ASDs
in FXS is roughly 50% (Abbeduto et al., 2014). Conversely, FXS accounts for
between 1-6% of ASDs, making the loss of FMRP the strongest monogenetic risk

factor identified to date (Muhle et al., 2004). Despite this clear association and
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interest in the field to see FXS as a monogenetic model for ASD, there are important
differences between FXS-ASD and non-syndromic ASDs (NS-ASD). For instance,
FXS-ASD patients on average have greater ID and increased psychiatric problems
(i.e. hyperactive behaviour and general anxiety) (Abbeduto et al., 2014). In addition,
structural differences in brains of nonsyndromic-ASD patients are different from

those seen in FXS-ASD patients (Meguid et al., 2010).

1.4.3.4 Cancer

Altered CYFIP1 expression has also been strongly associated with various cancers.
Silva et al. first identified CYFIP1 as a putative tumor suppressor gene; finding
that genetic deletion of CYFIP1 was a common occurrence in lung, breast and
colon cancers (Silva et al., 2009). This study showed loss of CYFIP1 increased in
malignancy of tumor cells via altering cell-cell and cell-ECM contacts. Concretely,
WRC activity is required for epithelial morphogenesis, to form stable cadherin
junctions between cells and focal adhesion sites between cells and ECM. Loss of
CYFIPI increases malignancy by reducing WRC activity, cell-cel/ECM contacts,

thereby enhancing invasiveness of cells.

This study has been backed up by further research showing a similar reduction
in CYFIP1 levels associated with tumor progression in skin cell carcinoma (SCC)
(Dziunycz et al., 2017). Interestingly, in SSC CYFIP1 levels were controlled in part
by activity of NOTCHI1, a transcription factor critical during cell differentiation and
that is deleted in many invasive epithelial cancers (Nicolas et al., 2003). In contrast,
another study focusing on breast cancers suggested that CYFIPI, in coordination
with NAP1 and WAVE3, was required for metastasis (Teng et al., 2016). This study
focused on using synthetic peptides to interfere with the CYFIP1/NAP1-WAVE3
interaction but could have disrupted other interactions of WAVE3 or led to gain of

function effects not seen in the previous CYFIP1 knockdown studies.
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1.4.3.5 CYFIP2 disease associations

In comparison to CYFIPI, there has been limited evidence for clinical associations of
CYFIP2. Two studies of interstitial deletions in the 5q33.3 region, where the CYFIP2
gene is located, reported clinical cases of varied degrees of mental retardation in a girl
and boy (Lee et al., 2016; Spranger et al., 2000). However, a recent study identified
four independent cases of a rare variant mutation in CYFIP2 at Arg87 that cause
early-oncet epileptic encephalopathy (Nakashima et al., 2018). These mutations were
all predicted to disrupt the CYFIP2-WAVE binding interface and possible disrupts
Racl binding to CYFIP given the closeness of Arg87 to its binding site. Although no
changes were seen in the expression of Racl or WAVE in lymphoblastoids derived
from these patients, all Arg87 mutants had decreased binding to the VCA of WAVEI
(Nakashima et al., 2018). These variants represent the first identified disease-causing
mutations in any CYFIP protein. The fact that these patients present with seizures
and microcephaly provide the strongest evidence to date for the importance of
CYFIP proteins in brain development. This study also highlighted that 10 CYFIP2
de novo variants have been recently reported in a cohort of patients with ASDs and

development delay (C Yuen et al., 2017).

A recent study showed that CYFIP2 levels were decreased in brains of later stage
AD patients, even after controlling for synaptic loss (Tiwari et al., 2016). Indeed,
APP mRNA is a FMRP target and CYFIP2 heterozygous mice have increased APP
in hippocampus. This same study showed that CYFIP1 levels were increased in the
hippocampus of late-stage AD patients, possibly as a compensatory mechanism. The
haemopoetic WRC component ABI3 was recently also identified as a AD risk gene,
suggesting the WRC role of CYFIP may be important in the AD association (Satoh
et al., 2017; Sims et al., 2017).

In mouse models, CYFIP2 mutations have been linked to clinically-relevant
behaviours. In 2013, a study showed that the substrain of C57BL — 6N, had lower

response to both cocaine and methanphetamine, reduced spine density in the nucleus
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accumbens and reduced excitatory transmission (Kumar et al., 2013).
Whole-genome sequence comparisons reveals a single missense mutation in
CYFIP2 (S968F) between the two lines. Importantly, heterozygosity of the mutant
allele was sufficient to restore acute and sensitised cocaine response, providing
strong evidence for the CYFIP2 mutation being causative. This study was recently
built upon by showing that a descendent of the 6N lineage also carrying the CYFIP2
mutation had increased palatable food intake used as a behavioral paradigm for
binge-eating disorders (BEs) (Kirkpatrick et al., 2017). Although currently no
genetic basis for BEs in humans has been uncovered, CYFIP2 appears a promising

target.

1.4.4 Statement of aims

In summary, this introduction has provided an overview of the intracellular molecular
machinery that regulates cell shape and motility. Whilst many of these signalling
pathways are ubiquitous, it is clear that they play particularly important roles in cell
types with either complex morphologies (e.g. neurons) or highly motile cells (e.g.
microglia). It is also clear that disruption of this machinery is a common feature of

various neuropsychiatric disorders.

As a core component of a major actin remodelling complex, CYFIPI sits in the
middle of many of the signalling pathways discussed. To date, there has been a
significant research effort elucidating the function of CYFIP1 in cell lines and in
establishing its etiological links with various clinical conditions. This has driven
interest in the functions of CYFIP1 in neurons. However, given the broad expression
of CYFIP1 within the brain, it is currently unclear how global alterations in CYFIP1
expression alter brain development. This thesis posits that CYFIP1 has cell-specific
functions in different cell types in the brain that relate to their individual functional
requirements. To test this overarching hypothesis, I aim to develop experimental

systems that will facilitate the identification of these cell-specific functions of
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CYFIP1, both in vitro and in vivo. 1 have focused on two cell types, principle
neurons and microglia, which for reasons discussed are promising targets for this

study.)



Chapter 2

Materials and methods

2.1 Animals

Animals were maintained under controlled conditions (temperature 20 + 2°C; 12
hour light-dark cycle). Food and water were provided ad libitum. All breeding and
experimental procedures were carried out in accordance with institutional animal
welfare guidelines and licensed by the UK Home Office in accordance with the

Animals (Scientific Procedures) Act 1986.

2.1.1 Mouse strains

The Cyfipl KO mouse line (MGI:5002986; Allele: Cyfipltm2a(EUCOMM)Wtsi)
was obtained from the Wellcome Trust Sanger Institute as part of the International
Knockout Mouse Consortium (IKMC). Cyfipl ‘floxed’ animals were generated by
crossing with a Flipper mouse to generate tm1c (Conditional allele) mice, following
the Knockout-First strategy on C57BL/6N Taconic USA background (Skarnes et al.,
2011; White et al., 2013). The NEX®™ line was obtained from The Jackson

Laboratory (Neurod6tm1(cre)Kan) and has been previously described (Goebbels
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et al., 2006). The CX3CR]CreERT2 line
(B6.129P2(C)-Cx3crltm?2.1(cre/ERT2)Jung/J) and IBAFGFP line
(Tg(Aif1-EGFP)1Kohs) were kindly gifted from the Attwell lab, UCL and have both
been previously described (Hirasawa et al., 2005; Yona et al., 2013). All transgenic
mice were bred on C57BL/6 Taconic USA background.

2.1.2 Tamoxifen administration

The Cre recombinase expressed by the CX3CR1ERT2 [ine is fused to a mutant
estrogen receptor (ER) ligand binding domain. ERT2-Hsp90 binding sequesters the
Cre fusion in the cytoplasm, preventing recombination activity in the nucleus. To
activate Cre, administration of estrogen receptor agonist tamoxifen leads to binding
of 4-hydroxytamoxifen (4-OHT), the active metabolite produced from tamoxifen by
the liver, to the ERT? site, translocation of CreERT?2 into the nucleus and enabling
recombination activity between loxP sites. To deliver tamoxifen to adolescent/adult
mice (P28 and older), mice were treated with 4 mg/100ul twice via oral gavage,
48 hours apart. Tamoxifen was dissolved in 40 mg/mL solution of 90% cornoil

(Kolliphor EL, Sigma):10% ethanol by sonication.

2.1.3 In utero electroporation

At E14.5, pregnant mice were deeply anesthetized with isoflurane 5% in a mixture
of 30%0,/70%N,0 were maintained at 37 £ 0.5°C during all the procedure. Uterine
horns were exposed via a midline abdominal incision and embryos carefully exposed
using ring-forceps through the incision and placed on a humidified plastid surface.
Plasmid DNA solution (0.3 pg/uL pCAG-GFP) mixed with Fast Green solution
(2 mg/mL; Sigma, St Louis, MO, USA) was microinjected via a calibrated glass
micropipette (Drummond Scientific, Broomall, PA, USA) and a microinjector (30

ms; 30 psi; Pico-Liter Injector PLI-10; Warner Instruments, Hamden, CT, USA) into
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the lateral ventricle of each embryo. Immediately after DNA injection, the heads
of the embryos were placed and held between 5 mm platinium electrodes with the
anode directly toward the cortex and electronic pulses were applied (five 50 ms
pulses of 35 V at 950 ms intervals) using an EM830 electroporator (BTX, Harvard
Apparatus, Holliston, MA, USA). During the procedure, the embryos were constantly
bathed with warm sterilised phosphate-buffered saline (PBS). Then, uterine horns
were placed back in the abdominal cavity to allow embryos to continue normal
development until the desired time of observation. Finally, the abdomen wall and
skin were sutured using surgical needle and thread and mice placed in a heating
chamber until anaethesia wore off. Pregnant mice were injected with buprenorphine
(Vetalgesic, 0.09 mg/kg) prior to surgery and Marcain (Astra Zeneca, 0.05%) was
administered locally after surgery. Carpofen (0.5 mg/mL) treated drinking water was
administrated post-surgically for 48 h. All IUE surgeries were performed with Dr

Flavie Lesept.

2.1.4 Transcardial perfusion

For all relevant experiments in Chapter 5, brains were fixed by transcardial perfusion
(TCP) of 4% paraformaldehyde (PFA) (4% PFA, PBS). Animals were given terminal
anaesthesia via intraperitoneal injection of 1 pl/g pentobarbital solution. When fully
anaesthetised, the chest cavity is opened and diaphragm cut to reveal the heart. A
21-guage needle is inserted into the posterior end of the left ventricle and clamped in
place. In quick succession, a cut in the right atrium is made and the PFA perfusion
pump is started. After 10-15 ml of ice-cold 4% PFA has circulated, perfusion is
stopped, the animal decapitated and brain dissected and placed in ice-cold 4% PFA
overnight. Certain protocols required TCP of PBS to remove all blood from the brain.

In these cases, the protocol above was used except that ice-cold PBS was perfused.
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Table 2.1: PCR reaction cycle

Step Temperature (cC) Time

Melting 95°C 2m

Melting 95°C 30s

Annealing 58°C 30s  Repeat 35X
Extension 72°C 40s

Hold 4°C oo

2.1.5 Genotyping

DNA was extracted from ear biopsies or tail biopsies using the Hot Shot method
(Truett et al., 2000). Genotyping PCR (polymerisation chain reaction) was carried
out using a standard PCR reaction (table) using the appropriate primers (table), to a
final volume of 20 pl per reaction containing: 0.8 ul forward and reverse primers,
0.125 pL Taq Polymerase (NEB), 5 ul Taq buffer (4X) and 122.75 pl ddH20. 10 pl
of the PCR product was ran on a 1.5% agarose gel (1.5 g Agarose, 100 mL TAE) to

determine the size of the PCR products.

To genotype mice younger than P10, a small tissue sample (<1mm) of tail was
taken using an unused, flat blade. Local cryo-analgesia was applied using an ethylene
chloride-soaked cotton bud. To identify animals post-genotyping, pups were tattooed

using the Aramis Micro Tattoo Kit (Ketchum) on foot pads.

2.2 Cell culture and biochemistry

2.2.1 Primary neuronal culture

Cortical and hippocampal neurons were cultured from E16 mouse embryos as
previously described (Gordon et al., 2013). Briefly, time pregnant mice were killed by
cervical dislocation and decapitation and embryos removed and placed onto ice cold

HBSS. Individually, brains were extracted, meninges were removed and hippocampi
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and cortices were dissected. Dissected tissue was incubated in 0.125% trypsin diluted
in HBSS for 15 minutes at 37°C. Tissue was washed twice with attachment media
(Minimal Essential Media (GIBCO), 10% horse serum, 1 mM sodium pyruvate,
0.6% glucose) and triturated to a single cell suspension in 1 ml of attachment media.
For hippocampal neurons, 650 ul of the cell suspension (approximately 350,000
cells) was plated in a 6 cm dish containing pre-prepared poly-L-lysine (PLL) coated
13 mm glass coverslips. For cortical cultures, 250 pl of cell suspension was added
to PLL coated 6 cm dishes. PLL was incubated for a minimum of 3 hours with
coverslips and plates at 500 pg/ml and 50 pug/ml respectively. Cells were incubated
at 37°C in 5% CO, humidified atmosphere. Attachment media was changed 4-6
hours later to maintenance media (Neurobasal Media (GIBCO), 2% B27 (GIBCO),
1% glutaMAX (GIBCO), 33 mM glucose).

2.2.2 Lipofection

Neurons were transfected at the required age using Lipofectamine 2000 (Invitrogen).
For 8-9 coverslips in a 6cm dish, 3 uyg DNA was combined with 400 ul
unsupplemented Neurobasal (NB) and 6 ul Lipofectamine with 400 ul NB in
separate falcon tubes. Following 5 minutes incubation at RT, the Lipofectamine
solution was combined with the DNA and incubated for 20 minutes at RT. 1.2 ml
pre-warmed NB + 0.6% glucose was added to the DNA + Lipofectamine solution,
gently mixed and added to the culture dish. Following a 2 hour incubation at 37°C,
transfection media was replaced with pre-warmed conditioned maintenance media.

Volumes were scaled as required for different dish sizes.

2.2.3 Preparation of brain lysates

Mice were killed using a Schedule 1 method and brains placed in ice-cold HBSS.

Cortex, hippocampi and cerebella were dissected and placed in 500 pl, 250 pl and
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300 pl ice-cold HEPES buffer respectively (50 mM HEPES pH 7.5, 0.5% Triton
X-100, 150 mM NaCl, 1 mM EDTA, 1 mM PMSEF, 10 pg/ml antipain, pepstatin
and leupeptin) and kept on ice. Tissue was solubilised by sonication, centrifuged at
14000 rpm for 15 minutes and the supernatant collected. Protein concentration was
quantified using the Bradford assay following the manufacturer’s protocol (BioRad).
Western blot samples were generated from these lysates by adding 1/3 volume of
Sample Buffer (3X) and boiling samples for 5 minutes. Samples were stored at

-80°C until use.

2.2.4 Adult microglia isolation

To generate Western blotting samples of enriched adult microglia from transgenic
mice, a percoll-based isolation method was used as described previously (Lee and
Tansey 2013). Briefly, 3 mice per experimental condition were transcardially
perfused with PBS, brains extracted and finely minced using a flat scalpel blade in 3
ml HBSS. Tissue was enzymatically digested in a dispase-papain-DNAase solution
and triturated into a single cell suspension. This suspension was loaded into a
70%:37%:30% percoll gradient. After centrifugation without brakes, myelin debris
migrated to the 30%:37% interface and microglial cells were enriched in the
70%:37% interface. The microglia fraction was extracted, washed and lysed in

sample buffer to generate western blot samples.

2.2.5 Western blotting

Protein samples were loaded into a stacking gel and separated on an 8% agarose gel
by gel electrophoresis (XCell SureLock, Invitrogen) for 90 minutes at 120 V. Protein
was then transferred from gel to a nitrocellulose membrane at either 350 A or 30
V for 2 hours. Nitrocellulose membrane was stained with Ponceau (0.5% Ponceau

S, 1% acetic acid) and blocked for 1 hour in milk (4% dried milk powder, 0.1%
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Tween, PBS). Membrane was cut and the appropriate areas inclubated with primary
antibodies diluted in milk at 4°C overnight. Membrane was washed 3X in PBST
(0.1% Tween, PBS) for 30 minutes prior to HRP secondary antibody incubation
diluted in milk for 45 minutes. Membrane was washed 3X in PBST and horse
radish peroxidase (HRP) substrate (Pierce ECM substrate, Thermofisher) added
to the dry membrane for 2 minutes. Chemiluminescence was measured using a
CCD imager. Quantifications of western blots were performed within ImageJ and
Microsoft Excel. All protein levels were normalised to a loading control (either
B-Tubulin III, actin or NADPH) and to the averaged value of normalised control
samples. All quantifications were from a single representative western blot that

contained at least 3 experimental replicates per condition.

2.3 Immunofluorescence and bright-field staining

2.3.1 Antibodies

Secondary antibodies for western blots were anti-rabbit and anti-mouse
HRP-conjugated secondaries from Jackson ImmunoResearch (WB: 1:10000).
Secondary antibodies for fluorescent imaging were AlexaFluor conjugated 488, 555,

568, 647 (1:1000, Molecular Probes). DAPI 405 dye was used 1:1000.

2.3.2 Immunocytochemistry and immunohistochemistry

Hippocampal cultures on glass coverslips were fixed in 4% PFA (4%
paraformaldehyde, 4% sucrose, PBS, pH 7) for 7 minutes prior to blocking and
permeabilization in blocking solution (10% horse serum, 0.5% BSA, 0.2% Triton
X-100, PBS). Coverslips were incubated in primary antibody for 1 hour, washed 5x
in PBS+0.2% Triton X-100, then incubated for 1 hour in secondary antibody.

Antibody solutions both diluted in blocking solution. Coverslips were mounted with
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Prolong Gold antifade mountant (Invitrogen). If coverslips were not stained
immediately after fixation, they were stored at -20°C in cryoprotect solution (30%

ethylene glycol, 30% glycerol, 40% PBS).

For slice staining, mouse brains from litter matched pairs were fixed in 4% PFA
overnight, after cervical dislocation and decapitation. For experiments performed
using the CX3CR1ERT? Jine brains were fixed initially by TCP (see Transcardial
perfusion) prior to fixation overnight. Brains were transferred to 30% sucrose/PBS
solution prior to long term storage at -80°C. For cryoslices, samples were embedding
in OCT (Optimal Control Temperature) and 30 um sections made using a Cryostat
(Bright Instruments, Luton, UK). Slices were stored at -20°C either as free-floating
slices in cryoprotect solution (postnatal) or on frosted slides (embryonic). For 100
um slices, brains were stored in PBS after fixation and sliced using a vibratome

(Leica Microsystems, Heerbrugg, Switzerland).

For immunohistochemistry, free floating sections were washed in PBS before
permeabilization in blocking solution (10% horse serum, 0.5% BSA, 0.2% Triton
X-100, PBS) for 2-4 hours then incubated with primary antibody diluted in block
solution overnight at 4°C. For mouse primary antibodies, slices were first incubated
overnight at 4°C with mouse Fab fragment (1:50 with block solution; 115007-003,
Jackson ImmunoResearch, West Grove, PA, USA). Slices were washed 4-5X in PBS
for 2 hours then incubated for 3-4 hours with secondary antibody at RT. Slices were
then washed 4-5X in PBS for 2 hours and mounted onto glass slides using Mowiol
mounting medium. For antigen retrieval, slices were incubated in sodium citrate

solution at 80°C for 40 mins and then washed 3X in PBS prior to blocking.

FluoroNissl and FluoroMyelin dyes were used as per the manufacturer’s
instructions (Sigma Invitrogen). Briefly, cryoslices were washed in PBS+0.2%
Triton X-100 and incubated with the FluoroNissl or FluoroMyelin (1:100 and 1:300

respectively, diluted in PBS) for 2 hours prior to washing and mounting.
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2.3.3 Golgi-Cox preparation

Dendritic and spine morphology in P30 mice was analysed using the FD Rapid
Golgi Stain kit (FD NeuroTechnologies, Baltimore, MD, USA) and Neurolucida
(MBF Bioscience, Williston, VT, USA). Experimental animals were culled by
cervical dislocation, brains removed and placed immediately in staining solution for
2 weeks. After transfer to solution C, Golgi-impregnated brains were sliced at 100
um using a vibratome (Leica Microsystems, Heerbrugg, Switzerland) and air dried
on gelatin-coated slides for 24-48 hours. Slices were stained as per the
manufacturer’s instructions and mounted with Permount. Slides were stored in

darkness at room temperature (RT).

2.4 Electrophysiology

2.4.1 Acute slice preparation

To prepare acute hippocampal slices, male and female mice aged postnatal day
28-34 were used. Immediately after decapitation, the brain was removed and kept in
ice-cold dissecting solution. Transverse hippocampal slices (300 um) were obtained
using a vibratome (Leica, VT—-1200S). Slices were stored at 35°C for 30min after
slicing and then at 22°C. For the dissection and storage of slices, the solution
contained (in mM): 87 NaCl, 25 NaHCO3, 10 glucose, 75 sucrose, 2.5KClI,
1.25NaH;PO 4, 0.5CaCl, and 7 MgCl, saturated with 95%0,/5% CO,.

2.4.2 Electrophysiology of acute slices

For patch-clamp experiments, CA1 pyramidal neurons were identified under
infrared-differential interference contrast (DIC) imaging with a water-immersion

60X objective (Olympus) and whole-cell recordings were performed. Neurons were
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held at -70 mV. Patch electrodes (4-5 MQ) were filled with an internal solution
containing (in mM): 120 CsCl, 5 QX314Br, 8 NaCl, 0.2 MgCl,, 10 HEPES, 2
EGTA, 2 MgATP and 0.3 Na3GTP. The osmolarity and pH were adjusted to 300
mOsm/L and 7.2 respectively. The external artificial cerebro-spinal fluid (ACSF)
solution consisted of the following (in mM): 125 NaCl, 25 NaHCOs3, 2.5 KCl, 2
MgCl,, 1.25 NaH;POy4, 2 CaCl,, and 25 glucose saturated with 95%0,/5% CO,
(pH 7.4, 320 mOsm). This solution was supplemented with CNQX (20 uM), APV
(50 uM) and TTX (1 uM) to isolate mIPSCs or with bicuculline (20 uM) and TTX (1
uM) for mEPSCs recording. All recordings were performed at room temperatures
(22-25°C). The access resistance, monitored throughout the experiments, was <20
MQ and results were discarded if it changed by more than 20%. Miniature events
and their kinetics were analysed using template-based event detection in Clampfit
(Molecular Devices, Sunnyvale, CA, USA). Total charge transfer was calculated as

described by Peden and colleagues (Peden et al., 2008).

2.5 Imaging and analysis

2.5.1 Neuronal and microglial reconstructions

2D reconstructions of dendritic and axonal morphology in vitro were made
semi-manually from maximum intensity projections of single cells at 40X using
NeuronStudio software (Wearne et al. 2005). Branch points and branch points sholl
analysis was performed using in-built tools in NeuronStudio, whereas total process
length and intersection sholl analysis was performed using a custom MATLAB
script. For spine morphology analysis of cultured neurons, confocal image stacks
were acquired. Spines were manually identified on 100-200 ym long dendritic
filaments and analysed in Imaris software (Bitplane, Zurich, Switzerland). For spine
subtype classification custom parameters were used. Classification was entirely

automated until the final step where blatant errors in classification were removed.



2.5 Imaging and analysis 82

Dendritic and spine morphology in P30 mice was analysed using the FD Rapid
Golgi Stain kit (FD NeuroTechnologies, Baltimore, MD, USA) and Neurolucida
(MBF Bioscience, Williston, VT, USA). Golgi-impregnated brains were sliced at
100 um using a vibratome (Leica Microsystems, Heerbrugg, Switzerland). Well-
isolated hippocampal CA1 neurons were imaged at 20X using the Neurolucida
software system and an upright light microscope with a motorized stage (MBF
Bioscience). The entire dendritic tree (apical and basal) was traced and reconstructed.
3-dimensional Sholl analysis of reconstructions was performed using a custom
MATLAB script. For spine analysis of Golgi-Cox sections, 50 um z-stacks of 2 um
step size were imaged at 40X using a ZEISS Axio Scan system and sections of basal
dendrite were randomly selected for analysis. Spine length and head width were

manually traced in ImageJ and the data analysed using a custom EXCEL macro.

For reconstructing 3D microglial morphology imaged via two-photon or
confocal microscopy, automatic traces were generated using the open source
software Vaa3D (Peng et al. 2014). Input z-stack images were pre-processed using a
custom ImageJ macro to subtract background, remove noise using median filtering,
and improve contrast. Generated reconstructions were manually checked, and any
clear abnormalities corrected. Reconstructions were subsequently analysed as

described.

2.5.2 Synaptic clusters

For synaptic localisation and cluster analysis experiments in hippocampal cultures,
a single plane reference image of each cell was taken at 0.5X zoom with a 63X
objective. From this, three regions of primary or secondary dendrite approximately
100 um from the soma were imaged using a 3.5X zoom. For brain sections from
fixed slices treated by IHC, two reference field of views (FOVs) containing the three

CALI strata were imaged. From these, three regions of each strata were imaged using
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a 2X zoom. Antibody concentrations, acquisition settings and laser power were kept

constant within all experiments.

For synaptic clusters analysis of cultured neurons, the length of dendrite was
traced to generate a region of interest (ROI) that was used as a mask for all other
channels. A user-defined threshold was applied to each synaptic marker channel
and cluster ROIs generated from thesholded area. Number and total area of clusters
were quantified. Clusters smaller than 0.01 um? were excluded from the analysis.
Synaptic staining from IHC of brain slices was analysed using the Synapse Counter
plugin for ImageJ (NIH, Bethesda, MD, USA), using the following parameters:
background subtraction, 10px; maximum filtering, 1px. Clusters between 0.05 pm? -

5 um? were considered for analysis.

2.5.3 Microglial motility analysis

Acute slices of IBA®SP* animals (plus additional transgenic modifications) were
stored and imaged in HEPES-buffered ACSF (in mM): 140 NaCl, 10 glucose, 10
HEPES, 2.5 KCI, 1 MgCl,, 2 CaCl,, 1 NaH,PO,, saturated with 100%0, (pH
7.4). Slices were imaged between 30 minutes to 4 hours after slicing. Slices
were imaged using by two-photon microscopy (Zeiss LSM 7 MP system, Mai Tai
SpectraPhysics lasers). Hippocampus was found using brightfield illumination and
regions containing well-labelled, unactivated microglia between 50-150 um from the
slice surface were used for live imaging analysis. For surveillance measurements,
z-stacks of 52 um (26 stacks, 2 um interval, 512x512px) were taken every 30s for
10 minutes, except for cytochalasin D treatment which was taken every 60s for 10
minutes. CK666 and NSC23766 drug treatments were imaged at 1.5X zoom and
CYFIP1 cKO at 2X zoom. For chemotaxis measurements, a circular ROI of 15 um
diameter was selected in an area surrounding by labelled microglia. High-powered
laser excitation (90% power) within the ROI was used to create a lesion in the slice,

using the bleaching plugin in Zen 2010 (12 iterations, 2 speed). Immediately after
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lesion, 3D movies were taken using the same imaging parameters as for surveillance

(2X zoom).

For chemotaxis analysis, MIPs of raw images were pre-processed using a
custom Image] macro that involved: XY registration, background subtraction
(50px), maximum filtering (2px). As part of preprocessing, single z-planes at the
extremes of the stack were sometimes removed. Preprocessed MIPs were manually
thresholded and analysed using a custom MATLAB script written by Dr. Renuad
Jolivet (as used in (Madry et al., 2018a)). For surveillance analysis, regions
containing single cells were cropped from raw images. Crops were pre-processed
using a separate ImageJ macro that involved: XYZ registration, background
substraction (50px), maximum filtering (2px), 3D-bleach correction. Finally, GFP
signal from surrounding cells was cleared to isolate motility of a single cell. MIPs
from these processed images were thresholded and inputted into a MATLAB script
written by Renaud Jolivet and published in Madry et al. 2018.

2.5.4 Statistics

All data were obtained using cells from at least three independent preparations or
litter-matched experimental pairs. Repeats for experiments are given in the figure
legends as N numbers and refer to number of cells unless otherwise stated. All
statistical analysis was carried out using GraphPad Prism (GraphPad Software,
CA, USA). Data was tested for normal distribution with D’ Agostino and Person
to determine the use of parametric (student’s unpaired t-test, one-way ANOVA,
two-way ANOVA) or non-parametric (Mann-Whitney, Kruskal-Wallis) tests. For
posthoc analyses of two-way ANOVA, Bonferroni posthoc tests were carried out
unless stated otherwise in figure legends. Data are shown as mean + standard error

of the mean (SEM).



Chapter 3

Generation of an in vivo excitatory

neuron-specific model of CYFIP1 loss

3.1 Introduction

Schizophrenia (SCZ) and Autistic Spectrum Disorders (ASDs) have a significant
genetic component to their etiology, with numerous studies identifying copy number
variations (CNVs) and rare variant mutations increasing susceptibility.
Understanding the effects of these genetic abnormalities and the functions of the

proteins affected is critical to improving our understanding of these conditions.

Altered morphology of neurons is a common pathology in neuropsychiatric
conditions (Forrest et al., 2018; Kulkarni and Firestein, 2012). Together with
dendritic spines, the architecture of the dendritic arbor determines a neuron’s
synaptic field and is therefore intrinsically linked to network connectivity. Though
rare, studies of post-mortem brains of both ASD and SCZ patients have shown
reductions in complexity of dendritic arbor in hippocampus and prefrontal cortical
regions (Broadbelt et al., 2002; Kolomeets et al., 2005; Mukaetova-Ladinska et al.,

2004; Raymond et al., 1996). This is supported by studies of human-derived
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induced pluripotent stem cell (IPSC) neurons; conditional heterozygosity of
ASD-associated SHANK3 in human IPSCs had decreased dendrite length and
branching, and hIPSCs-derived neurons from SCZ patients have been shown to have

reduced dendrite numbers (Brennand et al., 2011; Yi et al., 2016).

Axonal morphology is much harder to study in human tissue due to their complex
and extensive arborization in the brain. However, white matter abnormalities have
been found in both SCZ and ASDs patients (Aoki et al., 2017; Bopp et al., 2017;
Vogan et al., 2016). Additionally, genes associated with these conditions have
been shown to have important functions in axon extension and guidance, including
CNTNAP2, ZDHHCS8 and ROBO proteins (Anitha et al., 2008; Canali et al., 2018;
Mukai et al., 2015; Potkin et al., 2009). As the sites of presynapses, defects in axonal
development are often correlated with altered synaptic transmission and network
connectivity (Mukai et al., 2015). Thus, changes in gross neuronal morphology are

commonly associated with neuropsychiatric disorders.

As discussed, CYFIP1 is implicated in neuropsychiatric conditions through
various clinical associations. In humans the gene is present in c15q11.2, an area
prone to microdeletions and duplications (Cox and Butler, 2015; Zhao et al., 2013).
15q11.2 CNV loss is found in schizophrenic patients (Marshall et al., 2017; Rees
et al., 2014; Stefansson et al., 2008), and both 15q11.2 duplications and deletions
have been reported in individuals with ASDs (Doornbos et al., 2009; Picinelli et
al., 2016; Pinto et al., 2014; van der Zwaag et al., 2010), intellectual disability
and epilepsy (de Kovel et al., 2010; Nebel et al., 2016; Vanlerberghe et al., 2015).
Additionally, rare variant mutations in CYFIPI have also been linked to ASD (Toma
et al., 2014; Wang et al., 2015) and schizophrenia (Tam et al., 2010; Yoon et al.,
2014). Thus, altered CYFIPI gene dosage is associated with various psychiatric

disorders.

There is a wealth of evidence implicating CYFIPI in regulating neuronal
morphology. Early studies on neuronal CYFIP1 focused on abnormalities in axon

growth and pathfinding. The Giangrande lab first showed that CYFIP1 is highly
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enriched in CNS axons of Drosophila embryos and that axons of CYFIP1 null flies
display abnormal midline crossing and stalled growth (Schenck et al., 2003). In
murine neuronal cultures, CYFIPI is transported to the axon growth cone in a
CRMP-2 dependent manner and loss of this interaction impairs axonal extension
(Kawano et al., 2005). A role for CYFIPI in regulating presynaptic release in
perinatal mice has also been established (Hsiao et al., 2016). An elegant study in
zebrafish and Xenopus by the Holt lab showed that CYFIP1 was involved in early
axonal extension in zebrafish retinal ganglion cells (Cioni et al., 2018). Interestingly,
this paper also suggested that CYFIP1 and 2 had non-redundant functions in
regulating axon extension and axon-axon interaction respectively to drive
pathfinding behaviors. Though they show that dorso-ventral axon sorting was not
affected by CYFIP1 deletion, expression analysis suggested that endogenous
CYFIP1 was not expressed in retinal ganglion axons when axonal sorting occurred,
thus leaving open the possibility of CYFIP1 function in axon sorting in other

systems.

CYFIP1 has also been implicated in establishing dendritic morphology.
Overexpression (OE) of CYFIP1 (and CYFIP2) increases dendritic length and
branching of mouse neurons in vitro (Pathania et al., 2014). An in vivo CYFIP1 OE
mouse also reported increased dendritic branching, though found decreased neurite
length in layer II/III cortical neurons (Oguro-Ando et al., 2015). Reductions in
CYFIP1 expression have been shown to have an opposite effect on dendrite
development, with heterozygosity leading to reduced dendritic length and branching
in vitro and in vivo (Pathania et al., 2014). Thus, CYFIP1 appears to have a
dose-dependent effect on dendritogenesis, with increased CYFIP1 increasing

arborization.

The known molecular functions of CYFIP1 suggest many possible mechanisms
for alterations in neuronal morphology. As a constitutive member of the WAVE-
regulatory complex (WRC), CYFIP1 could alter WRC-dependent actin branching
by Arp2/3 (Kunda et al., 2003; Steffen et al., 2004). Loss of other members of the
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WRC in Drosophila leads to collapse of the WRC and phenocopies CYFIP1 null
defects in axonal midline crossing and synapse formation, and WAVE1 knockdown in
mammalian neurons have dendritic abnormalities (Bogdan et al., 2004; Schenck et al.,
2004; Xu et al., 2016). Further, Racl knockout mice have reduced axon extension
in cerebellar granule neurons in vitro and in vivo (Luo et al., 1996; Tahirovic et al.,
2010). This is caused in part by reduced localization of WRC components, including
CYFIPI, to the growth cone. Cioni et al. showed that the CYFIP1 paralogue,
CYFIP2, colocalised with WAVEI in filopodia of axon growth cones (Cioni et al.,
2018). Exactly how the Racl-CYFIP1-Arp2/3 signalling axis influences growth
dynamics is incompletely understood. Activity of the WRC is thought to promote
neurite growth through the formation of lamellipodia. However, other roles such as
endocytosis of surface receptors, stabilization of cell adhesion sites and scaffolding
of transmembrane proteins could also be involved (Chen et al., 2014a; Xu et al., 2016;
Yoon et al., 2014). In addition, CYFIP1 acts via the WRC to link surface receptors
with established links to dendritic and axonal development, such as 3-catenin, to the

actin cytoskeleton (Chen et al., 2014a; Yu and Malenka, 2003).

CYFIP1 null mice die early on in embryogenesis, with failure in developmental
patterning occurring soon after E8.5 (Pathania et al., 2014). As a result of this
lethality, much of our understanding of CYFIPI in the brain has come from the
haploinsufficient mouse, which develops normally and is fertile (Babbs et al., 2018;
Bozdagi et al., 2012; Hsiao et al., 2016). Whilst informative, there are important
limitations in the use of this model. Firstly, the global loss of CYFIP1 precludes the
ability to easily identify cell-autonomous effects. Multiple transcriptomic datasets
have shown that CYFIP1 is expressed in many non-neuronal cell types in the brain,
including astrocytes, microglia and oligodendrocyte precursors (Zeisel et al., 2018;
Zhang et al., 2014a). It is well-established that altered function of glia can alter
neuronal morphology and synaptic function (Barres, 2008). Thus, whilst some
papers have utilized in vitro experiments or in vivo rescues to prove cell autonomous

effects, precisely how loss of neuronal CYFIP1 contributes to defects observed in
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the haploinsufficient mouse is largely unknown (Pathania et al., 2014; Pittman et al.,

2010; Schenck et al., 2003).

The embryonic lethality of CYFIP1 null mice has also precluded the study of
complete loss of CYFIP1 from neurons in vivo. Similarly, strategies for silencing
expression, that have been used extensively in the CYFIP1 literature, will not
completely abolish CYFIP1 expression (Hsiao et al., 2016; Xu et al., 2016; Yoon
et al., 2014). The residual pool of CYFIP1 could well be sufficient to maintain
important CYFIP1-dependent functions, as is the case for many other genes
(Paolicelli et al., 2014). Given the dosage-dependent effects of CYFIP1 observed
previously, the complete loss of CYFIP1 could be hypothesised to have more

extreme defects compared to the haploinsufficient model.

In this chapter, a novel mouse model is developed in which the Cyfip! gene is
conditionally knocked out from principle cells in the hippocampus and neocortex and
the effects on gross neuronal morphology are investigated in vitro and in vivo. The
model leads to efficient reduction of CYFIP1 expression though levels of CYFIP1-
associated proteins remain unchanged. Loss of neuronal CYFIP1 is shown to cause
mild decreases in complexity of hippocampal dendritic arbors. Surprisingly, an
increase in extension is seen in cKO axons in vitro, though this cannot be validated
in vivo. These data provide a deeper understanding of the specific effects of loss of

neuronal CYFIP1 on cell morphology and form the basis for further investigation.

3.2 Results

3.2.1 Generation of neuron-specific CYFIP1 knockout

In order to investigate the effects of complete loss of CYFIP1 in neurons in vitro
and in vivo, a conditional knockout mouse line was generated using the Cre-loxP

system (Fig 3.1A) (Sauer, 1998). Briefly, a knockout-first strategy was used to
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Fig. 3.1: Generation of CYFIP1 conditional knockout mouse model

(A) Schematic showing the knockout (KO)-first strategy for generating the Cyfip! conditional
allele. The tm2a cassette inserted into the endogenous Cyfip! gene between exons 3 and 4
renders the gene non-expressing. tm2a contains LacZ and neomycin reporters flanked by
FRT sites and critical exons 4-6 are flanked by loxP sites. To generate conditional allele,
tm2a cassette is crossed with a pan-Flp recombinase mouse. Crossing tm2c with a Cre
recombinase mouse excises critical exons 4-6, leading to loss of functional CYFIP1. (B)
Diagram showing genetic cross used to produce experimental CTRL and cKO animals. (C)
PCR analysis of tissue samples from CTRL and cKO animals confirm deletion of critical
exons in the presence of Cre recombinase. Both samples are homozygous for the tm2c
allele but differ in the presence of a NEX promoter-driven Cre recombinase. The deletion
product (DEL), only produced in the tm2d allele, is only seen in the cKO sample as expected.
Both samples lack LacZ, are positive for the CYFIP1 cassette (Mut), and lack a band at the
expected size for the endogenous CYFIP1 gene (WT).
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insert a reporter-tagged cassette within the endogenous Cyfipl gene that included a
pair of loxP sites flanking exons 4-6, critical to the expression of CYFIP1 (Skarnes
et al., 2011). These mice were generated by the Welcome Trust Sanger Institute.
Conditional alleles were produced by crossing this line with a ‘flipper mouse’ to
remove a reporter cassette flanked by FRT sites. To induce excision of critical
exons of Cyfipl specifically in principle neurons in the animal, exogenous Cre
recombinase expression was driven using the NEX promoter (Goebbels et al., 2006).
This promoter has been shown to be active in principle neurons of the hippocampus
and neocortex from early in embryogenesis, at approx. E11.5, whereas expression is
absent in both granule cells of the cerebellum and in inhibitory neurons throughout

the brain (Agarwal et al., 2012).

To generate experimental animals, a male and female that carried two copies
(homozygous) for the conditional allele (tm2c) were crossed. Additionally, one
of these animals (male or female used interchangeably) carried a single allele of
the NEX®™ cassette. Thus, litters from this cross were one of two genotypes;
homozygous for the floxed CyfipI allele with the absence or presence of a single
allele of the NEXC™ cassette (Fig 3.1B). These animals are denoted control (‘CTRL)
or conditional knockout (‘cKO’) respectively. Confirmation of genotype by PCR
shows that both CTRL and cKO brain tissue have a band for the cassette (‘Mut’)
but no band at the correct base pair length for the endogenous CYFIP1 gene (‘“WT’)
(Fig 3.1C). cKO tissue is positive for Cre recombinase (‘Cre’) and for a PCR product
that detects deleted form of the CYFIP1 cassette (‘Del’).

Western blots generated from brain region lysates and probed using an antibody
against CYFIP1 showed roughly 50% and 30% reductions in the protein level of
CYFIP1 P30 hippocampus and cortex respectively (Fig 3.2A) (hippocampus: CTRL
100 £ 5.72%, cKO 53.21 + 4.79%, p<0.01; cortex: CTRL 100 + 15.38%, cKO 71.42
+ 5.21%). Levels in the cerebellum were unchanged, fitting with the expression
pattern of the NEXC™ driver (CTRL 100 + 13.41%, cKO 107.5 + 10.92%). It has

previously been reported that reductions in CYFIP1 levels can destablise other WRC
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Fig. 3.2: Protein expression of CYFIP1 and CYFIP1-associated proteins in cKO

(A) Western blots of brain region lysates from P30 CTRL and ¢cKO animals. CYFIPI
expression is reduced in the hippocampus and cortex, but not in the cerebellum. Levels of
CYFIP1-associated proteins CYFIP2, WAVE1 and FMRP remain unchanged. (B) Western
blots of cortical lysate from E16 CTRL and cKO embryos showing reduced CYFIP1
expression but unaltered CYFIP2 and WAVEI expression. (C) Western blots of DIV10
cortical cultures show enhanced loss of CYFIP1 expression in neuronally-enriched cultures.
N=3 individually prepared lysates per condition, Student’s unpaired t-tests.
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components (Bogdan et al., 2004; Yoon et al., 2014). To test if loss of neuronal
CYFIP1 effected expression of key CYFIP1-associated proteins, hippocampal lysates
were also probed for CYFIP2, WAVEI and FMRP (Fig 3.2A). No changes were
observed in levels of any of these proteins (CYFIP2: CTRL 100 £ 11.59%, cKO
100.2 £ 3.14%; WAVEL: CTRL 100 £ 8.14%, cKO 92.29 + 13.47%; FMRP: CTRL
100 £ 7.72%, cKO 86.55 £ 7.42%).

The fact that the Cre-driver NEX is active in post-mitotic neurons from E11.5
means that this system should allow generation of cKO neuronal cultures from mouse
embryos at E16.5. To confirm that loss of CYFIP1 occurs early on in neurogenesis,
cortical lysates from E16.5 embryos were probed for CYFIP1, CYFIP2 and WAVEI1
(Fig 3.2B). These results mirror that of the P30 lysates, with decrease in CYFIP1 but
other levels unchanged (CYFIP1: CTRL 100 £ 8.58%, cKO 57.37 £ 9.98%, p<0.05;
WAVEI: CTRL 100 + 13.28%, cKO 93.31 + 13.94%). To show this facilitates
the generation of cultures lacking CYFIP1, western blot samples from cortical
neuron cultures were generated from E16 embryos, which also showed a significant
reduction in CYFIP1 expression, but no change in WAVEL1 (Fig 3.2C) (CYFIP1:
CTRL 100 * 7.09%, cKO 27.82 + 5.66%, p<0.01; WAVEI: CTRL 100 + 4.65%,
cKO 92.91 # 4.49%). Thus, the NEX®™ model appears to be a suitable system to
investigate the loss of CYFIP1 from excitatory cells in the hippocampal and cortical

circuits, both in vitro and in vivo.

3.2.2 Normal gross brain morphology and neuronal migration

in cKO

cKO animals appear to develop normally, are fertile, and were indistinguishable from
CTRL littermates. In order to see if gross brain morphology was altered, cryoslices
from P30 animals were stained with FluoroNissl and FluoroMyelin to label neuronal
somata and major axon tracts respectively (Fig 3.3A-B). No gross abnormalities

in brain structure were observed, with normal hippocampal morphology, cortical
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thickness and ventricle formation in cKO slices (Fig 3.3A). Cortico-cortical and
thalamocortical axon tracts also appeared normal (Fig 3.3B). No overt differences
were apparent in the size of brains between CTRL and cKO (data not shown). Thus,

loss of neuronal CYFIP1 does not cause large-scale changes in brain morphology.

Previous research has shown that loss of CYFIP1 from radial glial cells (RGCs),
the progenitors of principle neurons in the cortex, leads to impaired migration of
neuronal progenitors (NPCs) that could underlie impact on neuronal development
(Yoon et al., 2014). To test if early loss of CYFIP1 from postmitotic neurons
impacts on migration of these cells, an in utero electroporation assay was established.
Embryos from timed-pregnant mothers were electroporated with pCAG-eGFP at
E14.5 and harvested four days later, at E18.5 (Fig 3.4A). This protocol targets radial
glia in the subventricular zone (SVZ) that divide to generate NPCs that migrate from
the SVZ through the cortical plate (CP) to reach their final destination in the upper
layers of the CP (Fig 3.4B). NPCs from cKO embryos appeared to reach the upper
CP normally (Fig 3.4C). Quantification of migration by counting the number of cells
within distinct bins of the CP revealed no difference in the distribution of GFP+ve
cells (Fig 3.4D). Additionally, cryoslices were stained for Pax6 to label RGCs in the
SVZ (Fig 3.4E). Density and distribution of Pax6+ve cells appeared normal in cKO
animals, in line with the assumption that the NEX®™ system does not disrupt RGC
function. Thus, loss of CYFIP1 in post-mitotic neurons during development does

not alter migration of newly-generated neurons in the CP.

3.2.3 Loss of neuronal CYFIP1 alters neuronal morphology

Given previous research showing reductions in CYFIP1 expression impairing the
formation of dendritic arbors, we hypothesized that dendritic development would
be affected in the NEX®™ model. To investigate this, CTRL or cKO hippocampal
neurons were cultured, transfected with eGFP, fixed and imaged to reconstruct

their morphology (Fig 3.5A). Analysis of reconstructions reveals a decrease in total
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Fig. 3.3: Normal gross brain morphology in cKO

(A) Coronal section of P30 brain slices from CTRL and cKO mice. Slices stained with
FluorNissl to visualise gross morphology and cell density. Regional morphology appear
unchanged in cKO. (B) Slices stained with FluoroMyelin to visualise axonal tracts. Major
callosal and thalamocortical tracts appear normal. Scale bar: 500 um
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Fig. 3.4: Normal cortical migration of neuronal progenitors in cKO embryos

(A) Hlustration of in utero electroporation procedure. Embryos are injected with eGFP
plasmid into the lateral ventricle and electroporated to transfect radial glia in the
subventricular zone (SVZ) at E14.5. Embryos harvested at E18.5. (B) Illustration of
cortical migration of transfected NPCs from SVZ to the cortical plate. (C) Representative
images of cryoslices from E18.5 embryos stained for GFP and DAPI, showing migration
of cells from the intermediate zone (bin 1) to the upper cortical plate (bins 8-9). Scale bar:
50 um. (D) Quantification of cell counts within each binned area of the cortical plate. No
change observed between CTRL and cKO (Two-way ANOVA RM). N=3 averaged values
from 3 embryos across 2 separate electroporation experiments. (E) IHC of DAPI and Pax6,
showing normal distribution of Pax6+ve cells in the SVZ region. Scale bar: 50 um
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dendritic length (CTRL: 3148 + 102.3 um, cKO 2775 + 112.5 um, p<0.05) but no
change in branch number (CTRL 64.28 + 3.06, cKO 59.36 £ 2.97) in cKO neurons
(Fig 3.5B. Sholl analysis to reveal changes in dendritic distribution showed no

significant differences in either intersections or branches across the arbor (Fig 3.5C-

D) (two-way RM ANOVA).

To see if similar alterations in dendritic morphology also occur in vivo, P30
brains from control and cKO animals were prepared for Golgi-Cox staining, which
sparsely labels cells in the brain with silver chromate depositions to allow for
visualization of morphology (Fig 3.6A). CA1 pyramidal cells were manually traced
from these sections and analysed as before (Fig 3.6B). Interestingly, although total
dendritic length and branching are unchanged (length: CTRL 2850 + 162.7 pm,
cKO 2708 £+ 104.6 um; branch points: CTRL 32.22 + 3.29, cKO 32.08 + 1.26),
splitting the dendritic arbor into basal dendrites that project into the stratum oriens
and apical dendrites that extend into the stratum radiatum reveal selective differences.
Concretely, sholl analysis of intersections reveals a decrease in complexity across
the basal arbor, whereas apical dendrites appear normal (Fig 3.6C, two-way RM
ANOVA, basal: p<0.05, apical: NS). Total length of basal dendrites in the cKO is
reduced (length: CTRL 1360 + 65.85 um, cKO 1099 * 70.54 um, p<0.05) whereas
branch points are unaffected (Fig 3.6D-E) (CTRL 14.67 + 1.57, cKO 13.00 + 1.02).
Length and branching of the apical arbor was unaffected (Ilength: CTRL 1490 +
153.5 pm, cKO 1609 + 77.98 um; branch points: CTRL: 17.56 + 1.96, cKO: 19.08 +
1.13). In conclusion, loss of CYFIP1 in neurons both in vitro and in vivo appears to

cause mild changes in dendritic arbor, characterized by reduced length of dendrites.

CYFIP1 also has established roles in axon growth and pathfinding, although
studies in mammalian systems have been limited. Given that NEXC™ is active prior
to axon formation in this model, it is a useful system for investigating early axon
growth. To investigate this in vitro, hippocampal neurons were cultured to DIV4
and transfected with eGFP. In contrast to the reduced extension in dendrites, loss of

CYFIP1 induced extended axon growth in comparison to CTRL (Fig 3.7A). Axon



3.2 Results 98

A [cTRL GFP Tace] B ¢ 40907
= *
= 3000- iy
4{ 2 2000-
" 2
T 1000+
R
! l.‘- T T
- CTRL cKO
cKO - 80
3
- S—
£ 60
=
X : 40-
AL S
o 204
o
c ] ]
CTRL cKO
C 254 D 10- - CTRL
2 1T - cKO
@ 81 e T
S .l 8 LN
S S 6+ fa IiN\T
] S NG
E 104 m 44 . 4 i
- = -‘-_‘\-T
£ " / .:~:\
0

c L L L Ll L} L] L} L] L}
0 20 40 60 80 100 120 140 160 10 30 50 70 90 110 130 150 170
Distance from soma (um) Distance from soma (um)

Fig. 3.5: cKO effects dendritic morphology in vitro

(A) Representative images of GFP-transfected hippocampal neurons at DIV14 from CTRL
and cKO embryos. Reconstructions were generated from transfected cells (right). Scale bar:
50 um. (B) Decreased total dendritic length (p<0.05, student’s t-test) but normal branch
number in cKO neurons. (C) Sholl analysis showed no significant change in dendritic
complexity across the arbor by either intersection (left) or branching (right) (two-way RM
ANOVA). N=39 cells from 4 separate litters.
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Fig. 3.6: cKO CA1 pyramidal neurons have decreased dendritic complexity

(A) Single plane from z-stack of brain slice stained using the Golgi-Cox method to sparsely
label neurons, showing a single CA1 pyramidal neuron. (B) Example reconstruction from
CTRL brain highlighting different morphology of basal and apical dendrites. (C) Sholl
analysis of dendritic arbor showing a specific decrease in basal complexity (p<0.01, two-way
RM ANOVA) whereas the apical arbor is unaffected. (D) Decrease in length of basal (p<0.05,
student’s t-test) but not apical dendrites. (E) Branch numbers in basal or apical dendrites are
unaffected in cKO brains. N=9-13 neurons from 3 animals per condition.
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length was increased by approximately 50% (Fig 3.7B) (CTRL 655.0 £ 54.63 pm,
cKO 1010 £ 83 um, p<0.01), with axonal branch points also increasing (Fig 3.7C)
(CTRL 7.65 £ 1.04;, cKO: 11.91 *+ 1.29, p<0.05). The number of branches per
100 um of axon was similar between conditions, suggesting that the increase in
branching was a direct consequence of the longer axon and not from intrinsically

more branching (Fig 3.7D) (CTRL 1.23 £ 0.15 100 pm'l, cKO: 1.24 £0.12 pm'l).

At E18.5, cortical projection neurons labelled by IUE at E14.5 have begun
sending axonal projections to the contralateral cortical hemisphere via the corpus
callosum (Rashid et al., 2017). These axons are GFP-filled and thus can be visualised
as they project from the ipsilateral hemisphere towards and across the midline. Given
that a striking axonal extension phenotype was observed in cKO cultures, it was
hypothesised that a similar phenotype could be observed in vivo. To assess axon
crossing, the number of axons projecting towards the contralateral hemisphere were
counting at two places, on entry into the midline (Fig 3.8 A-B;1,3) and at the midline
(Fig 3.8 A-B;2,4). No differences in axon number were observed at either of these
locations between CTRL and cKO embryos (Fig 3.8C-D) (entry: CTRL 11.92 +
0.96, cKO: 9.67 + 1.54; midline: CTRL 7.42 + 1.54, cKO 5.75 £ 3.71). It was noted
however that the variability in axon counts between embryos differed significantly

within conditions, making the interpretation of these data difficult.

3.3 Discussion

In this chapter, a conditional knockout mouse line was generated in which CYFIP1
was absent from excitatory neurons in the hippocampus and neocortex. The system
provides a novel and elegant basis to answer some of the outstanding questions

presented by the existing CYFIP1 literature.

In validating the model, it was shown that whilst brain lysates from cKO animals

had reduced levels of Cyfipl there was still a substantial level of residual expression,
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Fig. 3.7: cKO neurons have increased axon extension in vitro

(A) Illustrative images of GFP-transfected hippocampal neurons at DIV4 from CTRL and
cKO embryos. Axonal reconstructions (trace) were generated by tracing the longest process
extending from the soma. Scale bar: 50 um. (B) Increase in total length (p<0.01, student’s
unpaired t-test) and branch number (p<0.05, student’s unpaired t-test) of cKO axons. (C)
Relative branch number was unchanged in cKO axons. N=22-23 neurons from 3 separate
preps.
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Fig. 3.8: cKO neurons have increased axon extension in vivo

(A-B) Representative images of coronal sections from E18.5 brains of CTRL and
cKO showing cortical axonal projections from transfected neurons crossing the callosal
commissure. Boxes show zooms of axons entering the tract (1+3) and those that reach
the midline (2+4). (C-D) Counts of axons show no difference in number of axons either
entering the tract or extending past the midline. N=3 averaged values from 3 embryos across
2 separate electroporation experiments.
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suggesting that CYFIP1 is expressed by cells types aside from principle neurons in
the brain. Data from recent RNAseq resources hints that many glial cell types in
the brain highly express CYFIP1, including microglia, astrocytes and OPCs (Zeisel
et al., 2018; Zhang et al., 2014a). The fact that CYFIPI is reduced by approximately
50% in E16 cortex compared to 30% in 1 month old animals further supports this,
given that the E16.5 brain contains relatively more neurons, being prior to the peak
of gliogenesis. Given this, the presence of some residual CYFIP1 expression in
neuronal cultures from cKO embryos is not unexpected, as these cultures contain

significant astrocyte and OPC numbers (Hui et al., 2016).

Loss of CYFIP1 did not alter levels of WAVE1 or FMRP. In Drosophila, loss
of dCYFIP1 resulted in collapse of the WRC and reduced expression of other
constituents, and reduced CYFIP1 levels reduces WAVE expression in primitive
neural precursor cells (Bogdan et al., 2004; Nebel et al., 2016; Schenck et al., 2004;
Yoon et al., 2014). However, heterozygous CYFIP2 mice have reduced WAVEI1
expression in cortex but not hippocampus, and silencing of CYFIP1 does not reduce
WAVEIL signal in neuronal cultures (Bozdagi et al., 2012; Han et al., 2015; Hsiao
et al., 2016). Thus, reduced CYFIP1 has differential effects on WRC stability,

depending on the cell types and organism.

The discrepancies observed in the studies mentioned above alongside data
presented here could be explained by differential expression of CYFIP proteins in
these different systems. Investigation of available transcriptomic data of different
cell types suggests that the composition of the WRC, based on expression of
constituent paralogs, is cell-type specific. For instance, astrocytes and microglia
almost exclusively express CYFIP1, whereas Oligodendrite Precursor Cells (OPCs)
express both paralogues and neurons preferentially express CYFIP2. Concretely,
WRC stability would be more affected in cell types in which CYFIP1 is the primary
CYFIP protein, whereas cell types/lines with high CYFIP2 levels may be able to
compensate efficiently for this loss. One might expect to observe an increase in

expression of opposing paralog in this case, though this was not observed in these
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data or in the heterozygous model (Hsiao et al., 2016). This could mean that basal
levels of neuronal CYFIP2 are high enough to compensate for loss of CYFIP1, at

least in terms of WRC stabilisation.

A previous study used silencing of CYFIP1 in RGCs to show defects in neuronal
migration due to disrupted adheren junctions (Yoon et al., 2014). An outstanding
question from this study was whether this delay was solely due to impaired RGC
function or whether loss of CYFIP1 in NPCs could play an additional role. The
NEX®™ driver provides an elegant way to answer this as CYFIPI is lost only in
post-mitotic neurons and not RGCs, and has been used to show neuron-specific
migration defects in NPCs (Rashid et al., 2017). No change in migration of neurons
is observed in the cKO embryos, suggesting that neuronal CYFIP1 is not required
for migration of NPCs across the cortical plate, but is important for RGC adhesion.
These data are consistent with the observation that cKO animals show no overt

changes in layering of the neocortex and brain morphology appears normal.

A number of experiments were undertaken aimed at understanding the effects
of CYFIP1 loss in determining gross neuronal morphology. Prior research has
identified CYFIP1 as a key regulator of dendritic morphology, and suggested a dose-
dependence of protein expression on complexity of the dendritic arbor (Oguro-Ando
et al., 2015; Pathania et al., 2014). Given this, it is surprising that complete loss of
CYFIP1 in the cKO model has a relatively mild effect on dendritogenesis, with a
consistent but minor reduction in total dendritic length observed in both hippocampal
cultures and in basal arbor of CA1 pyramidal neurons in vivo. Indeed, the scale of
this effect is similar to what has been observed previously in haploinsufficient mice
(Pathania et al., 2014). A likely explanation for this is functional compensation by
neuronal CYFIP2. In support of this, Xu et al. showed that silencing of both CYFIP1
and 2 had a much greater impact on neurite outgrowth than knockdown of individual
CYFIP proteins (Xu et al., 2016). Additionally, overexpression of CYFIP1 and 2
have identical effects on dendrite growth, supporting their functional redundancy in

dendrite development (Pathania et al., 2014). Given this, the silencing of CYFIP2
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in this cKO model would be predicted to cause much more extreme defects than
presented here. In combination with the in utero eletroporation technique described
here, this would enable the first study of in vivo effect of loss of both CYFIP
proteins in mammalian systems and would provide an interesting comparison to the

Drosophila literature.

If CYFIP2 is able to efficiently compensate for CYFIP1 function in neurons,
it raises the question of why there are any defects observed in CYFIP1-depleted
systems. In 2014, the Rosen lab identified a binding surface on the WRC formed by
the interaction between Sral (CYFIP1) and Abi2 (Chen et al., 2014a). Though its
role in dendrite development has not been established, many of the surface receptors
containing the WIRS-motif have established roles in dendritogenesis, such as the
protocadherins (Keeler et al., 2015; Molumby et al., 2017, 2016). It is possible
that this binding surface is altered or absent in the CYFIP2-containing WRC and
thus these interactions between surface receptors and the actin cytoskeleton would
be disrupted. It would be interesting to test if these defects could be replicated
by inhibition of the WIRS interaction using a published peptide sequence (Chen
et al., 2014a). Alternatively, overreliance on CYFIP2 could lead to gain-of-function
effects from known CYFIP2-specific functions, such as interaction with FXR1P/2P
(Schenck et al., 2001). Indeed, loss of FXR2P decreases dendritic complexity of
granule cells in the dentate gyrus, providing a potential mechanism by which this

could occur (Guo et al., 2015; Schenck et al., 2001).

The increase in axon length observed in cultured cKO neurons is surprising
given published literature suggesting reduced CYFIP1 causing impaired axonal
extension (Cioni et al., 2018; Kawano et al., 2005; Schenck et al., 2003). A potential
explanation for this derives from studies on the effects on Arp2/3 inhibition on
axon extension. Whilst the literature is divided, a number of studies have reported
inhibition of Arp2/3 activity leading to increased axon extension and pathfinding
defects (Pinyol et al., 2007; Strasser et al., 2004). Arp2/3 is located predominantly in

the central regions of the growth cone rather than the periphery and isn’t required for
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filapodia formation. Rather, Arp2/3 may help dampen microtubule-driven extension
through competitive dynamics between actin and microtubules in the central growth
cone. Loss of CYFIP1 could mirror inhibition of the Arp2/3 complex via reduced
activation by the WRC. Indeed, Strasser et al. report similar effects on axon growth

upon expression of the VCA domain of WAVEI to inhibit Arp2/3.

It is worth mentioning that effects of Arp2/3 inhibition on axon extension and
pathfinding are substrate-dependent, with Arp2/3 activity being required for axon
turning on L1 but not laminin (San Miguel-Ruiz and Letourneau, 2014). Interestingly,
both studies reporting increased axon extension on Arp2/3 inhibition used poly-lysine
(PLL) as a substrate, as used in the data presented here (Pinyol et al., 2007; Strasser
et al., 2004). This could explain the discrepancies between these data and in vivo

effects of CYFIP1 loss.

Investigation of midline crossing of axons from cortical neurons labelled via in
utero electroporation did not replicate the in vitro findings of axonal hyperextension.
There are several important caveats to this. Firstly, the in vitro effect was seen in
hippocampal, not cortical neurons, and there may be differences in the role of axonal
CYFIP1 between these. Secondly, it is worth mentioning that getting an accurate
representation of the distance travelled by axons was difficult, as there was a lot of
variability within conditions due to subtle differences in cutting angle and location
of labelled cells. As a result, the experiment was likely to be underpowered. To test
this hypothesis more robustly, clearing embryonic brains and imaging the whole
callosal tract using light-sheet microscopy would solve the issue of slice sample error.
Alternatively, analysing contralateral axonal arborisation at a postnatal timepoint is
possible, where the more extensive arborisation is easier to track, and has been used
previously to show defective axonal development (Mukai et al., 2015). Two recent
pre-publication reports have both reported white matter abnormalities in rodent
CYFIP1 haploinsufficient models, including thinning of the corpus callosum and

reduced myelination of callosal axons (Dominguez-Iturza et al., 2018; Silva et al.,
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2018). Interestingly, the two reports draw different conclusions about the cellular

origins of these effects, highlighting the need for cell-specific models.

The axonal hyperextension observed in vitro is interesting in the context of
a recent study showing increased VGLUT]1 clusters and presynaptic release in
haploinsufficient mice (Hsiao et al., 2016). This study posits a mechanism based on
an increased ready releasable vesicle pool. However, the haploinsufficient phenotype
could equally be explained by increased axon growth leading to more presynaptic
terminal formation. Further, the timing of the recovery of this effect aligns with a
period of axonal pruning in the hippocampus that would provide an explanation for

recovery later in development described by Hsaio et al. (Faulkner et al., 2007).

Taken together, these data suggest that neuronal CYFIP1 does indeed have a role
in controlling hippocampal neuron morphology both in vitro and in vivo. Surprisingly,
complete loss of CYFIP1 does not have a more severe effect on dendritic arborisation
than haploinsufficiency. Additionally, a novel role for CYFIP1 as a potential inhibitor
of axon extension is reported. These data provide clarification of the cell-autonomy of
known CYFIP1-depletion phenotypes and provide insight into the precise importance

of CYFIP1 to these processes.



Chapter 4

Impact of loss of neuronal CYFIP1

on synaptic form and function

4.1 Introduction

In the previous chapter, a novel mouse model was developed in which the CYFIP1
gene was conditionally knocked out in principle neurons of the hippocampus and
neocortex. This model was used to investigate how loss affected dendritic and axonal
development. However, CYFIP1 has also been strongly associated with changes
in network connectivity and function at the level of the synapse. Improving our
understanding of how CYFIP1 is involved in regulating synapse formation, stability
and functionality remains a key topic in gaining insight into its association with

neuropsychiatric disorders.

Dendritic spines are the major postsynaptic site for excitatory transmission in
principle neurons (Berry and Nedivi, 2017). The shape of spines is modulated
throughout development and changes in spine morphology are also associated with
experience-dependent plasticity (Holtmaat and Svoboda, 2009). In line with their

central role in information transmission in the brain, alterations in the density and
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shape of dendritic spines are a hallmark of many neuropsychiatric disorders,
including SCZ and ASDs (Hutsler and Zhang, 2010; Moyer et al., 2015; Penzes
et al., 2011). Similar changes have also been observed in conditions comorbid with
psychiatric disorders, such as epilepsy and ID, suggesting that dendritic spines are
an important point of convergence (Kaufmann and Moser, 2000; Swann et al., 2000).
Imaging studies have shown that both haploinsufficiency and overexpression of
CYFIPI leads to a shift towards immature spine phenotypes and altered synaptic
receptor stability (de Rubeis et al., 2013; Oguro-Ando et al., 2015; Pathania et al.,
2014). Whilst haploinsufficiency of CYFIP1 doesn’t alter spine density in the
hippocampus, Oguro-Ando et al. reported overexpression leading to an increase in

spine density in layer II/III pyramidal neurons.

The increased density of immature spines is reminiscent of spine pathology
observed in both patients and FMR1 KO mouse model of Fragile X Syndrome (FXS)
(Comery et al., 1997; Hinton et al., 1991). Indeed, CYFIP1 reduction recapitulates
many physiological changes seen in FXS models, including enhanced mGluR-
dependent LTD, increased expression of FMRP-targets and impaired avoidance
behaviours (Bozdagi et al., 2012; Dolen et al., 2007; Napoli et al., 2008). Thus,
correct CYFIP1 dosage is required for normal form and function of the excitatory

postsynapse.

Studies of CYFIPI-deficient systems have also uncovered roles at the
presynapse. The known roles of CYFIPI in axon extension and pathfinding,
discussed previously, are also associated with impaired synapse formation; dCYFIP
null Drosophila have severely shortened neuromuscular junctions with immature
features termed supernumerary buds (Abekhoukh et al., 2017; Schenck et al., 2003).
Further, a role for CYFIP1 in regulating presynaptic release was recently established
in the haploinsufficient mouse. Juvenile CYFIP1 haploinsufficient mice have
increased presynaptic terminal size and vesicle release probability, that leads to
increased frequency of mEPSCs in hippocampal recordings at P10 (Hsiao et al.,

2016). Interestingly, this effect is lost by P21.
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A number of the outstanding questions raised previously about the interpretation
of models involving global changes in CYFIP1 levels exist for the synaptic literature.
Whilst the focus of mammalian CYFIP1 research has been almost solely on principle
cells of the CA1 (hippocampus) and layer II/III (neocortex), whether observations
arise solely from changes in this subset of neurons is unclear. Firstly. the balance
between excitation and inhibition in the brain is tightly regulated by processes
such as synaptic scaling and homeostatic plasticity (Turrigiano, 2012, 2008). Thus,
changes in activity of pyramidal cells can be caused by indirect changes in inhibitory
interneurons or long-distance projection neurons, neither of which have been studied
in the haploinsufficient model. Additionally, glial cells play a critical in establishing,
maintaining and refining synaptic connections. Given the data presented in the
previous chapter suggesting high CYFIP1 expression in certain glia, it is possible
that some of these effects could have a non-neuronal origin. Interestingly, key
dendritic spine phenotypes associated with FXS can be recapitulated in an astrocyte-
specific knockout of FMRP, suggesting that interpretation of global genetic models
may not be as straight forward as previously assumed (Higashimori et al., 2013,
2016). Thus, a neuronal conditional knockout model enables distinctions to be made
between cell-autonomous and non-autonomous effects of CYFIP1 in relation to

synapse form and function.

Altered inhibitory signalling and balance between excitation and inhibition (E/I
balance) is a common feature of many neuropsychiatric disorders, as illustrated by
the close clinical association between ASDs and epilepsy (Bolton et al., 2011).
Synaptic inhibition is mediated by GABA, receptors, whose localisation and
stabilisation at the postsynapse is regulated by a diverse array of transmembrane
proteins, cytoskeletal anchors and intracellular signalling molecules (Davenport
et al., 2018; Smith et al., 2014; Siidhof, 2008). Interestingly, several members of the
inhibitory postsynaptic density (iPSD) are associated with schizophrenia and ASDs,
including NLGN3 and Shank-2, directly implicating the inhibitory postsynapse in
disease (Leblond et al., 2012; Peykov et al., 2015; Rothwell et al., 2014).
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To date, a role for CYFIP1 at the inhibitory postsynapse has not been described.
However, the actin remodelling and translational repression functions of CYFIP1
suggest possible relevance. The iPSD is integrally linked to the actin cytoskeleton,
primarily via interactions between Gephyrin and and actin-regulatory proteins
(Bausen et al., 2006; Luscher et al., 2011). Indeed, many of these actin signalling
pathways are shared between excitatory and inhibitory synapses; a postsynaptic
signalling complex involving Racl and the Racl GEF, BPIX, first identified as
modulating excitatory spine morphogenesis has since been shown to be critical for
stabilization of inhibitory GABA A receptors (Smith et al., 2014; Zhang et al., 2005).
Additionally, a number of mRNA targets of FMRP-CYFIP1 complex screens are
members of the iPSD with known associations with psychiatric disorders, including
GABAARs, GABAgRs and neuroligins (Ascano et al., 2012; Darnell et al., 2011).
Thus, it could be hypothesised that many of the described roles for CYFIP1 at the

excitatory synapse could apply to the inhibitory postsynapse.

In this chapter, the NEX®™ model is used to investigate the effect of loss of
neuronal CYFIP1 to both excitatory and inhibitory synapse form and function.
Surprisingly, we see no effect of CYFIP1 on dendritic spines or synapse formation
in vitro. However, in vivo we report hippocampal hyperexcitability in pups that is
recovered in young adults. Additionally, we find a novel role for CYFIP1 in
restraining postsynaptic inhibition. Synaptic staining, protein expression and
functional recordings all point to enhanced inhibitory transmission in cKO young
adult mice. As excitatory transmission is normal in these animals, this enhanced
inhibition represents a shift in the balance of excitation and inhibition. Given the
close clinical relevance of altered inhibition and E/I balance to neuropsychiatric
disorders, this novel role of CYFIP1 in regulating the inhibitory postsynapse

suggests a new mechanistic link between CYFIP1 and these conditions.
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4.2 Results

4.2.1 Normal synapse formation in cKO neurons in vitro

To investigate the effect of CYFIP1 loss on dendritic spine formation, hippocampal
neurons were cultured to DIV18, when the in vitro network is mature, and transfected
with eGFP to visualise spines (Fig 4.1A). Counting of spines along secondary
processes showed no difference in the density of spines, although the mean density
was roughly 10% higher in cKO over control (Fig 4.1C) (CTRL: 0.64 + 0.03 um™,
cKO: 0.71 + 0.04 um™). Dendritic spines are morphologically diverse, and a range
of spine lengths and head widths were observable (see arrows). To assess spine
morphology, a 3D estimation of key morphological parameters was undertaken (Fig
4.1D-E). No significant differences in the average length or width of spines were
observed (length: CTRL 1.39 + 0.04 um, cKO 1.41 *+ 0.03 um; width: CTRL 0.92 +
0.02 pm, cKO 0.89 + 0.01 pm). In line with this, the spine length-head width ratio
(LWR), which has been used as a readout of spine maturity, was unchanged in cKO
(Forrest et al., 2018) (CTRL 0.88 = 0.03, cKO 0.85 + 0.03). Thus, loss of neuronal

CYFIPI does not alter either the density or morphology of dendritic spines in vitro.

It is possible that functional changes in excitatory synapses can occur without
overt changes in dendritic spines. To investigate this, DIV 18 hippocampal neuron
cultures were stained by ICC for core components of the excitatory pre- and post-
synapse, using VGLUT1 and Homer, respectively (Fig 4.2A). Clear punctate clusters
of both proteins were observable that were often juxtaposed to one another (white
arrows). Cluster analysis showed no change in the number and area of either VGLUT
and Homer clusters in cKO cultures (Fig 4.2B-C) (VGLUT1 number: CTRL 29.22
+ 2.04, cKO 29.90 + 2.43; VGLUT1 area: CTRL 6.20 + 0.61 pmz, cKO 7.41 +
1.08 um?; HOMER number: CTRL 34.82 + 1.53, cKO 32.36 + 2.96; HOMER area:
CTRL 7.644 + 0.64 ym?, cKO 7.19 + 0.82 um?).
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Fig. 4.1: Dendritic spines in vitro are normal in cKO

(A) Image of GFP transfected DIV 18 hippocampal neuron showing region of secondary
dendrite selected for spine analysis. Scale bar: 10 um. (B) Images of dendritic spines
from DIV 18 neurons from CTRL (left) or cKO (right) cultures. Right panels show surface
rendered reconstructions of dendritic shaft and spines. Scale bar: 5 um. (C) No change in
density of spines in cKO. (D-E) Morphological characteristics of spines are normal, with no
change in length, width or length-width ratio in cKO. N=22 cells from 3 separate litters.
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Fig. 4.2: Excitatory synapse formation in cKO is normal in vitro

(A) GFP-filled DIV 18 neuronal cultures stained for VGLUT1 and HOMER to label excitatory
pre- and postsynaptic compartments respectively. Representative regions from CTRL (left)
and cKO (right) cultures. Superimposing images (bottom panels) shows VGLUT and Homer
puncta apposed to one another (white arrows). Scale bar: 5 um. (B) Analysis of VGLUT1
clusters shows no change in number or total area. (C) Analysis of Homer clusters shows no
change in number or total area.
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Hippocampal cultures contain approximately 6% inhibitory interneurons and by
DIV 18 have well-established inhibitory connectivity (Benson et al., 1994). Previous
results in the lab suggested that CYFIP1 was present at inhibitory synapses. To
confirm this, DIV18 neurons were stained for CYFIP1 and Gephyrin, to label the
inhibitory postsynapse (Fig 4.3A). CYFIP1 staining was punctate in the processes
(white outline), and regularly seen in association with Gephyrin punta. High
magnifications showed CYFIP1 signal both colocalised with Gephyrin (Fig 4.3A,
right) and forming ring-like structures around punta. As the vast majority of CYFIP1
is present in complexes, it was hypothesised that other components of the WRC
would show the similar localisation. ICC staining for WAVEI showed very similar
associations to Gephyrin structures as CYFIP1 (Fig 4.3B). Specifically, ring-like
WAVEI signal was regularly observed surrounding Gephyrin. Thus, CYFIP1 is

localised at the inhibitory postsynapse, and is likely complexed in the WRC.

To see if loss of CYFIP1 in principle neurons altered the development of
inhibitory synapses, the same DIV 18 neurons were stained for VGAT and Gephyrin
to label inhibitory pre and postsynaptic compartments (Fig 4.4A). Inhibitory
synapses were sparser and preferentially formed on the dendritic shaft rather than
spines (dotted line). Comparing CTRL and cKO cultures, no changes in either
VGAT or Gephyrin cluster number or area were observed (Fig 4.4B-C) (VGAT
number: CTRL 13.60 + 1.40, cKO 12.52 + 1.62; VGAT area: CTRL 2.61 + 0.6 um?,
cKO 1.99 +0.30 pmz; Gephyrin number: CTRL 13.27 + 1.50, cKO 11.94 £ 1.11;
Gephyrin area: CTRL 2.71 # 0.39 um?, cKO 2.55 + 0.39 um?). Together, these data
suggest that loss of CYFIP1 in principle cells does not alter the formation of

excitatory or inhibitory synapses in vitro.
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Fig. 4.3: CYFIP1 and the WAVE regulatory complex are present at inhibitory synapses
(A) DIV 18 neuronal cultures stained for CYFIP1 and Gephyrin. Left: CYFIP1 puncta are
often found in association with Gephyrin clusters (white arrows). Right: High magnification
images showing different interactions, including apposition (left) and colocalisation (right).
Scale bars: 2 um (left), 0.5 pm (right). (B) Immunocytochemical staining for WAVE1 and
Gephyrin. Left: WAVEI puncta are often found in association with Gephyrin clusters (white
arrows). Right: Zoomed images showing WAVEI encapsulating Gephyrin puncta. Scale
bars: 2 um (left), 0.5 um (right).
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Fig. 4.4: Inhibitory synapse formation in cKO is normal in vitro

(A) GFP-filled DIV 18 neuronal cultures stained for VGAT and Gephyrin to label inhibitory
pre- and postsynaptic compartments respectively. Representative regions from CTRL (left)
and cKO (right) cultures. Superimposing images (bottom panels) shows VGAT and Gephyrin
puncta apposed to one another. Scale bar: 5 um. (B) Analysis of VGAT clusters shows no
change in number or area. (C) Analysis of Gephyrin clusters shows no change in number or
area. N=16-18 cells from 3 separate litters.
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4.2.2 Changes in dendritic spines and excitatory synapse form

and function in vivo

Having observed the surprising lack of effects of CYFIPI loss on network
connectivity in vitro, it was hypothesised that CYFIP1 loss may have differing
effects in vivo. Hsaio et al. reported an increase in VGLUT cluster numbers and area
at P10 in CYFIP1 haploinsufficient mice (Hsiao et al., 2016). To see if this effect is
observed in our cKO model, P10 cryoslices from CTRL and cKO brains were
stained for VGLUT1 and Homer by IHC. Fluorescence imaging showed dense
staining in the stratum oriens and stratum radiatum layers of the CA1, with very
little signal in the pyramidale layers (Fig 4.5A). This is consistent with the fact that
the majority of excitatory inputs onto CA1 pyramidal neurons are onto dendrites
rather than cell somas. Cluster analysis showed an increase in the total area of
VGLUT! staining in the radiatum (Fig 4.5D) (oriens: CTRL 358.7 + 12.54 um?,
cKO 358.4 + 12.89 um?; radiatum: CTRL 336.5 + 7.89 um?, cKO 370.6 + 12.68
um?, p<0.05). No change in Homer cluster area is seen (oriens: CTRL 349.6 + 3.84
um?, cKO 332.8 + 8.13 um?; radiatum: CTRL 336.0 + 5.62 um?2, cKO 318.7 + 6.64

um?).

In support of this, mEPSCs recorded from CA1 pyramidal cells in P10-11 acute
slices of CTRL and cKO animals by Dr Blanka Sculz have found an increase in
the frequency of mEPSCs (frequency: CTRL: 0.54 £ 0.16Hz, cKO: 1.21 + 0.24Hz,
p<0.05, student’s unpaired t-test; amplitude: CTRL: -18.03 + 1.38pA, cKO: -17.29
+ 0.73pA). The original observation of enhanced VGLUT1 clustering at P10 was
limited to the CA1. To see if this change also occurred in the neocortex, regions of
layer II/III somatosensory cortex were analysed (Fig 4.6A). In contrast to CA1, no
change in VLGUT1 cluster area was observed (Fig 4.6B) (CTRL 225.0 + 9.23 um?,
cKO 216.8 + 5.95 um?). Together, these data reveal a specific increase in excitatory

transmission in the hippocampus of cKO pups.
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Fig. 4.5: Increased excitatory presynaptic clusters in early postnatal cKO animals
(A-B) Immunohistochemistry of excitatory pre and postsynaptic markers (VGLUT1 and
Homer respectively) in the CA1 region of the hippocampus at P10-11. Scale bar, 25 um. (B)
High magnification of the stratum oriens (top) and stratum radiatum (bottom). Scale bar, 10
um. (C) Cluster analysis shows no change in excitatory synapses in the oriens. (D) Increased
VGLUT1 puncta area in the radiatum (p<0.05, student’s unpaired t-test). N=18 fields of view
from 3 animals per condition.
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Fig. 4.6: Increased excitation in early postnatal cKO animals is region specific
(A) VGLUT1 immunohistochemistry in cryoslices of somatosensory cortex from P10-11
mice. Scale bar: 10 um. (B) Cluster analysis showed no change in area between CTRL and

cKO slices. N=18 fields of view from 3 animals per condition.
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Next, cryoslices from P30 animals were stained as already described to see if the
changes seen in excitatory synapse clusters in pups are sustained in young adult mice,
when mild changes in dendritic arborisation and spine morphology were observed
(Fig 4.7A). No changes in VGLUT cluster area were observed in either the oriens
or radiatum layers of CA1 (Fig 4.7B) (oriens: CTRL 343.9 + 20.61 pmz, cKO
325.8 + 18.12 um?; radiatum: CTRL 368.1 + 15.52 um?, cKO 364.4 + 11.91 um?).
Interestingly, a small but significant decrease in area of Homer clusters was observed
in the radiatum, whilst oriens clusters remained unchanged (Fig 4.7C) (oriens: CTRL
410.5 £ 9.51 ym?, cKO 415.7 + 9.16 ym?; radiatum: CTRL 425.7 + 4.96 um?, cKO
392.5 + 11.87 um?, p<0.05). Thus, there appears to be an age-dependent increase in
excitatory presynaptic puncta in mice lacking neuronal CYFIP1 that is recovered by

1 month of age.

To test if dendritic spines from the basal dendrites of CA1 pyramidal cells of
the hippocampus were altered, brains from P30 mice were treated with Golgi-Cox
staining to sparsely label neuronal morphology and enable the visualization of
spines (Fig 4.8A). As in culture, a range of spine morphologies were observable,
including long spines with no head to those with more mushroom-like shape (green
and red arrows respectively). Assessment of numbers showed no overall change in
spine density between CTRL and cKO (Fig 4.8B) (CTRL 1.17 + 0.09 spines/um™!,
cKO 1.19 + 0.07 spines/um™"). However, analysis of spine morphology revealed an
increase in average spine length (Fig 4.8C) (CTRL 1.65 + 0.07 pm, cKO 1.94 + 0.08
um, p<0.01, student’s unpaired t-test). Spine head diameter remained unchanged
(CTRL 0.42 + 0.02 um, cKO 0.39 £ 0.02 um). Following, when plotted as a ratio of
length-head width for each spine, an increase in this ratio was observed (CTRL: 8.85
+ (0.67, cKO: 10.81 + 0.72, p<0.05, student’s unpaired t-test), indicative of immature
spine morphology. Thus, loss of CYFIP1 from CA1 pyramidal neurons leads to

specific spine morphology abnormalities but no change in the density of connections.
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Fig. 4.7: Excitatory synapse staining cKO hippocampus of young adults
(A-A’) Immunohistochemistry of excitatory pre and postsynaptic markers (VGLUT and
Homer respectively) in the CA1 region of the hippocampus at P30. Scale bar, 25 um. (A’)
High magnification of the stratum oriens (left) and stratum radiatum (right). Scale bar, 10
um. (B) Cluster analysis shows no change in area of VGLUT1 but a selective increase in
Homer in the stratum radiatum (p<0.05, student’s unpaired t-test). N=18 fields of view from
3 animals per condition.
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Fig. 4.8: Normal density but abnormal morphology of cKO spines in vivo
(A) Representative images of dendritic spines from basal arbor of CA1 pyramidal cells from
1 month old CTRL or cKO brains, stained using Golgi-Cox. Scale bar, 5 pm. (B) No change
in density of spines in cKO. (C-D) Morphological characteristics of spines. Spine length is
increased in cKO (p<0.01, student’s unpaired t-test) but width is unchanged. Length-width
ratio is increased in cKO (p<0.05, student’s unpaired t-test). N=45 dendritic sections from 3

animals per condition.
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4.2.3 Enhanced inhibition in cKO young adult mice

Given that CYFIP1 is present at inhibitory post-synapses of hippocampal neurons
in vitro, it was hypothesised that loss of CYFIP1 may effect inhibitory synapse
function in vivo. To investigate this, P30 slices were stained for inhibitory pre
and postsynaptic markers, VGAT and Gephyrin (Fig 4.9A). Staining showed clear
clusters that were concentrated in the stratum pyramidale layer, consistent with the
majority of inhibition being directed onto somas of principle cells. Comparing CTRL
and cKO, VGAT staining was unchanged between conditions (Fig 4.9B) (CTRL 100
+ 2.18%, cKO: 92.84 + 5.39%). However, a clear increase in Gephyrin staining was
apparent, reflected in the increase in Gephyrin area in cKO (CTRL 100 £ 6.92%,
cKO 119.5 £+ 6.08%, p<0.05).

To see if the observed changes in inhibitory synapse clusters reflected a more
general increase in expression of proteins associated with the inhibitory synapse,
P30 hippocampal lysates were probed with antibodies against various synapse-
associated proteins (Fig 4.10A-B). A number of excitatory postsynaptic proteins
were probed (Homer, PSD95, GluA2, GluA1, PanShank), none of which showed
any altered expression aside from CYFIP1 (CTRL 100 + 5.73%, cKO 53.21 +
4.79%, p<0.01). Next, a series of inhibitory postsynaptic receptors (GABAARS2/3),
transmembrane proteins (NLGN2, NLGN3), synaptic scaffolds (Gephyrin, GIT1)
and signaling molecules (BPIX) were probed. Interestingly, an increase in expression
of the GABA 4 receptor subunits 2 and 3 and NLGN3 was observed (GABAAR[2/3:
CTRL 100 £ 5.36%, cKO 141 + 1.07%, p<0.01; NLGN3: CTRL 100 + 2.21%, cKO
135.1 £ 10.24%, p<0.05). No changes were observed in other inhibitory synapse
proteins. These data lend further support to a specific increase in inhibitory synaptic

transmission in young adult cKO animals.
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Fig. 4.9: Enhanced Gephyrin staining in cKO hippocampus of young adults

(A-A’) Immunohistochemistry of inhibitory pre and postsynaptic markers (VGAT and
Gephryin respectively) in the CA1 region of the hippocampus at P30. Scale bar, 25 um. (A’)
High magnification of the stratum pyramidale. Scale bar, 10 um. (B) Cluster analysis shows
no change in VGAT but increased Gephyrin area in cKO (p<0.05, student’s unpaired t-test).
N=18 fields of view from 3 animals per condition.
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Although synaptic staining and protein expression are useful metrics for
comparing changes in connectivity, they do not provide a functional readout of
neuronal activity. To investigate if the changes in inhibition observed correlate with
functional effects, acute slices from P30 animals were prepared and basal excitatory
and inhibitory activity was measured by patch-clamp electrophysiological
recordings, performed by Dr Blanka Szulc (Fig 4.11A,C). Miniature excitatory
post-synaptic currents (mEPSCs) from CA1 PCs showed no change in either
frequency or amplitude of mEPSCs, in agreement with the normal excitatory
staining data (Fig 4.11C-D) (amplitude: CTRL 19.2 + 1.4 —pA, cKO 18 + 1.4 -pA;
frequency: CTRL 1.5 £ 0.2 Hz, cKO 1.3 + 0.2 Hz). However, isolating inhibitory
post-synaptic currents (mIPSCs) revealed an increase in amplitude but not frequency
(Fig 4.11A-B) (amplitude: CTRL 23.8 + 1.8 —pA, cKO 30.3 + 2.2 -pA, p<0.05;
frequency: CTRL 3.3 + 0.3 Hz, cKO 3.7 + 0.3 Hz). The increase in amplitude led to
an increase in the total charge transfer of mIPSCs, whereas total charge transfer of
mEPSCs was unchanged (Fig 4.11E-F) (mEPSCs: CTRL 0.31 £ 0.07 pC, cKO: 0.28
+ 0.03 pC; mIPSCs: CTRL 0.98 £ 0.11 pC,cKO: 1.68 £ 0.21 pC). Taken together,
these data show a selective increase in postsynaptic inhibition in CA1 PCs lacking

CYFIP1, whereas excitatory transmission remains normal.
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Fig. 4.10: Increased expression of inhibitory postsynaptic proteins in cKO
hippocampus

(A) P30 hippocampal protein lysates probed for CYFIP1 and various excitatory postsynaptic
proteins. No changes observed in expression of Homer, PSD95, GluA1l or A2, or Pan-Shank
(B) P30 hippocampal protein lysates probed for various inhibitory postsynaptic proteins.
Increased expression of NLGN3 (p<0.05, student’s unpaired t-test) and GABAARB2/3
(p<0.01, student’s unpaired t-test). N = 3 animals per condition
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Fig. 4.11: Enhanced inhibitory synaptic transmission in cKO hippocampus

(A,C) Representative recordings of miniature inhibitory postsynaptic currents (mIPSCs, left)
and miniature excitatory postsynaptic currents (mEPSCs, right) in CA1 pyramidal cells
from CTRL and cKO acute slices. (B) Increased mIPSC mean amplitude in cKO (p<0.05,
student’s unpaired t-test) but normal frequency. (D) No change in mEPSC mean amplitude
and frequency between CTRL and cKO. (E-F) No change in total charge transfer in mEPSCs
but increased total charge transfer in mIPSCs (p<0.01, student’s unpaired t-test). N=13-15
cells for inhibitory recordings and 18-22 cells for excitatory recordings across 3 animals per

condition. All recordings performed by Dr Blanka Szulc.
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4.3 Discussion

This chapter furthered the characterisation of the NEX®™ conditional CYFIP1
knockout, focusing on changes in synaptic form and function. Whilst in vitro effects
of loss of CYFIP1 appear non-existent, several interesting effects were observed in

the hippocampus of cKO animals across development.

Differential effects on dendritic spines in cKO

The increase in spine length of dendritic spines of cKO CA1 pyramidal cells without
altered density is highly reminiscent of defects reported in the haploinsufficient
mouse (de Rubeis et al., 2013; Pathania et al., 2014). This strongly supports the
cell-autonomous origin of this effect in vivo, in line with rescue experiments in
neuronal cultures (de Rubeis et al., 2013). Thus, endogenous CYFIP1 appears to
have a role in regulating spine form and function rather than formation. It is possible
that regional differences in this exist. Indeed, haploinsufficiency of the CYFIP1
paralogue CYFIP2 has no impact of hippocampal spines but increases the density

and length of cortical spines (Han et al., 2015).

It is worth noting that these spine defects were observed in the basal arbor of CA1
pyramidal cells, where altered dendritic morphology was observed in the previous
chapter. Together, these data hint at highly altered connectivity in this region. The
stratum oriens receives input from Schaffer collateral fibres from the hippocampus
CA3, a circuit which is implicated in working memory formation (Teixeira et al.,
2018). It would be interesting to see if the cKO mouse displays any defects in
memory tasks that have been observed in other models of neurological conditions,

including FXS (Bozdagi et al., 2012; Thomas et al., 2011).

The mechanism underlying these effects are currently unclear. Increased spine
density and immaturity are a hallmark of FMRP KO mice, suggesting that

dysregulated protein translation could underlie this effect (Irwin et al., 2000).
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Indeed, haploinsuffient CYFIP1 mice have enhanced mGluR-dependant LTD and
learning deficits similar to FMRP KO, strongly supporting FMRP-related
dysfunction of the postsynapse in CYFIP1 deficiency (Bozdagi et al., 2012;
Penagarikano et al., 2007). However, actin remodelling via the WRC is also critical
for dendritic spine formation. Genetic studies have shown that knockdown of other
WRC components WAVE1/2 and Abil/2 leads to decreased spine density and
immature spines (Grove et al., 2004; Ito et al., 2010; Kim et al., 2006; Soderling
et al., 2007). Loss of Racl, the RhoGTPase upstream activator of WRC that acts via
CYFIP1, decreases spine density in numerous systems, and Racl activity is required
for spine plasticity during cocaine response (Dietz et al., 2012; Tashiro and Yuste,
2004). Rac1 has been suggested to act as a mediator of the balance between WRC-
and FMRP-complex association of CYFIP1, and CYFIP1 binds GTP-bound Racl
(de Rubeis et al., 2013; Kobayashi et al., 1998). Thus, loss of CYFIP1 could also
perturb Racl signalling in spines. Further, CYFIP1 haploinsufficient neurons have
increased mobile fraction of actin in spine heads that correlates with enhanced

NMDA receptor motility (Pathania et al., 2014).

It is entirely possible that spine defects observed here, and in other CYFIP1
CNV models, arise from a complex interaction between disruptions in these distinct
functions. Mutant rescue studies of spine morphology after knockdown of CYFIP1,
using CYFIP1 constructs that preserved only WRC or elF4E complex formation,
suggested that both functions are required for normal spine formation (de Rubeis
et al., 2013). Further, a genetic interaction study showed that knockdown of CYFIP1
can rescue increased spine density of FMRP KO, although knockdown also caused
reductions in WRC component mRNA levels, suggesting that altered activity of one

complex could rescue phenotypes of the other (Abekhoukh et al., 2017).
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Enhanced presynaptic release in young pups of cKO

Through VGLUT]1 staining and mEPSC recordings from P10-11 cKO pups, we
report a hyperexcitability phenotype that has been previously observed in
haploinsufficient mice. The fact that we see this effect in our model strongly
supports a cell-autonomous origin (Hsiao et al., 2016). Interestingly, the scale of the
mEPSC frequency increase is around two-fold that reported for the haploinsufficient,
suggesting that CYFIP1 levels could have a dose-dependent effect on presynaptic
release. The synaptic staining suggests that the increase in presynaptic puncta is
occuring in the radiatum rather than the oriens. It is possible that this area specific
increase is related to the difference in inputs received. Although both apical and
basal arbors receive input from CA3, the inputs onto proximal apical dendrites in the
radiatum, where images were taken, are specifically from Schaffer collateral
projections from CA3, whereas apical tufts receives input from the entorhinal cortex
and the thalamic nucleus reuniens (Griffin, 2015). Given that the NEXC™ is active in
CA3, the ratio of inputs from cKO neurons may be higher in the proximal apical

compared to the basal arbor.

The region specificity of this effect is also of interest; CYFIP1 is expressed in
both cortical and hippocampal neurons, as revealed by the reduction in expression
in both cortical and hippocampal lysates in chapter 3. CYFIP2 haploinsufficient
mice have a specific increase in spine density in layer II/III principle cells, whereas
CA1 pyramidal cells were normal (Han et al., 2015). These data suggest differential
expression of CYFIP proteins that could explain these differences. A similar concept
has been reported in CYFIP proteins role in retinal ganglion cell axon development,
where temporal instead of spatial expression differences between CYFIP1 and 2
governed their knockout phenotypes (Cioni et al., 2018). It would be interesting to
see if other neuronal cell types with predicted high CYFIP1/CYFIP2 expression,
such as granule cells of the dentate gyrus, had more severe phenotypes (Zeisel et al.,

2018).
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As with the haploinsufficient model, the hyperexcitability in young pups is
recovered by P30 with VGLUT1 staining and frequency of mEPSCs equal to
control. Interestingly, synaptic staining of excitatory postsynapse showed a mild but
significant decrease in Homer cluster area at this timepoint. This could represent a
homeostatic response of the hippocampal network to limit excitatory input, although

this was not observed at P10, when the increase in VGLUT1 was seen.

CYFIP1 at the inhibitory postsynapse

A role for CYFIP1 in the formation or regulation of inhibitory synapses has not been
studied to date. Previous work in the lab has shown that CYFIP1 is also present
at inhibitory synapses in vitro. This was confirmed here through colocalisation
with Gephyrin to label the inhibitory postsynapse. Endogenous CYFIP1 staining
showed that CYFIP1 had a close association to gephyrin clusters, either overlapping
or directly adjacent. This proximity reflects that reported of other inhibitory synapse-
associated proteins (Woo et al., 2013). It is currently unknown in what complex
CYFIPI exists at the inhibitory synapse. Hints from the literature suggest that
both FMRP and WRC could be present at the iPSD. A recent study using a biotin-
capture assay to label proteins of the inhibitory postsynaptic density showed that
WAVEI] and the Arp2/3 complex were present in the iPSD (Uezu et al., 2016). The
upstream signalling GTPase Racl has well-established roles in GABA receptor
stabilisation and endocytosis, and so would be predicted to be present to interact
with WRC (Smith et al., 2014; Wang et al., 2017). Indeed, we observe colocalisation
of gephyrin and WAVEI in neuronal cultures, further supporting the presence of the
WRC at the inhibitory postsynapse. Whilst FMRP hasn’t been shown to localise to
the inhibitory postsynapse, many FMRP mRNA targets are members of the iPSD,
including GABAg receptors and neuroligins, and FMRP is localised throughout
dendritic arbor (Darnell et al., 2011). Thus, it is feasible for CYFIP1 to be present at

inhibitory synapses through various complexes.
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As CYFIP1 is lost only in excitatory neurons in hippocampus and neocortex, the
cKO model offered an ideal system in which to see if CYFIP1 has any specific role
in regulation of the inhibitory postsynapse, and the presynapse would not be effected
by the conditional knockout. Indeed, the increase in gephyrin clustering, mIPSC
amplitude and expression of postsynaptic proteins observed in the chapter are all
consistent with a postsynaptic effect. Whilst it is not possible to entirely rule out an
indirect presynaptic effect through altered excitatory input onto inhibitory
interneurons, it is very unlikely. No changes in VGAT staining or mIPSC frequency
(indicator of presynaptic release probability) were observed at P30. Further,
recordings of excitatory currents at this age suggested no change in excitatory drive
of inhibitory interneurons. Additionally, the altered gephyrin clustering and increase
in amplitude of inhibitory currents are reminiscent of known postsynaptic changes

in other studies (Tabuchi et al., 2007).

Western blots showed specific increases in neuroligin-3 (NLGN3) and GABAA 8
receptor subunits. As the major ionotropic receptors of the inhibitory synapse
in the CNS, alongside glycine receptors, GABA, receptors generate inhibitory
current. Thus, the increase in expression provides a simple explanation for the
enhanced amplitude of inhibitory currents observed at P30. NLGN3 is a member
of the neuroligin family of transmembrane postsynaptic cell adhesion molecules
that bind presynaptic neurexins to control synapse formation and stability (Siidhof,
2008). Both missense and nonsense mutations of NLGN3 have been found in
ASD patients and mouse models have shown ASD-like behavioural phenotypes
(Jamain et al., 2003; Radyushkin et al., 2009; Rothwell et al., 2014). The neuroligins
exhibit synapse specificity, with NLGN1 and 2 being associated with excitatory and
inhibitory synapses respectively. Interestingly, NLGN3 is present at both excitatory
and inhibitory synapses where it complexes with either NLGN1 or 2 (Budreck and
Scheiffele, 2007). Given this dual localisation, it is curious that increased expression
in cKO brains is associated with a specific increase in inhibition in this model. A
study of a NLGN3 mutant mouse model has shown specific changes to inhibitory

transmission (Chanda et al., 2017; Tabuchi et al., 2007). Additionally, overexpression
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of NLGN3 has no effect of excitatory transmission in neuronal cultures, in contrast
to the increase seen in NLGN1 overexpression (Chanda et al., 2017). The correlation
between increased NLGN3 expression with enhanced inhibitory but not excitatory
transmission supports the hypothesis that altered NLGN3 dosage preferentially alters

inhibition.

A simplistic explanation of these effects is that loss of CYFIP1 leads reduced post-
transcriptional repression of inhibitory synapse mRNAs of NLGN3 and GABAA2/3
receptor subunits. NLGN3 has been identified as a target by a comprehensive study of
842 FMRP-regulated mRNAs, alongside GABAgR, and overexpression of CYFIP1
caused a decrease in NGLN3 mRNA levels in vivo (Darnell et al., 2011; Oguro-
Ando et al., 2015). Additionally, differential expression of GABAARs mRNAs has
been observed in FMRP KO mice (Braat et al., 2015). A combination of increased
GABAR expression and increased surface NLGN3 could stabilise GABAARS
receptor subunits, which in turn could explain the enhanced inhibitory transmission

strength observed.

FMRP targets represent a significant proportion of components of both
excitatory and inhibitory postsynapse, for many of which we observe no changes in
expression in cKO. As a result, it is an outstanding question as to how and why only
specific protein levels appear changed in the cKO. One explanation is that change
requires combined dysfunction of both FMRP and WRC-related functions of
CYFIP1. NLGN3 also contains a WIRS motif, enabling it to interact with the intact
WRC via CYFIP1 (Chen et al., 2014a). In contrast, NLGNI1 is not a known FMRP
target and NLGN?2 does not contain a WIRS motif. Thus, the selective increases in
expression of NLGN3 observed in the cKO could be due to the interplay between
relieved translational repression and anchoring at the iPSD. It would be interesting
to see if other proteins that fit this pattern have altered expression, such as SHANK?2,

B-catenin, protocadherin-10 and ankyrins 2 and 3.

Overexpressed CYFIP2 is present at inhibitory synapses (unpublished

observations). However, whether endogenous CYFIP2 localised similarly is



4.3 Discussion 135

unknown. Thus, it is possible that endogenous CYFIP proteins have preferential
synaptic localisation. Although the altered spine morphology seen in cKO argues
against this, it is possible that CYFIP1 is playing fundamentally different roles at
excitatory and inhibitory synapses based on their different architecture and PSD

components.

Altered balance of excitation and inhibition in cKO

The specific impact on inhibitory transmission suggests changes in
excitation/inhibition balance in the cKO model. Altered E/I balance is a common
feature of numerous psychiatric disorders, although this has typically related to
increased in E/I ratio. Decreased levels of GABA synthesising enzymes and GABA
receptor subunits have been seen in ASD brains, and reductions in inhibitory neuron
markers seen in SCZ (Selten et al., 2018). Additionally, there is significant
comorbidity between ASD and epilepsy, with prevalence being approximately 25%
in ASD patients (Bolton et al., 2011). If the effect of CYFIP1 loss on inhibition
represents a dosage-dependent effect, then increased expression of CYFIP1 would
be predicted to an increase in E/I balance. Indeed, increased CYFIP1 expression has
been seen in patients and models of temporal lobe epilepsy (Huang, 2015; Sayad

et al., 2018).

Studies of human mutations in known disease-associated genes have reported
increases in inhibition (Tabuchi et al., 2007). Increased inhibition also contributes to
models of intellectual disability, including Down’s syndrome (Rudolph and Mohler,
2014). As this current study focused on principle neurons, it is unknown whether
CYFIP1 loss could be having a similar effect on inhibitory interneurons. Interestingly,
a human NLGN3 mutation has been shown to increase inhibition by CCK basket

cells onto pyramidal neurons (Foldy et al., 2013).

Together, the data in this chapter further our understanding of CYFIP1’s role in

synaptic function. The use of a cell-specific cKO enabled the cell-autonomous origin
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of a number of effects previously reported in the haploinsufficient model to be shown,
including spine immaturity and perinatal hyperexcitability. Further, a novel role for
CYFIP1 in regulating the strength of inhibitory transmission is revealed, via altering
expression of key proteins of the inhibitory postsynapse and gephyrin clustering.
These data open new avenues to explore CYFIP1 function and add mechanistic

insight into the genes associations with neuropsychiatric disorders.



Chapter 5

Investigating actin remodelling

during microglial motility

5.1 Introduction

The development of functional neuronal networks require a vast array of interactions
between neurons and glia. Glia, which make up to 90% of the cells in the mouse
brain, have a diverse array of functions including in neurogenesis, neuronal
migration, synaptogenesis, myelination and plasticity (Barres, 2008). Given their
critical importance to neuronal function, it is unsurprising that many neurological
disorders are either directly caused by changes in glial function or involve glial
changes that shape disease progression. Recently, microglia have become a focus of
attention due to their growing repertoire of interactions with neurons and links to

brain pathology (Lehrman et al., 2018).

Many microglia-neuron interactions rely fundamentally on the motility of the
complex, ramified processes of microglia. Local induction of LTP increases
ramification of microglia (Pfeiffer et al., 2016). Interestingly, CX3CR1 knockout

microglia have impaired migration in vitro and altered process motility in retinal
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explants (Liang et al., 2009; Paolicelli et al., 2014). CX3CR1 knockout microglia
are also morphologically less complex, suggesting that neuronal abnormalities
reported in fractalkine knockout mice could be due to altered microglial motility as
well as disrupted receptor signalling (Pagani et al., 2015). Thus, dynamics shape and

movement of microglia are critical to their function.

The study of microglial motility has focused on two behavioural paradigms;
surveillance and chemotaxis. During baseline surveillance, microglia extend and
retract processes apparently randomly into the volume covered by a single cells
domain. In contrast, in response to release of ATP via localised injury or
microinjection, nearby microglia extend processes towards the ATP source and
retract those away from it. The signalling pathways underlying these two behaviours
are incompletely understood, though they are clearly distinct from each other.
Chemotaxis is driven by ATP-sensing by the microglial P2Y12 receptor, as
pharmacological inhibition or genetic ablation of P2Y12 inhibits chemotaxis
(Haynes et al., 2006; Ohsawa et al., 2007). Additionally, P2Y12 is highly expressed
at the tips of processes during chemotaxis. However, in situ ATP sensing leads to a
rapid expansion of signalling via the degradation of ATP to ADP, AMP and other
derivates by enzymes expressed by microglia. Additionally, chemotactic response
can also be initiated by other molecules including fibrinogen and nitric oxide that do

not require P2Y 12 for process motility (Davalos et al., 2012; Dibaj et al., 2010).

The molecular basis of baseline surveillance are less well understood. ATP has
been shown to modulate surveillance, and quenching of basal ATP levels reduces
surveillance, suggesting that extracellular ATP could set the basal motility rate
(Abiega et al., 2016; Dissing-Olesen et al., 2014). Further, astrocytes have been
implicated in propagating ATP signalling to microglia via hemichannels as inhibition
of these impairs microglial surveillance. NMDA signalling also seems to be an
important regulatory cue, as bath application and local NMDAR activation drives
process motility, though this is also dependent on ATP signalling (Dissing-Olesen
et al., 2014; Eyo et al., 2014; Pfeiffer et al., 2016). However, a recent study showed
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that the effects of apyrase, an ecto-ATPase used to hydrolyse ATP in many of these
studies, actually alters microglial morphology and surveillance through intracellular
depolarisation unrelated to puriginergic signalling (Madry et al., 2018a). This is
supported by the fact that P2Y 12 KO microglia survey normally (Haynes et al., 2006).

Thus, how extracellular signals establish basal motility remains largely unknown.

Even less is known about the intracellular signalling cascades underlying
microglial process motility. All forms of motility appear critically dependent on
actin cytoskeleton remodelling, as block of actin polymerisation inhibits both
surveillance and chemotactic motility (Hines et al., 2009). Indeed, EM phalloidin
staining suggests that microglia are highly actin dense and actin clusters have been
observed in situ (Barcia et al., 2012; Capani et al., 2001). During chemotaxis,
P2Y 12 activation leads to phosphorylation of Akt by PLC and PI3K and f-integrin
levels are increased on P2Y 12 activation in cultured microglia (Ohsawa et al., 2007,
2010). Akt and integrins are integral to cytoskeletal remodelling pathways, but act
through a diverse array of signalling pathways in different cell types and scenarios,
including mTORC and the RhoGTPases (Harburger and Calderwood, 2009; Xue
and Hemmings, 2013). An in vivo study in zebrafish used FRET imaging to show
active Racl localised to leading microglial processes in response to glutamate
uncaging (Li et al., 2012). Thus, the identity of signalling pathways involved in

actin cytoskeleton remodelling during microglial motility remain poorly understood.

Insight into pathways governing microglial motility comes from the macrophage
literature, where cytoskeletal dynamics have been well-studied (Rougerie et al., 2013).
Although distinct, macrophages and microglia share similar transcriptional profiles
and many distinct behaviours, including phagocytosis and chemotaxis (Zhang et al.,
2014a). A study of Arp2 knockout macrophages showed disrupted actin assembly
and membrane protrusions, although interesting this led to enhanced motility of
macrophages in vitro and in vivo (Rotty et al., 2017). Phagocytosis assays showed a
specific impairment in CR3-mediated phagocytosis, particularly interesting given

the established role of complement signalling in synaptic pruning by microglia. The
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importance of Rac and NPF signalling upstream of Arp2/3 is highlighted by a number
immune-deficiencies caused by mutations in WASP (Wiscott-Aldrich Syndome) and
Rac2 (Thrasher and Burns, 2010; Williams et al., 2000). Activation of Arp2/3
by the WAVE Regulatory Complex (WRC) is required for lamellipodia formation
and migration to specific cues in macrophages (Kheir et al., 2005). Additionally,
the haemopoetic lineage-specific component of the WRC, HEM-1 (NCKAPIL), is
critical for actin remodelling downstream of Rac1 in neutropils during chemotaxis
and phagocytosis (Park et al., 2010). Thus, the RAC1-WAVE-ARP2/3 pathway plays

an important role in actin remodelling of macrophages.

To date, the impact of altered CYFIP function has not been directly studied in any
macrophage or microglial lineage. However, numerous microglial transcriptomes
(bulk and single cell) have shown that CYFIPI is highly expressed in microglia
(Hammond et al., 2018; Saunders et al., 2018; Zeisel et al., 2018; Zhang et al.,
2014b). Of note, expression of CYFIP2 in microglia is negligible, suggesting
that CYFIP1 is the principle CYFIP protein these cells. Given the shared clinical
associations of CYFIP1 and microglia, and the importance of microglial morphology
and motility to their function, the role of CYFIP1 in microglia could be a promising

new avenue of research.

In this chapter, a combination of pharmacological treatments and genetic systems
are used to gain insight into the actin dynamics underlying microglial motility. Actin
polymerisation is shown to be critical for microglial motility. Inhibition of Arp2/3
complex leads to altered microglial morphology, reduced baseline surveillance and
slowed chemotaxis. Racl inhibition also impairs surveillance behaviour and results
in characteristic changes in process formation. In order to investigate a role for
CYFIP1 in regulating microglial shape and motility, a conditional mouse model was
generated to study the loss of microglial CYFIP1 in vivo. CYFIP1 KO microglia have
reduced morphological complexity and specifically impaired surveillance motility,

whilst chemotaxis is unaffected.



5.2 Results 141

5.2 Results

5.2.1 Setting up a live imaging assay for quantifying microglial

motility

In order to better understand the importance of actin remodelling to microglial
motility, microglia in situ were visualised in acute hippocampal slices from transgenic

mice containing a IBAGFP

reporter cassette (Hirasawa et al., 2005). Imaging acute
slices by two-photon laser scanning microscopy (2P-LSM) showed bright labelling
of microglia across all brain regions checked (cortex, hippocampus, midbrain; data
not shown) (Fig 5.1A). As reported previously, microglia occupied distinct non-
overlapping domains of 3D space, though patterning of tissue was not always uniform

AeGFP

suggesting that the IB reporter does not label all microglia.

Two imaging paradigms were established to study microglial motility. The first,
called ‘surveillance’, measured the rate at which individual microglia sampled their
respective volumetric domains at rest (Fig 5.1A-C). 3-dimensional images were
taken every 30 s over a 10 minute period to generate a time series of microglial
movement. Superimposing maximum intensity projections (MIPs) of these 3D stacks
between adjacent timepoints captures a number of core features of surveillance (Fig
5.1B). Firstly, the cell body and major processes of the cell are stable over this time
period (yellow areas, merge panel). Second, that higher order processes are highly
dynamic, either extending (red areas, merge panel) or retracting (green areas, merge
panel). To quantify these movements, MIPs were thresholded and the new or absent
binarised pixels were measured across time series, using a analysis script published
recently (Madry et al., 2018b) (Fig 5.1C). This metric, termed Surveillance Index
(SI), was seen to be fairly stable over time, and suggested that approximately 10% of

the microglial area was motile between 30 s timepoints.

The second imaging paradigm aimed to quantify microglia response to a laser-

induced lesion, termed ‘chemotaxis’. Briefly, a small region void of microglia
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Fig. 5.1: Establishing live imaging paradigms for quantifying microglia movement
(A) Field of view image of GFP+ microglia in acute hippocampal slice. Microglia occupy
distinct domains, allowing single cells to be selected for analysis of surveillance motility
(dotted area). Scale bar: 50 um (B) Top panel: max projection (MIP) of z-stacks from two
adjacent timepoints. Merged image reveals retractions (green) and extension (red) and the
stable area (yellow) in the 30s frame. Bottom panel: Threshold of MIP. Pixel counts of
red and green areas are used as a read out of surveillance motility. Scale bar: 10 um (C)
Quantification of surveillance index (SI) over 10 minute time period. (D-E) Chemotaxis
assay. (D) Top panel: Max projection showing microglia surrounding laser lesion (dotted
line) in slice that nearby microglial processes converge to over 10 minutes. Bottom panel:
Analysis of process convergence by tracking area of process front (red polygon). Scale bar:
10 um. (E) Quantification of reduced area over time as processes converge on lesion.
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(Fig 5.1D, dotted circle) was exposed to high laser power, creating a localised
lesion that could be visualised by the autofluorescent signal emanating from the
lesion. In response to this, nearby microglia rapidly extended their processes in a
directed manner towards the lesion as has been reported previously (Davalos et al.,
2005; Haynes et al., 2006). To quantify this movement, the area of GFP-free space
surrounding the lesion was measured (red polygon) and tracked over time (Fig 5.1E).
Interestingly, in our hands microglial processes converged on the lesion site within
10 minutes, in contrast to the much longer times reported elsewhere (Davalos et al.,
2005). These two imaging and analysis workflows provide a way of quantifying two

important and distinct behaviours of microglia.

5.2.2 Roles of key actin remodelling molecules in microglial

motility

Little is known about the intracellular signalling pathways governing actin
remodelling in microglia during surveillance or chemotaxis. In order to interrogate
this, microglial motility was assessed during pharmacological inhibition of a number
of key actin processes and signalling molecules. Firstly, the effect of actin
polymerisation inhibition was investigated by treatment of slices with 10 uM
cytochalasin D, a potent inhibitor of polymerisation of F-actin.  Strikingly,
cytochalasin D completely abolished microglial motility (Fig 5.2A). Surveillance
index (SI) was reduced to approximately 20% of control in treated microglia (Fig
5.2B; Untreated 755.4 + 105.9 px, cytochalasin D 145.3 + 15.34 px, p<0.001).
Given that observation showed that these microglia showed no process motility, this
residual SI is a useful readout of the noise generated from the analysis. This is
promisingly low, suggesting that SI analysis is a capable measure of surveillance.
Cytochalasin D-treatment also abolished chemotactic response to laser damage, as
can be seen in the lack of process convergence in treated slices (Fig 5.2C-D)
(p<0.001, two-way RM ANOVA). Thus, actin polymerisation is critical for both

microglial surveillance and chemotaxis.
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Fig. 5.2: Microglial motility is critically dependent of actin polymerisation

(A) Representative cells from untreated acute slices (top panel) or those pretreated with 10
UM cytochalasin D for 20 minutes (bot panel). Scale bar: 10 um. (B) Surveillance Index (SI)
of microglia over 10 minutes with 1 minute framerate (left) and averaged SI value over this
period (right) shows a significant decrease in baseline surveillance in cytochalasin-treated
slices (p<0.001, student’s unpaired t-test, N=14-15 cells). (C-D) Abolished chemotactic
response in cytochalasin D treated slices, quantified as a lack of process convergence onto
lesion site (P<0.001, 2-way RM ANOVA, N=6 lesions).
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The Arp2/3 complex is required for cells to generate new branches of F-actin
and is a critical part of actin remodelling machinery. To test if actin branching is
required for normal microglial motility, acute slices were treated for 30 minutes with
selective Arp2/3 inhibitor CK666 (200 uM) prior to and during imaging (Hetrick
et al., 2013). Inhibition of Arp2/3 had a dramatic effect on the morphology of
microglia, characterised by retraction of secondary and tertiary processes (Fig 5.3A).
3D reconstructions of DMSO and CK666-treated microglia showed a dramatic
loss of process complexity as seen by Sholl analysis of intersections (Fig 5.3A,B)
(p<0.001, two-way RM ANOVA). The number of branches in CK666-treated cells
was reduced, though total process length was not significantly different (Fig 5.3C)
(branches: DMSO 14.40 £ 1.07, CK666 7.97 £ 0.92, P<0.0001; length: DMSO 651.4
+ 28.65 um, CK666 550.2 £ 42.70 um, p=0.053). Additionally, primary processes
often appeared swollen, with large aberrant membrane blebbing seen (Fig 5.3D).
Approximately 60% of CK666-treated cells showed blebbing, a 6-fold increase over
control (Fig 5.3E) (DMSO: 9.68 +2.76%, CK666: 60.66 £+ 5.53%, P<0.0001). Closer
observation of CK666-treated slices showed highly dynamic, unstable filipodia often
seen rapidly forming and disappearing from the enlarged primary processes (Fig

5.3D). Thus, Arp2/3 inhibition dramatically disrupts microglial morphology.

To investigate how these changes impacted motility, surveillance and chemotaxis
behaviour was assessed. Arp2/3 inhibition reduced surveillance by approximately
50% compared to DMSO-treated cells (Fig 5.4B) (DMSO 185.3 £ 9.15 px, CK666
87.82 + 6.92 px, P<0.0001). Surprisingly, the effect of Arp2/3 inhibition on
chemotaxis was comparatively mild. CK666-treated microglia showed a remarkably
robust chemotactic response (Fig 5.4C-D; NS, two-way RM ANOVA). Tracking the
movement of individual processes revealed a slight decrease in process speed (Fig
5.4E) (DMSO 3.84 + 0.13 um/min’!, CK666 3.48 + 0.11 um/min’!, p<0.05). In
agreement with the observations from the surveillance assay, tips of microglial
processes were often abnormally swollen in comparison to the thin process and
bulbous process head of control microglia. Thus, Arp2/3 activity is critical for

surveillance motility but largely dispensable for lesion-induced chemotaxis in situ.



5.2 Results 146

GFP GFP+trace 30
2 204
i)
§
§ 104
£
" 5 10 15 20 25 30 35 40 45 50 55 60
Distance from soma (um)
20 £ 800
e -
é 154 £ 600 #
B
E Tk &
o 101 S 400
g 2
& 5 g 200
@ g
0 T T o 0
DMSO CK666 DMSO CKG666

o 80-
o o ode e
2 60+ T
]
]
2 404
)
g 20+
= | |
DMSO CK666

Fig. 5.3: Inhibition of Arp2/3 activity dramatically alters microglial morphology

(A) Representative cells from slices treated with DMSO (top) or 200 uM CK666 (bottom),
showing loss of higher order processors. Left panel: MIP of GFP fluorescence. Right
panel: GFP signal superimposed with 3D reconstruction of cell morphology (red skeleton).
Scale bar: 20 um. (B) Sholl analysis of intersections from 3D reconstructions (p<0.001,
two-way RM ANOVA). (C) Summary of other morphological characteristics; decrease
in branching (left, p<0.0001, student’s unpaired t-test) whilst total process length is not
significantly altered (right, p=0.053, student’s unpaired t-test).) (D) CK666-treated microglia
often seen with enlarged cellular protrusions. Left: Field of view of CK666-treated slice
highlighting blebs (white arrows). Right: Timelapse showing retraction into primary process
and filopodial extensions. Scale bar: 20 um. (E) Quantification of proportion of microglia
with blebs (p<0.0001, student’s unpaired t-test, N=132-154 cells).



5.2 Results 147

CK666

Hhk

100

T T T I T ! cw'soc;(kse
Time (mins)

O
M

Normalised area (%)
e
rocess speed (um/min)

0.5 1.5 25 35 45 55 6.5 7.5 85 9.5 OL o
Time after lesion (mins) DSMO Cksee

Fig. 5.4: Inhibition of Arp2/3 impairs microglial surveillance and chemotaxis

(A) Superimposed timelapse images of representative cells from DMSO (left) or CK666
(right) treated slices, showing extensions (red), retractions (green) and stable regions (yellow)
over 5 minutes. Scale bar: 20 um. (B) Quantification of SI from 10 minute, 30 second
frame movies. SI of CK666-treated cells decreased to 47% of DMSO controls (p<0.0001,
student’s t-test, N=38-39 cells). (C-E) Delayed chemotaxis during Arp2/3 inhibition. (C)
Superimposed timelapse showing process chemotaxis in DMSO (left) and CK666 (right)
treated slices. Scale bar: 10 um. (D) Slowed reduction in process convergence seen as
right-shift (NS, two-way RM ANOVA). (E) Single process tracking shows reduction in speed
of CK666-treated processes (p<0.05, N=31 processes).
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Given the significant effect that Arp2/3 inhibition had on microglial morphology
and surveillance behaviour, the signalling pathways feeding into this complex were
further investigated. Racl is a key upstream activator of Arp2/3, acting via the
WRC. Thus, it was hypothesised that Racl inhibition would have a similar effect
to Arp2/3 inhibition. Acute slices were pretreated for 30 minutes with 100 uM
NSC23766, a concentration which has been used previously to inhibit Racl in
acute slices (Hou et al., 2014). The effects on morphology had similarities and
difference compared to Arp2/3 inhibition (Fig 5.5). Abnormal blebbing of processes
was also observed, though less often than seen with CK666 treatment (Fig 5.5A,C)
(DMSO 9.68 * 2.76%, NSC23766 35.39 + 6.69%, P<0.01). Surprisingly, Sholl
analysis suggested that microglia were similarly complex (Fig 5.5B,D) (two-way
RM ANOVA). Branching and total process length were both unaffected (Fig 5.5E)
(branches: DMSO 12.15 + 1.06, CK666 12.21 + 1.27; length: DMSO 608.3 + 31 um,
CK666 632.7 £ 39.95 um). Looking at surveillance, NSC23766-treated microglia
showed a 30% reduced in SI (Fig 5.5F-G) (DMSO 200.5 + 16.08 px, CK666 140.5
+ 11.70 px, P<0.01). Thus, Racl inhibition causes microglial blebbing and impairs

surveillance.

Together, these data suggest that actin remodelling plays a critical role in
regulating microglial shape and motility in situ. Concretely, actin polymerisation is
critical for process movement. F-actin branching via Arp2/3 is required for the
stability of microglial processes, though microglia are still capable of chemotaxis.
As Racl-inhibitied microglia share many similarities to those lacking Arp2/3
activity, it is likely that Rac1 activity modulates microglial actin remodelling via

Arp2/3.
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Fig. 5.5: Inhibition of Racl alters microglial morphology and surveillance motility
(A) FOV of DMSO and NC237666 treated slices showing clear morphological change and
presence of blebs (white arrows). Scale bar: 25 um. (B) Representative examples of 3D
reconstructions of single cells, DMSO (left) and NSC23766 (right). (C) Quantification
of proportion of microglia with blebs (p<0.01, N=132-154 cells). (D) Sholl analysis of
intersections from 3D reconstructions (two-way RM ANOVA). (E) Summary of other
morphological characteristics; no change in branching (left) or total process length (right),
N=48-52 cells per condition. (F) Superimposed timelapse images of microglia from DMSO
(left) or CK666 (right) treated slices, showing extensions (red), retractions (green) and stable
regions (yellow) over 5 minutes. Scale bar: 10 pym. (G) Quantification of SI from 10 minute,
30 second frame movies. SI of CK666-treated cells decreased to 47% of DMSO controls
(p<0.01, student’s unpaired t-test, N=29-34 cells).
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5.2.3 Generation of an inducible condition mouse model to study

loss of microglial CYFIP1

The WAVE regulatory complex is the primary link between Racl and Arp2/3 activity;
Racl-binding to CYFIPI to relieve intra-complex inhibition and lead to Arp2/3
activation (Chen et al., 2017). As discussed, multiple transcriptomic studies have
shown that microglia highly express CYFIP1, whereas CYFIP2 expression is very
low (Fig 5.6A) (CYFIP1: mouse 62.37 + 7.30 FPKM, human 61.2 + 16.24 FPKM;
CYFIP2: mouse 2.35 + 0.01 FPKM, human 0.54 + 0.16 FPKM) (Zeisel et al.,
2018; Zhang et al., 2014a). Thus, it was hypothesised that CYFIP1 loss could alter

microglial dynamic behaviours.

In order to study loss of CYFIP1 in microglia in vivo, a conditional knockout
mouse model was generated using a Cre-loxP recombination strategy of a knock-in
floxed cassette of the endogenous CYFIP1 gene, as in Chapter 2 (Fig 5.6B). To
target recombination specifically to microglia, the floxed CYFIP1 line was crossed
with a Cre recombinase expressed under the CX3CR1 promoter (Yona et al., 2013).
Additionally, the recombinase in this system is fused to a fragment of the estrogen
receptor transporter (ERT), preventing access to the nucleus under basal conditions
(Fig 5.6C). This is useful because, as well as microglia, the CX3CRI1 promoter is
active in peripheral monocytes. Constitive Cre activity would lead to a knockout of
CYFIPI in these cells that may have undesired consequences on animal viability
and brain function. However, due to the relatively slow turnover of microglia in the
brain compared to peripheral monocytes, acute activation of CX3%ERT2 Jeads to
stable recombination only in the microglial population and not in other cell types

(Goldmann et al., 2013).

Activation of the Cre requires the presence of oestrogen-receptor agonist
tamoxifen that binds to the ERT (in its active form 4-OHT) and facilitates the
translocation of Cre into the nucleus where it can recombine the floxed cassette (Fig

5.6C). Thus, 4 mg tamoxifen was administered by oral gavage to adult mice twice
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Fig. 5.6: Generation of a microglia-specific Cyfip1 conditional knockout mouse model
(A) RNA levels of CYFIP1 and CYFIP2 in human and mouse microglia, adapted from Zhang
et al. (2014). CYFIP1 is highly expressed whereas CYFIP2 is almost absent in both species.
(B) Schematic showing generation of conditional CYFIP1 deletion in microglia using the
CreERT?2 driven from the microglia-specific CX3CR1 promoter. (C) CreERT2 is kept
inactive under basal conditions by interaction between the estrogen receptor (ERT2) domain
and Hsp90, preventing Cre entry into the nucleus. Tamoxifen (precisely, the tamoxifen-
derivative 4-OHT) releases this interaction, leading to the entry into the nucleus and initiation
of recombination events by Cre recombinase. (D) Treatment regime to generate experimental
pairs. Control (CTRL) and conditional knockout (cKO) animals were both homozygous for
the CYFIP1 floxed allele and carried a single CX3ERT2 g]lele. To activate the CreERT2,
cKO animals were given two 4 mg/100 uL. doses of tamoxifen via oral gavage, 48 hours
apart. CTRL animals were dosed with an equal volume of vehicle. Animals were between
P28-30 at start of treatment, unless stated otherwise.
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48 hours apart, which has been used previously to induce efficient activation of the
CX3CR1ERT2 (Goldmann et al., 2013; Parkhurst et al., 2013). Animals were then
left for 2 weeks after initial treatments prior to experiments to allow for the knockout
of CYFIP1 to take effect. This time period also enables recovery of peripheral cell

populations from recombination, as discussed (Goldmann et al., 2013).

In order to visualise the recombination efficiency of this tamoxifen regime, the
CX3CR1CERT2 Jine was crossed with a stop-floxed MitoDendra reporter line (Fig
5.7A). Using IHC staining against IBA1 to visualise all microglia in slices prepared
from these animals, a percentage recombination could be calculated. Control slices
(treated with vehicle) showed a very low rate of basal recombination (hippocampus:
1.16 = 0.79%, cortex: 2.55 + 1.07%, cerebellum: 2.11 + 0.86%). This confirms that
basal Cre is efficiently kept out of the nucleus and therefore unable to remove the
mitoDendra stop codon (Fig 5.7B). In contrast, tamoxifen treatment led to the vast
majority of IBA+ve cells expressing MitoDendra, with over 90% dual expression
in both the hippocampus, cortex and cerebellum (Fig 5.7B; hippocampus: 89.57
+ 1.56%, cortex: 89.4 £ 0.48%, cerebellum: 90.57 £ 1.68%). Importantly, no
ectopic expression of mitoDendra was observed in any non-IBA+ve cells, suggesting
that the Cre was only activated in microglial cells, as expected (Fig 5.7B, zoom
panels). These data suggest that this system enables specific and highly efficient

recombination in microglia.

Recombination of the CYFIP1 cassette was confirmed by PCR for the deleted
cassette (Del), present only in tamoxifen-treated animals (Fig 5.8A). To confirm that
CYFIP1 was lost in microglia at the protein level, lysates from CTRL and cKO brains
were generated. Whole brain region lysates did not show any loss of CYFIP1 at the
protein level, which could be expected given that microglia only represent 10-15% of
the total cells in the brain (data not shown). Thus, a percoll gradient isolation protocol
was used to isolate an enriched microglia fraction from single cell suspensions of
whole brain (Fig 5.8B) (Lee and Tansey, 2013). Enriched microglial lysates showed a
significant decrease in CYFIP1 expression of approximately 50% (Fig 5.8C) (CTRL



5.2 Results 153

1 £0.15, cKO 0.48 £ 0.06, P<0.05). Whilst there was still CYFIP1 signal present,
this fraction is only enriched for microglia, and likely contained significant levels
of peripheral macrophages and other cell types that would have retained CYFIP1

expression.

Finally, loss of microglial CYFIP1 was shown on the single cell level by IHC
of slices stained with an antibody against CYFIP1 (Fig 5.8D). In control slices,
CYFIP1 staining could seen seen as punctate signal concentrated in the cell soma
but also seen within microglial processes (Fig 5.8D, zooms 1+2). In contrast, this
signal was absent or significantly reduced from microglia from cKO slices (Fig 5.8D,
zooms 3+4). Quantification of somal CYFIP1 signal showed significant reduction in
cKO (Fig 5.8E; CTRL: 867.7 = 132 IntDen, cKO: 410.2 + 30.85 IntDen, p<0.01).
Together, these data show that this model leads to efficient loss of microglial CYFIP1

expression in vivo, facilitating future study.

5.2.4 Alterations in microglial morphology and motility in

CYFIP1 cKO

As CYFIP1 reduction leads to changes in neuronal morphology, and pharmacological
inhibition of CYFIP1-associated proteins (Arp2/3 and Racl) altered microglial
morphology, it was hypothesised that cKO microglia might have altered morphology.
To investigate this, control and cKO brains were PFA fixed and 75 um - 100 pum slices
were cut and stained to amplify the GFP signal. No gross abnormalities in microglial
morphology were observable; cKO microglia had clearly ramified secondary and
tertiary processes (Fig 5.9A). In order to get an accurate representation of the 3D
structure of microglia, individual cells were reconstructed semi-automatically from
50 pum z-stacks using the open-source software platform Vaa3D (Fig 5.9A) (Peng
et al., 2014). Interestingly, Sholl analysis of these reconstructions revealed a decrease
in complexity of microglial processes that appeared consistent across the whole arbor

(Fig 5.9B; two-way RM ANOVA, P<0.05). Concretely, total branch number, tip
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Fig. 5.7: Highly efficient recombination by CX using MitoDendra reporter
line

(A) Graphical illustration of genetic recombination of MitoDendra (MD) reporter cassette in
presence of Cre recombinase. A premature stop codon (STOP), flanked by loxP sites (floxed),
prevents MD expression basally. Presence of Cre removed the stop codon via recombination
between loxP sites, leading to expression of MD. (B) IHC of CX3CR1CERT2(4/)-MD(+/-)
mice treated with vehicle (top) or tamoxifen (bottom). Staining for IBA1 (red) and MD
(green) showing very low levels of MD+ IBA+ cells in vehicle controls, whereas most IBA+
cells are MD+ in the tamoxifen-treatment. No MD+ IBA- cells were observed in either
condition. Scale bar: 100 um (top) and 25 um (bottom). (C) Quantification of percentage
of IBA+ cells that were MD+ across different brain regions. All regions showed equivalent
fractions of MD+ cells (hippocampus: p<0.0001, cortex: p<0.0001, cerebellum: p<0.0001,
two-way ANOVA).
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Fig. 5.8: Reduced CYFIP1 expression in enriched microglial brain lysate from cKO
animals

(A) PCR for the deletion product (DEL) from brain tissue. DEL band only present in cKO.
(B) Illustration of Percoll gradient used to extract enriched microglial fraction from single
cell suspension of homogenized brain tissue. After centrifugation (see methods), microglia
concentrate in the 70%:37% interphase. (C) Western blot of enriched microglial lysate
from CTRL and cKO brains shows significant reduction in CYFIP1 levels in cKO (p<0.05,
student’s unpaired t-test, N=3 experimental pairs). (D) IHC of sections of CTRL and cKO
brains from IBA®CFP* animals, labelled for CYFIP1 and GFP. Left panels: max projections
of z-stacks of representative microglia. Scale bar: 10 um (large), 2 um (zoom). Right panels:
single planes of zoomed regions from these cells; CYFIP1 visible in both the soma and
processes of CTRL cells, whereas this is reduced in cKO cells. (E) Quantification of CYFIP1
signal in microglial somas, showing reduction in cKO (p<0.01, student’s unpaired t-test,
N=25 cells from 3 experimental pairs).
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number and process length were all significantly reduced (Fig 5.9C) (branches:
CTRL 56.44 + 4.85, cKO 41.31 + 4.22, p<0.05; tips: CTRL 67.38 + 5.28, cKO
50.89 + 4.33, p<0.05; total process length: CTRL 1206 + 63.30 pm, cKO 992.6 +
74.47 um, p<0.05). Thus, loss of CYFIP1 leads to a loss of microglial complexity.

This change in microglial morphology suggests that CYFIP1 may indeed be
playing a role in remodelling actin within microglia. Given the previous association
between morphology and impaired surveillance discussed previously, it was
hypothesised that loss of CYFIP1 would alter microglia surveillance. To investigate
this, acute slices of CTRL and cKO animals were imaged using the two assays of
microglial motility established previously (Fig 5.10A,D). Quantifying surveillance
of cKO microglia compared to control showed a significant reduction in SI (Fig
5.10B) (CTRL 612.5 + 37.64 px, cKO 449.8 + 32.67 px, p<0.01). Interestingly, loss
of CYFIP1 had no effect on chemotactic response to laser-induced lesion with
control and cKO microglia responding with equal process convergence (Fig
5.10C-D) (2-way ANOVA RM). In agreement with this, tracking individual
processes showed no change in speed between conditions (Fig 5.10E) (CTRL 3.77 +
0.14 um/min’!, cKO 3.90 + 0.10 um/min’!). Taken together, these data suggest that
loss of microglial CYFIP1 differentially effects microglial behaviours, causing a

specific impairment in surveillance whilst chemotaxis is unaffected.

5.3 Discussion

In this chapter, the importance of actin remodelling to dynamic behaviours of
microglia was interrogated, using both pharmacological and genetic interventions.
These experiments unveiled novel roles for Arp2/3, Racl and WRC component

CYFIP1 in establishment of microglial morphology and motility.

Despite the rapid expansion of literature on the functional roles microglial

surveillance and chemotaxis play in both healthy brain development and disease
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Fig. 5.9: Decreased morphological complexity of cKO microglia

(A) Representative 3D reconstructions of microglia taken from fixed slices of CTRL and cKO
brains, showing reduced complexity of arborisations. (B) Sholl analysis of reconstructions
reveal a decrease in the number of intersections across the arbor (two-way RM ANOVA,
p<0.05). (C) Summary of morphological characteristics of microglia; reduced number of
branches (left, p<0.05, student’s unpaired t-test), tips (middle, p<0.05, student’s unpaired
t-test) and total process length (right, p<0.05, student’s unpaired t-test). N=34-35 cells from
3 experimental pairs
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Fig. 5.10: Specific impairment in surveillance motility in cKO microglia

(A) Superimposed timelapse images of microglia from CTRL (left) or cKO (right) brain
slices, showing extensions (red), retractions (green) and stable regions (yellow) over 5
minutes. Scale bar: 10 ym. (B) Quantification of SI from 10 minute, 30 s frame movies. SI
of cKO microglia decreased to 47% of DMSO controls (p<0.01, student’s unpaired t-test,
N=52-56 cells from 3 experimental pairs). (C-E) Normal chemotaxis by cKO microglia.
(C) Superimposed timelapse showing process chemotaxis in CTRL (left) and cKO (right)
brain slices. Scale bar: 10 um. (D) No change in process convergence (two-way RM
ANOVA). (E) Single process tracking shows normal extension speed, N=48-59 processes
from 3 experimental pairs.
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models, the intracellular signalling underlying these processes is poorly understood
(Colonna and Butovsky, 2017; Madry and Attwell, 2015). As actin remodelling is a
critical driver of cell motility, it was hypothesised that it also played a key role in
microglial dynamics, as had been suggested previously (Hines et al., 2009). In
agreement with this, inhibition of actin polymerisation completely abolished both
surveillance and chemotaxis of microglia. Interestingly, cytochalasin D-treated
microglia still maintained a branched structure, but processes were undynamic and
irresponsive. This is possibly due to short treatment time prior to imaging (10
minutes) that did not allow morphological changes to take place. Given this, it
would be interesting to see if microglia maintained their complex morphology
during more prolonged treatment. Alternatively, although microtubule density is
thought to be low in microglia, acetylated and detyrosinated microtubules have been
observed in microglial processes in situ (Fanarraga et al., 2009; Ilschner and Brandt,
1996). Thus, in the absence of actin dynamics, microtubules may stabilise microglial

morphology.

Alterations in microglial morphology

To better understand the role of actin remodelling in microglia in situ, drug treatments
were used to inhibit core remodelling complexes. Inhibiting Arp2/3 activity led to a
dramatic change in microglial morphology, characterised by a loss of secondary and
tertiary processes and a swelling of primary processes (blebs). One interpretation of
this is that Arp2/3 is required for the stability of more dynamic processes. Loss of
Arp2/3 in cultured macrophages prevents lamellipodia formation, but also disrupted
focal adhesion (FA) rosettes and integrin-based haptotaxis (Rotty et al., 2017).
Further, Arp2/3 is a critical component of podosomes in cultured microglia (Siddiqui
et al., 2012; Vincent et al., 2012). Podosome and FAs link the actin cytoskeleton to
the extracellular matrix (ECM) via transmembrane receptors and are required for
cells to maintain stable adhesion. Thus, disrupted ECM association could underlie

the loss of secondary higher-order processes. According to this interpretation, the
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swelling of primary processes could be a consequence of extra plasma membrane

collapsing in from unstable processes.

Alternatively, these membrane expansions are highly reminiscent of cellular
structures termed blebs, that have well-characterised roles in cell migration (Paluch
and Raz, 2013). Initially discovered during apoptosis, blebs are formed by hydrostatic
pressure generated within the cytoplasm in response to actomyosin contraction and
disruption of the membrane-actin cortex association. Interestingly, EM imaging of
Arp2 knockout macrophages by Rotty et al. showed replacement of lamellipodia with
blebs. Inhibition of Arp2/3 has also been shown to favour blebbing over lamellipodia
in carcinoma cells and C. elegans embryos (Bergert et al., 2012; Bovellan et al.,
2014; Roh-Johnson and Goldstein, 2009). Further, increased myosin contractibility
was reported in Arp2c¢ knockout macrophages which is also capable of driving bleb
formation (Bergert et al., 2012; Rotty et al., 2017). Bleb-like protrustions were
also seen in NSC23766-treated microglia in this chapter, despite a less dramatic
change in cell morphology. Active Racl triggers switching from bleb to lamellipodia
formation via activation of Arp2/3, and bleb formation is enhanced by activation of
the alternative RhoGTPase signalling pathway RhoA/ROCK (Bergert et al., 2012;
Lawson and Ridley, 2018). Further, SRA1 (fly CYFIP1 homologue) and other WRC
components associate closely with cortical actin and could therefore play a role in
membrane-cortex stability (Korobova and Svitkina, 2008). Thus, Racl inhibition
could lead to bleb formation via both reduced Arp2/3 activation and comparatively

increased RhoA/ROCK signalling.

If the protrusions seen in Arp2/3 and Racl inhibited microglia are indeed blebs,
it is interesting to speculate on their potential function. Given the known roles
for blebs in cellular migration, it is feasible that microglia may utilise blebs to
migrate into the brain during embryogenesis. To date there have been few live
imaging studies observing early microglial migration in vivo. Time-lapse movies of
microglial precursors entering the larval zebrafish midbrain show cells with bleb-like

processes, suggesting that blebbing could play a role (Xu et al., 2016). Though
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pharmacological inhibition is an unphysiological condition, the de-ramification of
microglia on Arp2/3 and Racl inhibition is reminiscent of activated microglia seen
in early development and various disease-states (Hong and Stevens, 2016; Squarzoni
et al., 2014). It would be interesting to see if localisation of active Racl and/or
Arp2/3 was altered in microglia in these states, for instance using a FRET-based

approach (Li et al., 2012).

Loss of CYFIPI reduced morphological complexity of microglial processes,
with reduced branching and total process length. Given the previously data on
Racl and Arp2/3 inhibition, it is likely that this effect is due to disrupted Arp2/3
activation by the WRC upstream of Racl. Interaction between the WRC and surface
receptors containing a WIRS-motif could also be involved. Indeed, the P-selectin
ligand, SELPLG, is highly expressed in microglia, contains a WIRS motif and
has established roles in migration and chemotaxis in (Ali et al., 2015; Chen et al.,
2014a). Membrane-actin links could control local Arp2/3 activity to guide process
formation and stablisation. Whilst it cannot be ruled out, an FMRP-based mechanism
is unlikely, given that expression in microglia is low, and the timescales of process
dynamics (seconds) are too fast for a significant influence of local protein translation

(Gholizadeh et al., 2015).

Interestingly, microglial blebs were not observed in CYFIP1 ¢cKO microglia.
This is perhaps surprisingly given that CYFIP1 sits in the middle of the Rac1-WRC-
Arp2/3 signalling pathway. Racl has several downstream targets relating to actin
remodelling aside from the WRC, including the formin mDia2 and LIMK-cofilin
signalling (Lammers et al., 2008; Yang et al., 1998). Equally, the Arp2/3 complex is
regulated by N-WASP and WASP via cdc42. These other interactions may explain
the disparity between these pharmacological treatments and CYFIP1 loss. Inhibition
of the WRC would be a useful comparison point for this question, although the

current lack of specific pharmacological inhibitors of the WRC makes this difficult.
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Surveillance and chemotaxis; divergent behaviours?

Altered morphology of microglia upon Arp2/3 and Racl inhibition was coincident
with impaired surveillance of the microglial domain. Broadly, there are two ways this
could occur; reduced movement of processes or reduced numbers of processes. Given
the previous discussion, it is clear that the latter is contributing to the surveillance
defect. No obvious defects in motility of cKO microglial processes were observed
suggesting that the reduced SI was due to reduced complexity. Arp2/3 inhibited
microglia did show altered process motility, with slow retraction of normally stable
primary processes and blebbed structures in place of semi-stable secondary processes
as discussed. To address this, tracking of individual processes to quantify motility
in real terms (um/min) would be required. In summary, the surveillance defects
observed reflect a mix of altered cell morphology and process dynamics, depending

on the intervention.

These experiments reveal an interesting discrepancy between effects on
surveillance and chemotaxis. Although Arp2/3 inhibition did slow chemotactic
response, it was surprisingly robust and process extension was far more similar to
control than during surveillance. This raises the possibility that distinct actin
remodelling pathways underlie these two different behaviours. It has previously
been established that the surface receptors governing surveillance and chemotaxis in
situ are different; P2Y12 being critical for chemotaxis but dispensable for
surveillance, whereas the two-pore potassium channel THIK-1 regulates
surveillance by controlling microglial membrane potential (Haynes et al., 2006;
Madry et al., 2018a; Sipe et al., 2016). P2Y'12 activation is associated with a number
of actin regulators, including phosphorylation of Akt and ERK1/2 (Irino et al., 2008;
Lee et al., 2012; Ohsawa et al., 2007, 2010). Importantly, Arp2/3 is not a typical
downstream target of Akt or ERKI1/2; which are associated with
RhoA/ROCK/myosin-II and paxillin FAs respectively (Lee et al., 2012).
Additionally, Racl is required for C5q but not ATP chemotaxis (Miller and Stella,

2009). Thus, data presented here alongside existing literature suggest that Arp2/3
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activation is not necessary for ATP chemotaxis. It is worth noting that most of these
studies used microglial cultures and studied whole cell migration towards a
chemotactic stimuli. Whilst informative, it will be important to confirm that these

signalling pathways are activated similarly in situ.

The intracellular signalling controlling Arp2/3 activity during surveillance is less
clear. Racl activity is seen at the leading edge of microglial processes in response to
glutamate uncaging (Li et al., 2012). It would be interesting to see if Arp2/3 activity
is disrupted in THIK-1 KO microglia, for instance by using CK666 to investigate
in THIK-1 and Arp2/3 were acting in the same pathway to control surveillance. An
outstanding issue with the this model is that THIK-1 controls whole cell potential,
whereas process motility requires localised activation of actin remodelling pathways.
Although calcium transients do occur in microglia, they are too slow to be driving
surveillance (Pozner et al., 2015). More likely is that surveillance motility is driven

by outside-in signalling from ECM components to the cytoskeleton.

Consequences of defective surveillance in CYFIP1 cKO

The effects of loss of CYFIP1 on microglial morphology and surveillance open up a
number of intriguing possibilities for the CYFIP1 field. Microglial surveillance has
many important functions, including sensing dead or damaged cells to phagocytose,
contacting dendritic spines to regulate neuronal activity, and pruning synapses (Li
et al., 2012; Schafer et al., 2012; Sierra et al., 2010). In theory, reduced baseline
surveillance could impair the ability of microglia to sense these important events
in their respective domains. This could have important consequences for network
connectivity, E/I balance and behavioural traits including social interaction and
memory formation. This is of particular interest given CYFIP1s well-established
association with neuropsychiatric disorders. Indeed, many of the developmental

abnormalities that have been discovered when microglial function is disrupted are
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reminiscent of common pathologies on these conditions. Thus, these data suggest a

new cellular substrate by which CYFIP1 CNVs can cause altered brain function.

The presence of filopodia-like, immature spines is a perineal feature of mouse
models of CYFIP1 CNV (de Rubeis et al., 2013; Oguro-Ando et al., 2015; Pathania
et al., 2014). Data presented in chapter 4 suggests that in hippocampus this
pathology appears cell-autonomous. However, it would be interesting to investigate
if loss of microglial CYFIP1 had any effect on the density and/or morphology of
dendritic spines. Microglial contact on dendrites during in early postnatal cortex
initiates filipodia formation and microglial depletion during this time window
decreases spine densities (Miyamoto et al., 2016). Microglial BDNF is also critical
for learning-dependant synapse formation in the motor cortex (Parkhurst et al.,
2013). Reduced surveillance could limit these microglial functions, impacting

dendritic spine formation.

Numerous studies have shown microglia phagocytose synaptic material and
that this is correlated with altered spine densities and/or functional connectivity
(Paolicelli et al., 2011; Schafer et al., 2012; Zhang et al., 2014a). Phagocytosis
involves a complex cascade of cytoskeletal changes during target recognition, cup
formation and closure. Though poorly studied in microglia, studies in macrophages
have shown the importance of Arp2/3 activity in C3-mediated phagocytosis (May
et al., 2000; Rotty et al., 2017; Rougerie et al., 2013). Interestingly, Arp2/3 assembly
does not require cdc42/WASP but is instead RhoA/ROCK dependent (Caron and Hall,
1998; Hall et al., 2006; May et al., 2000). Requirement of Racl activity is currently
unclear, CR3-mediated phagocytosis is critically dependent on Rac1 activity in bone
marrow-derived macrophages (BMMs), downstream of Vav GEFs, but dispensable
in other systems (Caron and Hall, 1998; Hall et al., 2006). Additionally, Racl is
also required for C5a-driven chemotaxis (Miller and Stella, 2009). Thus, loss of
CYFIP1 could disrupt CR3-mediated phagocytosis via destabilisation of the WRC

and perturbation of Rac signalling.
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In this chapter, the role of the Rac1-CYFIP1-Arp2/3 actin remodelling pathway
in microglial morphology and motility was investigated. Arp2/3 activity was found
to have important roles in maintaining microglial process complexity and dynamics.
Phenotypic similarity of Racl inhibition suggested that Arp2/3 activity is controlled
in part by Racl signalling. Finally, a novel role for psychiatric disease-associated
gene CYFIP1 was identified in regulating microglial morphology and surveillance
behaviours. These results improve our understanding of the cytoskeletal machinery
determinining microglial shape and motility and provide evidence for novel functions

of CYFIPI in a clinically relevant cell type.



Chapter 6

Final discussion

This thesis has focused on using novel transgenic mice to better understand what
the neuropsychiatric disease-associated protein CYFIP1 is doing in the brain. The
use of genetic models is a critical tool with which to research these conditions.
Concretely, models aim to reproduce a subset of disease pathology in the hope of
gaining mechanistic insight into molecular or cellular processes underlying such
conditions. Examples of this include modelling the effect of deletion of a single
associated gene in a complex disorder or replicating a genetic condition only in a
single cell type. This approach can also be useful in overcoming barriers to studying

proteins in simpler models, such as embryonic lethality of global knockouts.

In this thesis, these advantages have been fully utilised to gain novel insights
into CYFIPI1 function. Chapter 3 describes the generation of a cKO model in
which CYFIPI is deleted in principle cells of the hippocampus and neocortex. This
model was shown to efficiently lead to the loss of CYFIP1 expression in neurons in
embryonic development, facilitating its use as a neuronal knockout model in vitro
and in vivo. The cKO did not alter the migration of neuronal progenitor cells through
the cortex during embryogenesis, suggesting that the knockout was confined to
post-mitotic differentiated neurons (Yoon et al., 2014). Next, the effects of CYFIP1

cKO on gross neuronal morphology were investigated. Both in vitro and in vivo,
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the dendritic arbor of hippocampal neurons was reduced in total length, with a
specific decrease in complexity of basal dendrites seen in the CA1 pyramidal cells.
Interestingly, axon length in culture was increased in cKO neurons. These data
suggest that loss of neuronal CYFIP1 has differential effects on axon and dendrite

development.

Chapter 4 continued use of the NEX-CRE model in order to investigate changes
in synaptic connectivity and transmission. Density and morphology of spines were
found to be normal in mature hippocampal cultures but were longer in CA1 pyramidal
cells from young adult mice, indicative of immaturity. Perinatal cKO mice had a
hyperexcitation phenotype of increased VGLUT1 staining and increased frequency
of mEPSCs. In contrast, inhibition was enhanced in the hippocampus of young
adult cKO mice, as seen by increased gephyrin clusters, expression of inhibitory
postsynaptic proteins and increased amplitude of mIPSCs. Excitatory signaling on
the other hand appeared normal. Together these chapters further our understanding
of the cell-autonomy and dosage effects of CYFIP1 expression in principle neurons
in vivo and uncovered a novel role for CYFIP1 in the regulation of the inhibitory

postsynapse.

Finally, a role for CYFIP1 in microglial morphology and motility was
established in the chapter 5. A live imaging paradigm that enabled quantifications of
surveillance, chemotaxis and cell morphology was established using acute slices of
GFP-labelled microglia. In combination with drug treatments targeting actin
remodeling pathways, we showed a critical requirement for actin polymerization
and Arp2/3 activity in establishing normal microglial morphology and surveillance
motility. An inducible conditional knockout system was then established to test the
hypothesis that CYFIP1 could play a role in these actin dynamics. Indeed, loss of
CYFIP1 decreased microglial complexity in vivo and led to reduced surveillance,

thus uncovering a novel role for CYFIP1 in microglia.
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6.1 Cell autonomy of neuronal defects

An outstanding question in the CYFIP1 literature is to what extent abnormalities
reported in neuronal morphology and synaptic transmission of pyramidal cells of
the hippocampus and neocortex represent cell autonomous effects (Bozdagi et al.,
2012; Hsiao et al., 2016; Pathania et al., 2014). It is often under-appreciated that in
vivo models of global genetic lesions could lead to altered function of neurons via
several non-cell autonomous routes, including via precursor cells, other classes of
neuron (e.g. inhibitory interneurons) and glia. Clarifying this is critical to linking
cellular pathologies with molecular mechanisms, which are typically investigated
in in vitro systems. This is because the relevant functions of a protein-of-interest
may depend on the cellular context that protein is in. These points have been nicely
highlighted in a group of studies on FMRP protein in astrocytes, that showed that
altered astrocytic expression of GLT-1 transporters and neurotrophin-3 had indirect

effects on dendrite and spine formation (Higashimori et al., 2016; Yang et al., 2012).

Several studies in mammalian systems have indicated that reduced CYFIP1
expression leads to decreased dendritic complexity and an increase in immature
spines (de Rubeis et al., 2013; Pathania et al., 2014). The data presented in chapter 3
and 4 build on these studies and provide evidence that these defects can be explained
by a cell autonomous effect in altered function of postmitotic neurons. A reduction
in dendritic length and complexity of basal dendrites of cKO CA1 PCs and increased
spine length along these dendrites were observed in vivo, consistent with these
previous reports. The nature of the NEX-CRE cKO model also provides some useful
insight into the developmental origin of these effects. Yoon et al. reported that
knockdown of CYFIPI in RGCs during development delayed cortical migration of
neuronal progenitors (Yoon et al., 2014). Abnormal cortical migration of neurons
has been associated with defects in dendritic morphology lasting into adulthood
(Kimura et al., 2017; Li et al., 2018). The fact that progenitors migrate normally in
the NEX-CRE system suggests that dendritic and spine defects are not a consequence

of early developmental delay. Together, these data support the current consensus that
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CYFIP1 functions in a cell-autonomous manner to alter dendritogenesis and spine

maturation, though the precise mechanisms here remain poorly understood.

A consistent observation here is that the size of these effects is similar to those
reported in the heterozygous model. This is surprising given that 1)
haploinsufficiency of CYFIP1 is predicted to maintain some CYFIP1 functionality
and therefore express a milder phenotype and 2) comparisons of haploinsufficient
and OE of CYFIPI suggest a dosage dependent effect on endpoints, such as
dendritic morphology and mTOR activation (Abekhoukh et al., 2017; Oguro-Ando
et al., 2015; Pathania et al., 2014). These discrepancies have many potential
explanations, including compensation by CYFIP2 (discussed later) and mouse line
differences. Interestingly, the CYFIP1 heterozygous mouse was generated in the
substrain C57BL/6N that contains a CYFIP2 mutation shown to reduce protein
stability (Kumar et al., 2013). Given that the substrain of the NEX-CRE line is not
known, it is possible these animals do not carry the CYFIP2 mutation, which could
have important implications for the effects of CYFIP1 reduction (Goebbels et al.,
2006). It is also worth highlighting that other phenotypes do not show these
dosage-dependent effects, such as spine immaturity which occurs in overexpression
and haploinsuffiency/loss. This suggests these phenotypes are not driven by a simple
loss or gain of function based on CYFIP1 dosage but rather altered activation of
multiple upstream or downstream pathways. Indeed, there are many candidate
signalling pathways that are implicated in the CYFIP1 literature, including mTOR,
Racl and FMRP (discussed later).

It is worth highlighting that any Cre-driven recombination model is subject to
a level of uncertainty about efficacy of recombination. Whilst clear reductions in
CYFIP1 expression are observed in both brain lysates and primary neuron cultures,
both still showed residual CYFIP1 expression. This is expected given the non-
neuronal expression of CYFIP1 in other brain cells. However, residual CYFIP1
expression could also be due to variable efficiency of recombination in target cells

(i.e. principle neurons) and would provide an alternative explanation for the subtle
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effects observed in this model. To address this, analysis of single cell CYFIP1
expression, either via ICC/IHC of primary cultures/brain slices respectively with a

antibody specifically against CYFIP1 would be required.

Some outstanding questions regarding the cellular origins of CYFIP1-associated
pathologies remain. Accumulating evidence suggests that CYFIP1 positively
regulates mTOR signalling (Abekhoukh et al., 2017; Oguro-Ando et al., 2015).
However, in vivo evidence has come from patient or global expression mouse
models, and so the neuronal origins of this effect remain to be proven (Hoeffer et al.,
2012; Oguro-Ando et al., 2015). The NEX-CRE model represents a perfect system
with which to do this. Additionally, a recent study showed that hyperactivation of
microglial mTOR via conditional knockout of TSC lead to non-inflammatory,
reactive-like phenotype in microglia that had increased phagocytic activity (Zhao
et al., 2018). These changes led to reductions in both inhibitory and excitatory
synapses and initiation of spontaneous recurrent seizures, recapitulating features
seen in patients with TSC mutations. Given the initial evidence for CYFIP1 function
in microglia, and the clinical associations between CYFIP proteins and
epileptogenesis, it would be interesting to know if mTOR signalling was altered in

the microglial cKO system also established here.

6.2 CYFIP1 in microglia: a new angle for disease

association?

Data in chapter 5 points to a novel role for CYFIP1 in regulating microglial
morphology and motility. Numerous studies over the last decade have shown that
microglia have active roles in shaping neuronal connectivity, during development,
healthy adulthood and in disease states (Neniskyte and Gross, 2017). Microglia do
this via a range of interactions with neurons, including release of trophic factors,

pruning of opsinised synapses, phagocytosis of whole cells and guidance of
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migrating cells (Miyamoto et al., 2016; Paolicelli et al., 2011; Parkhurst et al., 2013).
Given this, it is tempting to speculate whether these processes are disrupted by

altered CYFIP1 expression.

A recent pre-publication report showed that CYFIP1 heterozygous mice have
reduced apoptosis of newly born neurons in the dentate gyrus and suggested that this
was due to altered release of secreted factors by microglia (Haan et al., 2018). This
is the first evidence for a possible link between microglial CYFIP1 and neuronal
function. However, cell-autonomy of these effects used an in vitro system. Microglia
have been shown to undergo an extensive reprogramming when moved to culture,

making interpretation of these results difficult (Bohlen et al., 2017).

Data presented in this thesis shows that CYFIP1 is required for normal
microglial morphology and surveillance. Several studies have shown that microglia
contact neurons during surveillance, with important functional implications. In the
developing cortex contact promotes formation of dendritic filapodia and disruption
of this reduces spine density (Miyamoto et al., 2016). In young adult mice,
microglia regularly contact both presynaptic boutons and postsynaptic spines in an
activity dependent manner (Sipe et al., 2016; Wake et al., 2009). A study in
zebrafish larvae showed that contact was correlated with reduced response to evoked
currents, suggesting another mechanism by which microglia shape network activity
(Li et al., 2012). Thus, loss of microglial CYFIP1 could well impact neuronal
function via disruption of these contacts, the functions of which are an emerging

topic.

Additionally, the role of microglia in phagocytosis of synapses and cells is another
appealing endpoint given that these processes involve dramatic remodelling of the
cytoskeleton. Indeed, Arp2/3 activity is critical for CR3-mediated phagocytosis in
macrophages, the process by which complement-tagged synapses are removed during
development and neurodegeneration (Hong et al., 2016; Rotty et al., 2017; Schafer
et al., 2012). The role of the WRC in this process is debated; WAVE2 is not required

for Fc'y-mediated phagocytosis and a role for Racl in CR3-mediated phagocytosis is
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unclear (Rougerie et al., 2013). A recent paper reported that a Parkinson’s Disease
mutant of LRRK?2 phosphorylates WAVE?2, protecting the protein from proteasomal
degredation (Kim et al., 2018). Expressing this mutant in primary mouse microglia
and human macrophages increased their phagocytic potential. Importantly, they
show that this pathway is required for the loss of TH+ neurons and could be rescued
by silencing of WAVE?2. Thus, WRC-dependant phagocytosis could be important for

microglial function.

The microglial WRC is composed primarily of WAVE2, CYFIP1, ABI3 and
NAPIL. ABI3 is less well studied that ABI1/2 but is exclusively expressed by
microglia in the brain and has come to attention recently due to its identification as
a novel AD risk gene (Satoh et al., 2017; Sims et al., 2017; Zhang et al., 2014a).
Interestingly, an MS screen for ABI3 interactors identified CYFIP1 but not CYFIP2,
highlighting the importance of CYFIP1 in this context (Moraes et al., 2017). The
effect of the AD-associated variant of ABI3 on WRC function is not currently known.
However, a study in mouse fibroblasts showed that the ABI3-based WRC does not
translocate to the PM or form lamellipodia in response to fibronectin but did stimulate
invadopodia formation in response to Abl kinase inhibition (Sekino et al., 2015). This
suggests that the microglial WRC may have unique functions related to its myeloid
origins that distinguish it from the traditional views of WRC function. Interestingly,
a GWAS study identified a nominal association between AD and duplication of the
ql1.2 locus (Ghani et al., 2012). Further, CYFIP1 was increased in hippocampus of
late stage AD patients (Tiwari et al., 2016). This increase could represent microglial
proliferation or increased microglial expression of CYFIP1 in response to neuronal
death. Indeed, LPS treatment of microglia in vitro have been shown to increase

CYFIPI expression (Haan et al., 2018).

As discussed, microglia also actively prune synapses and phagocytose neurons
during critical periods during development (Paolicelli et al., 2011; Sierra et al., 2010).
These developmental periods coincide with the onset of neuropsychiatric diseases

like ASD and SCZ, which typically present during early childhood and adolescence
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respectively. Given the clinical associations between CYFIP1 and these conditions,
it would be interesting to see if neuronal development was delayed or compromised

in the microglia cKO mouse described here.

6.3 CYFIP protein redundancy

The effects of CYFIP1 loss in a particular cell type will depend on a host of factors,
including expression levels of CYFIP2. This point was recently highlighted by the
Holt lab that showed that differential expression of CYFIP1 and 2 in the zebrafish
retina led to different phenotypes in axonal development (Cioni et al., 2018). The
literature directly comparing the molecular functions of CYFIP1 and 2 is sparse, but
suggests that CYFIP1 and 2 have high levels of redundancy. Both proteins have
been reported as interacting with FMRP and critical WRC components, suggesting
that they can function interchangeably in these two complexes (Eden et al., 2002;
Schenck et al., 2003; Suetsugu et al., 2006). The only study to date comparing KD
of individual CYFIPs with double KD showed that double knockdown have far more
extreme defects and phenocopied loss of WAVEI (Xu et al., 2016). Conversely,
overexpression of CYFIP1 and CYFIP2 lead to similar increases in dendritic
complexity (Pathania et al., 2014). These data support the functional redundancy of
CYFIP proteins.

Given this, comparing studies of CYFIP1 and CYFIP2 haploinsufficient mice
reveals some intriguing differences. A key phenotype of FMR1 KO mice is
enhanced translation-independent, mGluR-dependent LTD. Interestingly, CYFIP1
haploinsufficient mice also display this enhancement whereas CYFIP2
haploinsufficient mice do not (Bozdagi et al., 2012; Gantois et al., 2017; Han et al.,
2015). Further, CYFIP1 haploinsufficiency leads to increased length of spines in
hippocampus with no change in density (cortical spines have not been reported).
CYFIP2 haploinsufficient mice had normal hippocampal spines but increased

density of mature spines in layer II/III of cortex (Han et al., 2015; Pathania et al.,
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2014). An analysis of dendritic development in CYFIP2* mice has not been
published, though it would be interesting to know if this phenocopied reduced
complexity seen in the CYFIP1*- (Pathania et al., 2014). These data suggest that
CYFIPI and 2 lead to different alterations in neuronal development and function in

Vivo.

What could explain these phenotypic disparities? Some differences between
CYFIP functions have been suggested. The initial study by Schenck et al. showed
that CYFIP2 had additional interactions with FXR1P and FXR2P, two closely related
proteins to FMRP that CYFIP1 lacked (Schenck et al., 2001). FXR2P has roles in
mRNA stabilisation and translation of excitatory postsynapse proteins and FXR1P
overexpression in prefrontal cortex decreases GluA2 expression and leads to anxiety-
like behaviours (Fernandez et al., 2015; Guo et al., 2015; Khlghatyan et al., 2018).
However, the relevance of CYFIP2 interaction with FXR1P and 2P in these functions
is not known. A recent paper identified a phosphorylation site on CYFIP2 not
present in CYFIP1 that effected spine morphology in hippocampus cultures Lee
et al. (2017). Finally, CYFIP2 mRNA is also predicted to be a key target of FMRP-
repression, coming ninth in a panel of 832 mRNA targets in which CYFIP1 was
not identified (Darnell et al., 2011). Increased CYFIP2 expression has been seen
in FXS patient lymphocytes, providing evidence that FMRP may indeed repress
translation of CYFIP2, although CYFIP2 levels were normal in the CYFIP1 loss
models presented here and elsewhere (Bozdagi et al., 2012; Hoeffer et al., 2012).
These unique interactions go some way to explain these differences. However, a
comparison of the CYFIP1 and CYFIP2 interactome would be extremely useful to

begin teasing apart these differences rigorously.

Another possibility is that differences in expression of CYFIP1 and 2 determine
the effect of their loss in the brain. Interestingly, multiple transcriptomic databases
suggest that CYFIP2 is expressed much more than CYFIP1 in neurons specifically
(Zeisel et al., 2018; Zhang et al., 2014a, 2016). Data from this thesis suggested

that CYFIP1 and 2 were both expressed in neuronal cortical cultures, although
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the presence of astrocytes in these cultures confounds this. The NEX-CRE model
developed here represents an ideal system with which to test the cell-autonomous

effects of loss of both CYFIP proteins in vivo, for instance via in utero electroporation

of CYFIP2 shRNA.

6.4 WAVE complex specificity

As mentioned prior, both CYFIP1 and 2 interact with WRC components. There is
evidence to suggest that CYFIP proteins may preferentially fall into two separate
WRC compositions. Initial studies reconstituting the WRC identified different
CYFIP paralogues. Three independent studies identified CYFIP2/Pir121 as the
associated CYFIP in the WAVEI-containing WRC, in mammalian brain lysates and
human cell lines (Eden et al., 2002; Kim et al., 2006; Kumar et al., 2013). One
study also found that CYFIP2 was present in the reconstituted WAVE2-WRC in
COST7 cells, which are derived from monkey kidney cells (Innocenti et al., 2004).
CYFIP1 has more commonly been associated with the WAVE2-WRC; CYFIP1
pulled down both WAVE1 and WAVE?2 in E14 brain lysates, was associated with the
WAVE2-WRC in B16-F1 and MCF-10A cells, murine cancer and human epithelial
cell lines respectively (Silva et al., 2009; Steffen et al., 2004). The reconstituted
‘miniWRC’ used by the Rosen lab for elucidation of the molecular structure of the
WRC used a CYFIP1-WAVEI based complex. However, this was prepared via
viral overexpression of individual WRC components in the sf9 insect cell line, and
thus does not represent an endogenous complex (Chen et al., 2010; Ismail et al.,
2009). WAVE3-based complexes are less well-studied, although CYFIP1 is a critical
constituent of the WAVE3-WRC in breast cancer cells (Teng et al., 2016).

Thus although both CYFIP proteins are likely capable of being incorporated
into any WRC, CYFIPI and 2 appear to have a preference for WAVE2/3- and
WAVEI1-based complexes respectively. This specificity could occur by 1) differential

expression levels of CYFIP/WAVE variants in different cell/tissue types and/or
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Fig. 6.1: Expression of mRNA transcripts of WRC components in neurons and glia
Illustration of expression levels of different WRC components in neurons, astrocytes,
oligodendrocyte precursor cells (OPCs) and microglia. * minimal expression, ** low-
medium expression, *** high expression. Adapted from transcription data from (Zhang
et al., 2014b).
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2) different binding preferences of CYFIP and WAVE variants. Current evidence
supports the former. Using the Barres lab transcriptome, a comparison of expression
levels of WRC components in different brain cells is shown in Fig 6.1 (Zhang et al.,
2014a, 2016). Neurons and OPCs have high levels of CYFIP2 and preferentially
express WAVEI] and 3. Microglia, which preferentially express CYFIP1, almost
exclusively express WAVE2. Of note, microglia also express unique variants of other

WRC constituents, NAP1L and ABI3.

These differences may help explain the difference in lethality of CYFIP1 and
CYFIP2 null mice. CYFIPI mice die at E9 with severe defects in gastrulation similar
to those observed in WAVE2 and NAP1 null mice (Rakeman and Anderson, 2006;
Yan et al., 2003). In contrast, CYFIP2 null mice die hours after birth which is more
reminiscent of the postnatal lethality of WAVE] knockout mice, though other studies
show WAVEI mice can survive to adulthood (Dahl et al., 2003; Kumar et al., 2013;
Soderling et al., 2007). These differences reflect expression patterns outside of the
brain but illustrate the point that CYFIP1 and 2 are differentially associated with
WAVE variants.

Several differences in WAVE1 and 2 complex function could be relevant for
the interpretation of data in this thesis and publications. WAVEI has a number
of specific protein-binding partners that WAVE?2 lacks, such as WRP, PKA and
p47phox (Takenawa, 2007). Disrupting the WRP interaction has been shown to
decrease spine density and increase filopodial spines, alongside increasing late-phase
LTP (Soderling et al., 2007). WAVE2 and CYFIP1 both interact specifically with
IRSp53, a protein that has been shown to be a critical component of the PSD:
IRSp53 knockout mice have decreased spine density, enhanced NMDA function and
social/cognitive deficits (Kang et al., 2016; Miki et al., 2000). In addition, WAVEI1

and 2 activity is regulated by a number of kinases that phosphorylate unique residues.
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6.5 Possible convergence on Racl signalling

Interpretation of current CYFIP literature, especially in neurons, has been made
difficult by the multiple described functions of CYFIP1 in different protein
complexes. The identification of functional mutations in CYFIP1 that impair
association with either elF4e or the WRC have enabled studies into the relative
importance of these two features (Chen et al., 2010; Napoli et al., 2008). In the case
of spine morphology, neither functional mutant was capable of rescuing increased
spine length seen in CYFIP1 knockdown, suggesting that both functions are
required for normal spine development (de Rubeis et al., 2013). This paper did
suggest that BDNF-induced expression of Arc was dependant on the CYFIP1-elF4E
interaction specifically, whereas F-actin intensity required WRC interaction. Other
phenotypes also appear to be specifically linked to impaired WRC function; only the
elF4E-binding mutant was able to rescue increased presynaptic puncta size in
knockdown experiments in culture (Hsiao et al., 2016). In addition, defects in
axonal pathfinding in CYFIP2 null Xenopus larvae were shown to depend of
WAVE-complex activity (Cioni et al., 2018). It is worth noting that some of these
experiments use a large truncation mutant to prevent WRC binding, which may well

disturb as-yet unknown CYFIP1 interactions (Cioni et al., 2018; Hsiao et al., 2016).

One hypothesis to bring these two functions together is through perturbed Racl
signalling (Fig 6.2). There is substantial evidence that CYFIP1 dosage inversely
correlates with Racl activity. Inhibition of Racl rescues the increase in presynaptic
puncta size seen with CYFIP1 knockdown in neuronal cultures (Hsiao et al., 2016).
NSC23766 treatment also rescues Arc expression in cortical cultures with CYFIP1
KD and in fact reduced basal Arc levels in control neurons (de Rubeis et al., 2013).
Further, the early characterisation of CYFIP1 in flies showed that overexpression
(OE) of CYFIP1 could rescue misorganisation of the ommatidia (fly eye) expressing
a constitutively active Racl mutation and that haploinsufficiency of CYFIP1
dramatically enhanced this defect and lead to aberrant midline crossing of CNS

neurons (Schenck et al., 2003). One interpretation of these data is that loss of
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CYFIP1 leads to hyperactivation of other Racl-dependent pathways, such cofilin
inactivation (via PAK), due to the freeing up of active Rac1 that would otherwise be

complexed with CYFIP1 (Fig 6.2B).

Other phenotypes do not follow this trend. The decrease in dendritic complexity
on CYFIPI loss seen here and in published literature is more similar to phenotypes
seen in loss of Racl signalling (Lee et al., 2003). Further, the increase in spine length
seen in CYFIP1 loss observed in chapter 4 is similar to what has been seen in OE
of dominant negative mutants of Racl in vitro and opposite to increased mushroom
spine morphology of OE of constitutively active Racl (Tashiro and Yuste, 2004).
However, a more recent paper looking at the Racl-specific GAP, SRGAP2A, showed
that knockdown of this protein (leading to increased Racl signalling) led to increased
length and decreased head width of spines (Fossati et al., 2016). SRGAP2A binds
to Homer and Gephyrin to locally inhibit Racl signalling at the postsynapse. The
difference between these two studies highlights the importance of local regulation of

Racl signalling to the downstream effects on spines.

A similar pattern is found with mTOR signalling. There is evidence that Racl can
activate both mTORCI and 2 in response to growth signalling (Saci et al., 2011). As
reduced mTOR activity has already been associated with CYFIP1 loss, this further
illustrates that effects of CYFIP1 loss cannot simply be seen as Racl overactivation
(Abekhoukh et al., 2017). This also makes the interpretation of altered protein
expression observed in any CYFIP1 loss models more difficult, as both mMTORC1

activity and loss of FMRP function affect this.

In addition, there is growing evidence to suggest that Rac1 signalling is perturbed
in Fragile X models. FMRP KO Drosophila have increased complexity of dendrites
reminiscent of Racl OE and a recent study showed that memory deficits in these flies
are due to an inability to activate Racl-dependant synaptic plasticity, despite normal
basal Rac1-GTP levels (Dong et al., 2016; Lee et al., 2003). Indeed, Racl mRNA is
part of Fmr1-mRNP complexes in vivo and FMRP KO mice have increased Racl-

GTP levels and enhanced PAK-cofilin signalling downstream of Racl (Bongmba
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Fig. 6.2: Model for the effects of CYFIP1 loss on Racl signalling

A: Illustration of CYFIP1-dependent signalling under normal conditions. CYFIP1 couples
actin remodelling to local protein translation in a Racl-dependent manner. WRC activity at
the membrane is in balance with actin remodelling pathways (both Arp2/3 and non-Arp2/3)
to control cytoskeletal dynamics. mTOR signalling is also effected by activity of Racl and
FMRP signalling. B: Loss of CYFIP1 disrupts multiple Rac1-dependent pathways, leading
to altered actin dynamics and protein translation via imbalance of pathways mentioned.
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et al., 2011; Pyronneau et al., 2017). Importantly, the enhanced mGluR-dependent
LTD in FMRP KO can be rescued by inhibition of Racl (Bongmba et al., 2011).
Here, Racl is likely to act directly via the established mechanism of LTD as basal and
activity dependent Arc expression are both dependent of Racl signalling de Rubeis
et al. (2013). The increase in Racl activity in FMRP KO mice could occur via
enhanced translation of Racl protein (Bongmba et al., 2011). Whilst this is still
possible in CYFIPI loss, it is also probable that loss of CYFIPI in isolated sub-
structures like dendritic spines increases the pool of Rac1-GTP available to interact

with other downstream binding partners.

Together, these studies suggest that when altering levels CYFIP1 and related
proteins, perturbed Racl signalling is a common theme. In relation to work in
this thesis, it suggests that this effect may be spatially localised to dendritic spines.
Indeed, spines are compartmentalised signalling hubs enriched in Racl effectors and
downstream targets. They are thus acutely sensitive to changes in the local pool of
Racl. In contrast, the effects of CYFIP1 loss on dendritic morphology likely reflect a
more generic consequence of reduced coupling of Racl activity to actin remodelling
via the WRC or mTOR dysfunction. This might also help explain the difference in
effects between excitatory and inhibitory synapse function in the neuronal cKO, as
inhibitory synapses are far less isolated. This hypothesis requires testing to assess its
validity. For instance, it would be very interesting to know if increased Rac1-GTP
signalling is specifically enhanced in postsynaptic compartments versus dendrites
in models of CYFIP1 loss, and if other read outs of Racl activity, such as cofilin

phosphorylation, are altered.

There are numerous potential consequences for enhanced Racl signalling at the
postsynapse. Racl is part of a BPIX-GIT1-PAK pathway that regulates receptor
stability and spine morphology (Smith et al., 2014; Zhang et al., 2005). This is partly
via increasing local actin stabilisation through phosphorylation of cofilin. In addition,
Racl state may have indirect effects on other RhoGTPases via altered interactions

with the numerous shared GEFs and GAPs present in the spine, including kalarin-7
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and SRGAP2. Given the evidence for Racl activity impinging on broader cellular
processes, such as protein translation via mTOR activity, this could go some way to

explaining the overall cell pathologies observed.

6.6 Comparing CYFIP1 in neurons and microglia

Chapter 5 suggested a novel role for CYFIP1 in microglia, the immune cells of the
brain and an important glial cell type. Using a conditional knockout system, the
loss of CYFIP1 expression specifically in microglia was shown to lead to a decrease
in morphological complexity in vivo. This effect nicely parallels the established
role of CYFIP1 in regulating dendritic morphology of neurons, and suggests that
CYFIP1 has a general role in establishment of morphology in complex and polarised
cell types. This is particularly interesting given the stark differences between the
dynamics of microglia and neurons. The dendrites of neurons form gradually over the
course of weeks in vivo by a process of slowly accumulating stable branches whilst
the distal growth tips remain dynamic until a mature morphology is established.
In contrast, live imaging assays of microglia performed in chapter 5 and in other
published work show that the entire arbor of microglia is highly dynamic, with
secondary processes turning over on a timescale of minutes and primary processes
over minutes to hours. These data suggest that CYFIP1 is performing a similar

function over different timescales in neurons and microglia.

The difference in process motility in the dynamic processes of dendrites and
microglia likely originate from differences in stability of cytoskeletal structures.
Growing dendrites are rapidly stabilised by microtubule complexes with a lower
turnover rate than that of actin filaments. These MTs are bound by MAPs (e.g.
MAPI1a and MAP?2) that stabilise filaments and protect them from severing proteins
such as katanin, and are acetylated and detyrosinated to increase stability. Knockout
of these MAPs leads to dramatic dendritic instability and reduced complexity

(Szebenyi et al., 2005). In contrast, F-actin is largely excluded from the dendritic
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shaft and concentrated at spines, growing tips of dendrites and axons. Whilst little is
known about the microtubule organisation in microglia in vivo, one study suggested
that acetylated MTs were only seen in a subset of primary processes and that this is
inversely associated with motility in culture (Ilschner and Brandt, 1996). Data from
chapter 5 highlights the critical importance of actin nucleation to maintain
higher-order processes and dynamics. Thus, microglia appear to use actin-based
structures for the generation and stabilisation of these processes, whereas MTs

stabilise the primary branch structure.

Comparing data from chapter 3 and 5 could lend additional mechanistic insight
into how CYFIP1 determines morphology. It is currently unclear to what extent
CYFIPI acts via FMRP or the WRC during dendritogenesis. Indeed, both FMRP
and WRC activity have been implicated in this process (Bagni and Greenough, 2005;
Xu et al., 2016). Part of the confusion here is that FMRP has well-established roles
at the post-syanpse that could explain some of, if not all, its known associations in
trafficking and stabilisation of dendritic mRNAs like MAPIB and CaMKII.
Although not extensively studied, available data suggests that FMRP is absent in
adult microglia in the hippocampus (Gholizadeh et al., 2015; Zhang et al., 2014a).
Thus, it is unlikely that CYFIP1 is acting via it’s 4E-BP role in microglia. In
addition the drug treatment experiments performed in chapter 5 show that Racl and
Arp2/3 signalling play a critical role in establishing normal microglial morphology
and movement. This supports the hypothesis that effects of CYFIP1 loss could be
fully explained by dysregulated activity of the WRC and associated signalling

cascades.

6.7 Concluding remarks

The study of CYFIP proteins in relation to brain function is a fascinating and pertinant
topic that bridges fundamental questions about how cells move, grow and interact

with a need to understand the cellular origins of neuropsychiatric disorders. This
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research has proven fruitful and important progress has been made in linking diverse
intracellular processes into a common, dynamic system. However, several important
questions still remain largely uncertain. How altered CYFIP levels effect the activity
of signalling pathways upstream and downstream of it remains key. Additionally,
this thesis has highlighted to importance of investigating the synapse-specific and
cell-specific functions of CYFIPI, given its ubiquitous expression. As progress
in this direction is made, it will be important to not lose sight of the end goal of
understanding how altered CYFIP1 levels that arise clinically effect brain function.
Moving towards a model for how cell-specific effects interact with each other to
generate this overall pathology will be a critical and exciting area of research in the

future.
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Dissemination of work

Alongside this thesis, data presented here contributed to the following publication(s)

and conference/meeting abstracts:

Publications

Davenport et al., Autism and Schizophrenia-Associated CYFIP1 Regulates the
Balance of Synaptic Excitation and Inhibition, Cell Reports (2019),
https://doi.org/10.1016/j.celrep.2019.01.092

Meeting abstracts

EMBO Microglia Workshop 2018, poster 68,
https://www.embl.de/training/events/2018/GLI18-01/Poster-numbers-Microglia-
2018.pdf
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