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Abstract

The mouse nervous system undergoes a vast remodelling of synaptic connections
postnatally, resulting in a reduced number of innervating axons to target cells within
the first few weeks of life. This extensive loss of connections is known as synapse
elimination and it plays a critical role in sculpting and refining neural connectivity
throughout the nervous system, resulting in a finely tuned and well-synchronised
network of innervation. This process has been well characterised at the mouse
neuromuscular junction (NMJ), where synapse elimination takes place postnatally in
all skeletal muscles. It has been well studied for the reasons that it is easily accessible
for live imaging and post-mortem experimental analysis. Studies utilising this
synapse to uncover regulators of synapse elimination have mainly focused on the
importance of glial cell lysosomal activity, nerve conduction and target-derived
growth factor supply. It is clear that non-axonal cell types play key roles in the
success of developmental axon retraction at the NMJ, however the role of glial cells
in the regulation of this process has not been fully explored, as lysosomal activity is

thought of as a consequence of axon pruning rather than a molecular driver.

Previous studies have shown that signals emanating from myelinating glial cells can
modulate neurofilament composition and transport within the underlying axons. We
know that these changes in neurofilament composition and transport are underway
during developmental synapse elimination at the NMJ, so it seems logical to predict
that myelinating glial cells may play a role in the regulation of axonal pruning.

Myelinating glial cells are found along the entire length of lower motor neurons and
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form physical interactions with the underlying axons at regions known as paranodes.
At the paranode, Neurofascinl55 (Nfasc155: expressed by the myelinating glial cell)
interacts with a Caspr/contactin complex (expressed by the axon). This site has been
proposed as a likely site for axon-glial signalling due to the close apposition of the

cell membranes.

The main focus of this PhD project was to study the potential role of myelinating
glial cells in the success of synapse elimination at the NMJ, using a mouse model of
paranodal disruption (Nfasc1557). Chapters 3 and 4 show the results of this work.
This work has revealed a novel role for glia in the modulation of synapse elimination
at the mouse neuromuscular junction, mediated by Nfasc155 in the myelinating
Schwann cell. Synapse elimination was profoundly delayed in Nfasc/55" mice and
was found to be associated with a non-canonical role for Nfascl55, as synapse
elimination occurred normally in mice lacking the axonal paranodal protein Caspr.
Loss of Nfascl55 was sufficient to disrupt axonal proteins contributing to
cytoskeletal organisation and trafficking pathways in peripheral nerve of Nfasc155”
mice and lower levels of neurofilament light (NF-L) protein in maturing motor axon
terminals. Synapse elimination was delayed in mice lacking NF-L, suggesting that
Nfasc155 influences neuronal remodelling, at least in part, by modifying cytoskeletal
dynamics in motor neurons. This work provides the first clear evidence for
myelinating Schwann cells acting as drivers of synapse elimination, with Nfasc155
playing a critical role in glial cell-mediated postnatal sculpting of neuronal

connectivity in the peripheral nervous system.



A small section of the results within this thesis are devoted to the study of axon-glial
interactions in a mouse model of childhood motor neuron disease, otherwise known
as spinal muscular atrophy (SMA). In SMA, there are reduced levels of the
ubiquitously expressed survival motor neuron (SMN) protein. The NMJ is a
particularly vulnerable target in SMA, manifesting as a breakdown of neuromuscular
connectivity and progressive motor impairment. Recent studies have begun to shed
light on the role of non-neuronal cell types in the onset and progression of the
disease, presenting SMA as a multi-system disease rather than a purely neuronal
disorder. Recent evidence has highlighted that myelinating glial cells are
significantly affected in a mouse model of SMA, manifesting as an impaired ability
to produce key myelin proteins, resulting in deficient myelination. The final results
chapter of this thesis (Chapter 5) is focussed on further exploring the effects that loss
of SMN has in Schwann cells including their interactions with underlying axons.
This work reveals a disruption to axon-glial interaction, shown by a delay in the
development of paranodes, supporting the idea that non-neuronal cell types are also

affected in SMA.

The results within this thesis reveal a novel role for a glial cell protein, Nfasc155, in
the modulation of synapse elimination at the NMJ. Mechanistic insight in to
Nfasc155’s role in this process is also uncovered and likely involves axonal
cytoskeletal transport systems and the filamentous protein NF-L, which have not
previously been implicated in the process of synapse elimination. This work
highlights an important role for axon-glial interactions during normal postnatal

development of the mouse NMJ. This work also highlights a role for axon-glial
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interactions in disease states of the NMJ. Using a mouse model of SMA, axon-glial
interaction was assessed with the finding of a delay in paranodal maturation due to

loss of SMN.
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Chapter 1
Chapter 1

General Introduction

1.1 The Nervous System

The nervous system is undoubtedly the most complicated system in the human body
with billions of cells forming a network with even more inter-cellular connections
and interactions. The complicated and intricate nature of this system baffled early
researchers attempting to characterise and understand its structure and function,
sparking many a debate between researchers throughout the history of neuroscience
research. We have come a long way in our understanding of how the nervous system
functions in health and disease, however there still remain many mysteries yet to be

fully understood.

1.1.1 A brief history

The first descriptions of nerve cells have been attributed to Christian Gottfried
Ehrenberg and Johann Evangelistan Purkinje between the years 1833-1837, who
described nerve cells in the leech and mammalian cerebellum respectively
(Ehrenberg, 1836; Purkinje, 1837). The first publication of a microscopic image of a
nerve cell is credited to one of Purkinje’s students, Valentin, who published a
drawing of a nerve cell from cerebellar cortex in 1836, with it’s prominent nucleolus

and cell body (Valentin, 1836). Two years later Robert Remak observed axis-
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cylinders (Remak bands) and non-myelinated axons (Remak bundles) (Shepard,
1991; Fodstad, 2001). In the following decades, neuroscientists began to appreciate
the diversity and specialisations within the nervous system, such as the specialised
junctions found at the nerve-target interface, to be later known as the “synapse”. In
1862 Wilhelm Friedrich Kiihne described the specialised synapse found between
lower motor neurons and skeletal muscle in the frog, denoting the termination of
motor nerves on muscle cells as the “endplate” (Kiihne, 1862). The endplate has
since been further defined as the post-synaptic element of the synapse ie. The

accumulation of ACh receptors on the muscle fibre surface.

It was during the following century that the true complexity of the nervous system
became recognised. The most influential neuroscientist of his time, Santiago Ramon
y Cajal, dedicated his adult life to years of research that propelled the field of
neuroscience into unknown territory. Cajal used Golgi’s established silver-chromate
staining procedure to visualise what he referred to as “that masterwork of life” in
small mammals (Cajal, 1923). Cajal replicated meticulously with drawings what he
observed down the microscope, providing incredible detail on the interactions
between cells in the cerebellar cortex and optic lobe. He established the “Neuron
Doctrine”, which was based on the idea that neurons were individual units,
representing a theory of contiguity but not continuity in the nervous system. This
theory was strongly opposed by other neuroscientists such as Von Gerlach, Golgi
and Kolliker, who believed in “the reticular theory”, whereby the nervous system
was not composed of individual units but rather consisted of a meshwork of reticular

protrusions that extended into other cellular protrusions instead of reaching a
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terminus (Gerlach, 1871). Cajal is also credited with the first descriptions of impulse
transmission along nerves, using arrows to indicate the direction of transmission in
his drawings (Cajal, 1923). Cajal’s immense contribution to neuroscience was
recognised in 1906 when he was awarded the Nobel prize alongside Golgi for

Physiology and Medicine.

The concept of the synapse emerged in the mid 19" century. It was Kiihne in the
1870’s who described how the nerve endings terminate on a muscle fibre, denoting
the entire structure as the “neuromuscular junction” (Kiihne, 1871). In 1897 Sir
Charles Scott Sherrington wrote a chapter on the nervous system for the ‘Textbook
of Physiology’, and introduced readers to the term “synapse”, which literally means
“joining together” (Foster, 1897). With the development of electron microscopy
techniques in the mid 1950’s came the conclusive proof of the Neuron Doctrine and
the synapse. In 1954 and 1955 Sanford Louis Palay, George Emil Palade, Eduardo
De Robertis and Henry Stanley Bennett provided ultrastructural evidence of neurons
as single units of the nervous system and the presence of synapses, with their
characteristic synaptic vesicle clustering at the synapse interface and synaptic cleft

between the opposing membranes (Palade, 1954; De Robertis and Bennett, 1955).

The above discoveries, along with major advances in immunohistological staining
and microscopic techniques, propelled neuroscience research in to an age of rapid
growth and new discoveries. In the last century we have developed more effective
imaging techniques to visualise structures in the nervous system in real time, such as

functional magnetic resonance imaging (fMRI), positron emission tomography
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(PET) and computerised tomography (CT). We have made major advances in our
understanding and treatments of neurological disorders including Alzheimer’s
disease (Karch et al., 2014), Parkinson’s disease (Schapira et al., 2014), Huntington’s
disease (Schapira et al., 2014), motor neuron disease (Patten et al., 2014) and
multiple sclerosis (Inglese and Petracca, 2014). As we live in an age of great
technological influence, we have also utilised our discoveries in this field alongside
our knowledge of the human brain to develop exciting new ways to regain what is
lost with neurodegenerative disorders. For example, a team of scientists and
engineers have developed a wheelchair that is controlled solely by brain-waves,
enabling people with motor impairments to get around independently (Vanacker et
al., 2007). Although major discoveries and advances have clearly been made in
neuroscience research, we are still faced with many challenges in our quest to
understand how the human nervous system functions in health and disease. It is also
becoming increasingly clear that nervous system function relies on an array of non-
neuronal cell types, which play a far more active and regulatory role than was once
thought (Freeman, 2006; Barres, 2008; Allen and Barres, 2009; Eroglu and Barres,
2010; Pfrieger, 2010). We therefore need to consider these other cell types as we

attempt to understand processes within the nervous system.

1.1.2 Cell types in the nervous system

There are a variety of cell types found in the nervous system. Non-neuronal cells

called glial cells support the cells responsible for impulse transmission, neurons.

Glial cells include astrocytes, oligodendrocytes, microglia and Schwann cells (Allen
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and Barres, 2009), and account for 50% of the nervous tissue cell types found in the
brain (Azevedo et al., 2009). Glial cells were first discovered in the mid-1800’s by
Rudolf Virchow, Theodor Schwann and Robert Remak, with the first published
drawings emerging in 1856 of glia in the retina (Muller cells) by Heinrich Muller.
Glial cells provide support to the axons in the form of insulation (myelin), growth
factor supply in development and regeneration and debris/neurotransmitter clearing
(Bunge, 1968; Taniuchi et al., 1986; Giulian et al., 1988; Raff et al., 1988; Auld and
Robitaille, 2003; Song et al., 2008). They are also believed to take part in
neurotransmission by responding to signals from axons (Auld and Robitaille, 2003;

Darabid et al., 2013).

Glial cells were initially thought of as the “glue” of the nervous system, holding the
neurons in place, but they are now appreciated as playing a more direct and
regulatory role in axon function and maintenance, forming close associations with
neurons that allow for signalling between the two cell types (Nave and Trapp, 2008).
One well-characterised association between glia and neurons is that found between
myelinating glial cells and underlying axons. These cells make and maintain an
insulative sheath around large diameter axons, which is essential for rapid

conduction along the nerve (White and Kramer-Albers, 2014).
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1.2 Myelin

Myelin, the dense wrapping found around large diameter axons in the central and
peripheral nervous systems, is essential for rapid nerve conduction in vertebrates.
Rudolf Virchow first discovered and described the dense lipid material surrounding
axons in 1853, denoting the substance as “myelin”. As vertebrates, we evolved
myelin to cope with our need for speed, metabolic efficiency and limited space in our
nervous system. In myelinated fibres, transmembrane currents propagate between
nodes of Ranvier, a movement termed ‘saltatory conduction’. The existence of

saltatory conduction was first proven in 1949 (Huxley and Stampfli, 1949).

True myelin, characterised by a glial investment of dense multilamellar wrapping
around the axon, evolved in vertebrates (Bullock et al., 1984; Zalc et al., 2008),
although a form of less compact myelin is known to exist in some invertebrates such
as copepods (Davis et al., 1999), earthworms (Gunther, 1976) and shrimp (Xu and
Terakawa, 1999). This myelin appears less compact and uniform, so is thought to
represent a premature, less efficient form of the highly evolved myelin we see in

vertebrates.

1.2.1 The evolution of myelin

When creatures first developed a need for faster neurotransmission, their nervous

systems could adapt in two ways. One way was for axons to increase conduction

velocity by increasing axonal calibre, but this also requires a need for more space in
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the nerve. This adaptation took place in the giant squid, resulting in its large size and
speed (Hartline and Colman, 2007). The second adaptation was for the nervous
system to develop a thin, insulative material to wrap around the axons, and massively
increase conduction velocity without the need for more space. This latter adaptation
emerged throughout the vertebrate kingdom and the insulative material became
known as myelin (Hartline and Colman, 2007). True myelin is thought to have
evolved 400 million years ago when the vertebrate class of placodermi emerged on
the evolutionary tree (Zalc et al., 2008). These jawed vertebrates were the ancestors
of modern day sharks and bony fish. Studies of myelinated axons in sharks reveal a
characteristic concentric, multilaminar appearance of myelin, similar to that found in
higher vertebrates (Long et al., 1968). With the emergence of myelinated nerves,
which could send impulses up to 20 times faster than unmyelinated nerves in the
invertebrates, came the potential for vertebrates to grow to enormous sizes. Myelin,
amongst other features such as an internal skeleton, allowed vertebrates to rapidly
and drastically increase their body size, without compromising on neurotransmission
efficiency. Without the emergence of myelin, jawed vertebrates, including humans,

could not have evolved.

1.2.2 Myelination

Myelin is formed by oligodendrocytes in the central nervous system (CNS) and
Schwann cells in the peripheral nervous system (PNS). In the CNS, space is limited
due to the constraints of the bony structures of the cranial and vertebral cavities. To

overcome a need for space, oligodendrocytes associate with more than one axon and
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form multiple segments of myelin (Figure 1.1A). In the PNS, where space is not as
limited, each Schwann cell will only form one segment of myelin on one axon
(Figure 1.1B). Schwann cells are derived from neural crest cells and their fate can be

either as non-myelinating or myelinating Schwann cells (Jessen and Mirsky, 2005).

Sox10 is an essential master regulator for early Schwann cell differentiation from
neural crest cells, and at later stages of myelinating Schwann cell differentiation
along with Krox-20 (Egr-2) (Topilko et al., 1994; Britsch et al., 2001; Finzsch et al.,
2010; Jessen and Mirsky, 2010). During the initial stages of PNS development and
axon-glial contact, Schwann cells organise the axons through a process called ‘radial
sorting’, whereby groups of axons are bundled together, surrounded by one Schwann
cell (Jessen and Mirsky, 2005). Small diameter axons are bundled together in larger
numbers than the large diameter axons. The majority of PNS nerve fibres
(nociceptive axons, postganglionic sympathetic axons and some preganglionic
sympathetic and parasympathetic fibres) maintain this relationship with the Schwann
cells, as Remak bundles (Emery et al., 1977). For the large diameter axons the
contacting Schwann cells eventually develop a 1:1 relationship with the axons and
develop in to myelinating glia (Jessen and Mirsky, 2005; Nave and Salzer, 2006).
Mpyelinating Schwann cells wrap around large diameter axons such that the Schwann
cell membrane apposes itself when the axon is fully encircled, forming the inner
mesaxon (Robertson, 1957; Bunge et al., 1989). The Schwann cell cytoplasm
continues to encircle the axon in multiple layers and begins the formation of a
multilamellar myelin sheath (Bunge et al., 1989). These layers are compacted to

provide the axon with a thin but powerful insulative lining (Figure 1.2). These axons
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are required for rapid impulse propagation to the target cells, such as lower motor
neurons synapsing on skeletal muscle. This allows for a rapid response of skeletal
muscle with high frequency contractions, for example when a person needs to outrun

a threat.

Myelination is a tightly controlled process requiring the involvement of multiple
proteins and pathways to assemble and maintain the dense lipid multilamellar
wrapping. The need for a vast assembly of Schwann cell machinery for myelination
in the PNS is not surprising considering that human internodes, the segments of
myelin found between nodes of Ranvier, can be up to 1.8mm in length (Vizoso and
Young, 1948; Vizoso, 1950) with up to 150 myelin lamellae tightly compacted in
each segment (Schroder et al., 1988). Once the myelinating Schwann cell lineage has
been established, the cell initiates the production of myelin for the associated axon.
Compact myelin is found at the internode, interspersed with sites of non-compact
myelin/Schwann cell cytoplasm known as Schmidt-Lantermann incisures (Schmidt,
1874; Lantermann, 1877; Robertson, 1958). These are sites of cytoplasmic channels,
which could serve as lines of communication within the Schwann cell (Balice-

Gordon et al., 1998; Meier et al., 2004).

The formation, compaction and maintenance of myelin involve an array of proteins.
Myelin protein zero (P() accounts for 70% of the proteins found in myelinating cells.

It functions in the maintenance of myelin, with genetic mutations in this gene
resulting in disassembly of myelin and diseases such as Charcot-Marie-Tooth disease

(Giese et al., 1992; Su et al., 1993; Rautenstrauss et al., 1994; Martini et al., 1995b;
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Martini et al., 1995a; Marrosu et al., 1998; Mandich et al., 1999). Other key

peripheral myelin proteins are peripheral myelin protein 22 (PMP22), myelin basic
protein (MBP) and myelin protein 2 (P2). A summary of the key proteins for myelin
production and maintenance in the PNS by Schwann cells, along with associated

diseases is presented in Table 1.1.
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Protein % Myelin | Appearance of Function Disease Associations References

Protein myelin in KO mice
Myelin 70% Formed, compacted Formation of major dense Charcot-Marie-Tooth (CMT)2, (Giese et al., 1992; Su et al., 1993;
Protein but not maintained lines and myelin CMT1B, Dejerine-Sottas syndrome, | Rautenstrauss et al., 1994; Martini et al.,
Zero (Py) maintenance congenital hypo-myelination 1995b; Martini et al., 1995a; Marrosu et al.,

1998; Mandich et al., 1999)

Peripheral 5% Slow formation, Myelin assembly, thickness | Hereditary neuropathy with liability | (Roa et al., 1993a; Roa et al., 1993b;
Myelin compacted but hyper- | and maintenance to pressure palsies (HNPP), Nicholson et al., 1994; Adlkofer et al., 1995)
Protein 22 myelinated, not CMTI1A, Dejerine-Sottas syndrome
(PMP-22) maintained
Myelin 5% Some formed but not Myelin formation and Multiple sclerosis, inflammatory (Bird et al., 1978; Sternberger et al., 1978;
Basic compacted or compaction, formation of neurological diseases, non- Readhead et al., 1987; Ota et al., 1990; Martini
Protein maintained major dense line inflammatory neurological diseases | et al., 1995b; Reindl et al., 1999)
(MBP)
Myelin 15% Myelin formed and Formation of Schmidt- Guillain Barré syndrome (GBS) (Sheremata et al., 1975; Trapp et al., 1979;
protein 2 compacted Lantermann incisures, lipid Suresh et al., 2010; Zenker et al., 2014)
@) transport in myelin

Table 1.1 Summary of the key proteins essential for myelin formation, compaction and maintenance in the PNS.




A
Segment of myelin

—

<<+—Axon 1

Agllgodendrocyte

Axon 2

Myelination in the CNS

<*—Axon 1

Schwann
& Cell

<*Axon 2

Myelination in the PNS

Chapter 1

Figure 1.1. Myelination in the CNS and PNS. Simplified schematic comparing
myelination in the CNS and PNS. In the CNS (A) each oligodendrocyte forms

multiple segments of myelin on multiple axons. In the PNS (B) each Schwann cell

forms one segment of myelin on one axon only.
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Figure 1.2. Myelination of large diameter axons by Schwann cells in the PNS.

Once the Schwann cell has differentiated in to the myelinating phenotype, it
associates with one large diameter axon and begins to form a segment of myelin.

This myelin is compacted in to a thin, dense, multilamellar insulative sheath.
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1.2.3 Formation of molecular domains along myelinated fibres

The myelin sheath is closely apposed to the underlying axon, to achieve maximum
insulative properties. As well as providing the axon with an insulative sheath, the
formation of myelin results in the formation of nodes of Ranvier along the axon,
between segments of myelin. Clusters of Na, channels are found at the node of
Ranvier. Although non-myelinated axons are known to express isoforms of Na,
channels, their clustering is less dense (Ritchie and Rogart, 1977) and more diffuse
along the axon (Black et al., 2002). In contrast, myelinated axons in vertebrates
display ordered and predictable nodes of Ranvier along their length (Ritchie and

Rogart, 1977; Komada and Soriano, 2002; Poliak and Peles, 2003).

During the initial stages of axon-glial interaction in the PNS, Schwann cell processes
extend to the axon and Na, channels begin to cluster at these sites (Vabnick et al.,
1996; Rasband et al., 1999). In the PNS, each myelinating Schwann cell forms one
segment of myelin. Between these segments of myelin are the nodes of Ranvier,
where Na, channels are localised and concentrated (Figure 1.3). The nodal proteins
neurofascin (Nfasc) 186 (axonal isoform of Nfasc) and ankyrin G are essential for
Na, channel anchorage (Kordeli et al., 1995; Jenkins and Bennett, 2002; Sherman et
al., 2005). For the myelin sheath to have as close an apposition as possible to the
underlying axon, regions of Schwann cell cytoplasm form a physical interaction with
the axonal membrane, to anchor the Schwann cell to the axon. The site where this
physical axon-glial interaction takes place is called the paranode, and a paranode

forms on either side of each node of Ranvier (Figure 1.3). The protein accumulations

14
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observed between the membrane of the glial cell and axon at the paranode with
electron microscopy, described by Robertson in 1959 (Robertson, 1959), have
become known as transverse bands. Transverse bands form after paranodal loops
attach to the axon (Tao-Cheng and Rosenbluth, 1983). K, channels are necessary for
impulse propagation and they are located at the juxtaparanode (Chiu et al., 1999;
Poliak et al., 2003) (Figure 1.3). The segment of axon that runs between
juxtaparanodes is known as the internode (Figure 1.3). This is where the bulk of the

compact myelin is found.
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Figure 1.3. Schematic of the molecular domains found along myelinated axons.
Mpyelination around large diameter axons results in the formation of multiple
molecular domains. Na, channels become localised to the node of Ranvier, where
myelin is absent but Schwann cell processes overlay. Paranodal junctions are found
between the axon membrane and cytoplasmic processes of the Schwann cell. The
paranode acts as a nodal barrier by formation of a physical axon-glial interaction,
restricting the Na, channels to the node. K, channels are found at the juxtaparanode,
below layers of compact myelin. The space between juxtaparanodes at different
nodes of Ranvier along the same axon is called the internode, where the majority of

compact myelin is found.
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1.3 Axon-glial Interactions

Axon-glial interactions are essential for normal development, maturation and
maintenance of the nervous system (Freeman, 2006). Sites of axon-glial interaction
are found at the paranode and internode. At the paranode, a physical interaction takes
places between the two cells, forming what is known as the paranodal junction
(Sugiyama et al., 2002). Sites of axon-glial interaction have also been documented
along the internode. Myelin-associated glycoprotein (MAG) is one protein that has
been implicated in this interaction (Trapp, 1990; Quarles, 2007). It is expressed by
myelinating glial cells and localises to the adaxonal membrane at the internode. It is
also present at the paranode (Marcus et al., 2002). It is not yet known what MAG
interacts with on the axonal cell surface, but it likely involves lipid rafts (Vinson et
al., 2003) and it has been suggested that isoforms of gangliosides on the axon

membrane may serve as receptor molecules/interacting proteins (Yang et al., 1996).

1.3.1 Formation of the paranode

Axon-glial interaction at the paranode has been well studied. Three proteins interact
in a complex, to form the paranodal junction. This requires the expression of proteins
from the myelinating glial cell and from the axon. Nfasc 155 is expressed by
myelinating glial cells and is required for physical formation of paranodes (Sherman
et al., 2005). Nfasc155 has an affinity for interacting with a neuronally-expressed
complex of two proteins, contactin-associated protein (Caspr) and contactin (Charles

et al., 2002; Poliak and Peles, 2003).
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Caspr and contactin are present in CNS and PNS axons at high levels before the
onset the myelination in mice (Einheber et al., 1997). Once myelination has begun
their expression levels decrease and both proteins become localised to the paranodal
region (Einheber et al., 1997). Nfasc155 has been proposed to interact directly with
the Caspr/contactin complex (Charles et al., 2002) (Figure 1.4). This physical
interaction forms septate-like junctions, which are clearly visible with the electron
microscope (Figure 1.4b) (Bhat et al., 2001; Boyle et al., 2001; Sherman et al., 2005).
Paranodal junctions first develop closest to the node of Ranvier and extend away
from the node (Rosenbluth, 1976) (Figure 1.5). Na, channels can cluster at nodes of
Ranvier before the formation of paranodal junctions (Jenkins and Bennett, 2002),
although paranodal development is thought to provide a diffusion barrier and ensure
the restriction of Na, channels to the node (Rios et al., 2003), for efficient saltatory
conduction along myelinated fibres. Due to the close proximity of glial and axonal
membranes at the paranode, this molecular domain has been proposed as an ideal site

for axon-glial signalling (Boyle et al., 2001; Sherman et al., 2005).
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Figure 1.4. Structure of the paranode. (A) Simplified schematic of the paranode
showing the localisation of the axonal isoform (Nfasc186 at the node of Ranvier) and
glial isoform (Nfasc155 at the paranode) of Neurofascin (adapted from (Sherman et
al., 2005)). Nfasc155 is expressed by the myelinating glial cell and localises to the
paranodal region. Nfasc155 interacts with a Caspr/contactin complex on the axonal
membrane to form the paranodal junction. This restricts Na, channels to the node of
Ranvier. Nfasc186 and ankyrin G are expressed by the axon and found at the node of
Ranvier, where they localise and anchor Na, channels. (B) Electron micrograph of
paranode in the sciatic nerve of a P7 wild-type mouse, showing presence of septate-
like junctions (arrows) between the Schwann cell microvilli (SC) and axonal surface

(AS) (Image taken from Sherman et al., 2005).
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Figure 1.5. Simplified schematic illustrating paranodal development. (A) Prior to
physical axon-glial interaction, paranodal proteins (green) are dispersed throughout
the cell. (B) Upon contact with the Schwann cell, Na, channels in the axon
membrane (pink) become tightly localised to the nodal region. (C) Paranodes

develop initially at the node of Ranvier and extend away from the node, adding more

Schwann cell villi to the paranodal junction as it extends.
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1.3.2 Consequences of disrupted paranodes

A disruption to paranodal integrity impacts on the conduction velocity of the axon.
Conduction velocity is reduced when paranodes are disrupted by loss of Nfasc155
(Bhat et al., 2001) or Caspr (Pillai et al., 2009). The anchorage of the glial cell to the
axon membrane is lost and so a gap is introduced between the two cell membranes
(Bhat et al., 2001; Boyle et al., 2001; Sherman et al., 2005), possibly resulting in
leakage of the impulse out of the axon. It has also been shown that a reduction in
cerebral blood flow results in paranodal disintegration (Reimer et al., 2011),
highlighting a close association between the vascular system and axon-glial
interaction at the paranode. Paranodal abnormalities have been observed in models of
multiple sclerosis (Howell et al., 2006; Pomicter et al., 2010), Guillain Barré
syndrome (Yuki and Kuwabara, 2007) and spinal muscular atrophy (SMA) (Hunter
et al.,, 2014), highlighting the importance of paranodal integrity for the normal

function of peripheral nerves.

1.3.3 Axon-glial interaction during the initial stages of nervous system

development

Axon-glial interactions are essential for the development and function of the nervous
system. When one cell type is ablated in the PNS of Drosophila the development of
the other cell type is dramatically hindered (Sepp and Auld, 2003). During this stage
of vast growth and differentiation, communication between the Schwann cells and

axons is imperative for axonal outgrowth. Schwann cells enhance the growth of the
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axons by supplying the axons with essential growth factors including nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (GDNF) and neurotrophin-3 (NT-3) (Hoke et al., 2006; Piirsoo et
al., 2010). Thus, although a major role for Schwann cells is to produce myelin, it has
become increasingly clear that Schwann cells also function to support the underlying
axons independent of myelin formation and maintenance (Nave and Trapp, 2008).
The importance of extracellular matrix components and neural cell surface molecules
for the reciprocal development of Schwann cells and axons has been well studied
(Martini, 1994). Just as glial scaffolds are important for nerve regeneration, so too
are they required for axon growth at the transition zone from CNS to PNS (Sepp et
al., 2001) and more distally in the PNS (Jacobs and Goodman, 1989). Glia and axons
have a symbiotic relationship, providing instructive cues to each other to allow

growth and development in unison.

Sox10 is one transcription factor identified as being involved in reciprocal
communication between the two cell types during PNS development, with mutations
in Sox10 resulting in disrupted migration of Schwann cells in zebrafish (Gilmour et
al., 2002) and mice (Britsch et al., 2001), possibly due to downstream changes in
expression which encodes the neuregulin receptor. The importance of neuregulin
signalling from the axon on Schwann cell lineage and myelination has been well
studied (Nave and Salzer, 2006). Mutations in a second neuregulin receptor in mice,
ErbB2, revealed an important role for this receptor in Schwann cell migration from
dorsal root ganglia (Morris et al., 1999). Neurotrophins have also been implicated in

the complex axon-glial signalling cascades that are required for the initial stages of
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myelination (Chan et al.,, 2001). As well as guiding axons and regulating their
cytoskeletal development, Schwann cells regulate the formation of the peripheral
nerve sheath by expressing Desert Hedgehog (Mirsky et al., 2002). It is known that
Schwann cells undergo apoptosis during the initial stages of PNS development, and

that this apoptosis is regulated by neuregulin signalling from the axon (Grinspan et

al., 1996).
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1.3.4 Axon-glial interaction during injury / nerve regeneration

Following injury in the CNS, nerves fail to successfully regenerate (Qiu et al., 2000;
Yiu and He, 2006). In contrast, nerves in the PNS have the remarkable ability to
regenerate following injury (Ide et al., 1983). Schwann cells have been shown to play
a major role in the success of PNS regeneration. In the case of axonal damage and
regeneration, myelinating Schwann cells are capable of rapidly reverting from their
established myelinating phenotype back to a more immature state to allow them to
remyelinate recovering axons. Following axonal transection, Schwann cells
significantly downregulate expression of myelin proteins including Py and MBP
(Lemke and Chao, 1988) and upregulate activation of p38 MAPK and c-Jun to begin
myelin clearance and promote axonal regeneration (Fontana et al., 2012; Yang et al.,
2012). Schwann cells also upregulate expression of trophic factors and cytokines
such as NGF, BDNF, GDNF, interleukin (IL)-6, insulin-like growth factor (IGF)-1
and leukemia inhibitory factor (LIF) to promote axon regeneration (Hansson et al.,
1986; Meyer et al., 1992; Banner and Patterson, 1994; Curtis et al., 1994; Bolin et al.,
1995; Tofaris et al., 2002; Hoke et al., 2006). Glial fibrillary acidic protein (GFAP)
is a cytoskeletal component of the Schwann cell, known to be upregulated following
nerve damage (Garrison et al., 1991; Triolo et al., 2006). In GFAP deficient mice,
axons form normally but undergo slower regeneration in the PNS following insult,

compared to uninjured mice (Triolo et al., 2006).

Schwann cells only commence myelin degeneration if the axon is damaged (Glass et

al., 1993). Following the initiation of myelin breakdown, the Schwann cell detaches
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itself from the unwanted myelin (Stoll et al., 1989) to allow for degradation and
clearance by Schwann cells and macrophages to take place (Beuche and Friede,
1984; Fernandez-Valle et al., 1995; Stoll and Muller, 1999; Hirata and Kawabuchi,
2002). Myelin clearance is an essential step in the nerve regeneration process as it
reduces the risk of nerve compression during recovery. The number of glia at the site
of injury exponentially increases (Sjostrand, 1965; Zhang and Guth, 1997) as they
provide axons with essential neurotrophic factors to speed up the recovery process
(Frostick et al., 1998; Terenghi, 1999). Schwann cells have been proposed to guide
regenerating axons to their target (Son and Thompson, 1995), through attractive cues
in their basal lamina (Ide et al., 1983; Nadim et al., 1990). Laminin is one such
component of Schwann cell basal lamina that is essential for guiding regenerating

axons (Wang et al., 1992).

1.4 Axon-glial interaction between myelinating cells and axons during

postnatal development / maturation of the nervous system

Axon-glial interaction is essential for normal postnatal development of the mouse
nervous system. The nervous system undergoes further development as well as vast
remodelling postnatally. Myelinating Schwann cells and oligodendrocytes provide
essential instructive cues for axon growth, regulating axon cytoskeletal content and
transport. These cells also play an essential role in debris clearance during synaptic
remodelling, recycling and degradation of unwanted axonal accumulations following

withdrawal at synapses. Myelinating cells will also expend vast amounts of energy in
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the postnatal period as they produce, compact and maintain myelin sheaths around

underlying axons. This process has been described in detail in previous sections.

1.4.1 Axon-glial interactions for axonal cytoskeletal integrity

Signals emanating from myelinating glial cells are essential for maturation of the
axonal cytoskeleton. The cytoskeleton of the axon is composed of filamentous
structures that provide the axon with an internal scaffold, to support it and to also
form a network on which to transport internal cargo along the length of the axon.
Neurofilaments form the bulk of the cytoskeleton, along with microtubules and
microfilaments, which are cross-linked to provide a stable internal scaffold (Wuerker
and Palay, 1969; Yamada et al., 1970, 1971; Metuzals and Mushynski, 1974;
Metuzals et al., 1981; Hirokawa, 1982; Schnapp and Reese, 1982; Tsukita et al.,
1982). There are three neurofilament proteins expressed by axons, named by
molecular weight, neurofilament-heavy (NF-H), neurofilament-medium (NF-M) and
neurofilament-light (NF-L). NF-L is the most abundant and one of the earliest
expressed (Willard and Simon, 1983; Carden et al., 1987). These three proteins
interact to form intermediate filaments (Leung and Liem, 1996). NF-H and NF-M are
always interacting with NF-L but NF-L has been shown to form homodimers
(Geisler and Weber, 1981; Liem and Hutchison, 1982) as well as intermediate

filaments.

NF-H and NF-M in intermediate filaments are heavily phosphorylated, and because

these phosphoryl groups repel each other the intermediate filaments begin to spread
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apart and increase the calibre of the axon (Cleveland et al., 1991). Kinases, including
extracellular signal-related kinases 1 & 2, (Erk)1/2, cyclin-dependent kinase 5 (cdk5),
p35 and stress-activated protein kinase (SAPK) phosphorylate neurofilaments (Grant
and Pant, 2000). It has been shown that phosphorylation of NFs is regulated in part
by MAG-dependent pathways emanating from myelinating glia (Dashiell et al.,
2002). Study of neurofilaments and kinases in MAG™” mice revealed that loss of
MAG results in reduced levels of NF-H, NF-H phospho, NF-M, NF-M phospho,

cdk5 and ERK1/2 (Dashiell et al., 2002).

Signals from myelinating glial cells have been shown to be essential for increasing
axon calibre, both dependent and independent of myelin formation (de Waegh and
Brady, 1991; Cole et al., 1994; Sanchez et al., 1996; Brady et al., 1999). These
studies showed that in mice with targeted disruption to myelin genes such as MBP
(Brady et al., 1999) and PO (Cole et al., 1994) neurofilament phosphorylation and
neurofilament density in the axon were dramatically altered as a result of
hypomyelinating phenotypes. Reduced axon calibre has also been reported in a
mutant mouse model with a poor myelinating phenotype, the ‘Trembler’ mouse (de
Waegh and Brady, 1991). When sciatic nerve grafts were taken from this mouse and
transplanted into transected sciatic nerves of a healthy mouse, it was found that axon
diameter in healthy axons was significantly reduced due to the presence of ‘Trembler’
Schwann cells. In all three studies, poor myelination resulted in reduced axon calibre
suggesting that myelin formation in glial cells is essential for maintaining integrity of

the underlying axon.
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It has also been shown that myelinating glial cells can modulate axonal
neurofilament dynamics independently of myelin formation (Sanchez et al., 1996). In
this study, three strains of mice with different mutations that prevent myelin
formation in the CNS were used to study the effect that myelinating
oligodendrocytes have on the radial growth of retinal ganglion cells when myelin
formation is hindered. They showed that non-myelinated axons in the mutant mice,
wrapped by oligodendrocytes, increased in axon calibre and accumulated
neurofilaments to the same degree as axons invested by myelinating
oligodendrocytes in the control mice. This provides further support for the
importance of myelinating glia for axon calibre growth and also suggests that these

regulatory pathways may be distinct from those controlling myelination.

The production of cytoskeletal proteins is also an important step in the
development/maturation of axons. This is also a crucial step in the regeneration
process when nerves have been damaged and axons are attempting to regenerate. The
importance of glia for the regulation of neurofilament synthesis in the axon has been
most easily studied with crush/regeneration experiments (Liuzzi and Tedeschi, 1992).
This study showed that when adult rat lumbar dorsal roots were crushed and axons
allowed to regenerate, axons did so until they met the dorsal root transition zone at
the peripheral nerve-spinal cord interface. This is where astrocytes are found. They
measured axon regeneration by quantifying levels of NF-M and NF-L at different
times post-injury. NF-M and NF-L levels in the crush group reached control levels
by 14 days post-injury in the peripheral nerve, whereas axons failed to regenerate

past the dorsal root transition zone. They suggest that astrocytes actively inhibit the
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synthesis of neurofilaments, resulting in the poor regenerative abilities within the

CNS (Liuzzi and Tedeschi, 1992).

1.4.2 Axon-glial interactions for axonal transport

In neuronal axons, microtubules form a network on which cell cargo can be
transported in both anterograde and retrograde directions. Neurofilaments in lower
motor neurons for example, which are synthesized in the cell body in the ventral
spinal cord, are transported along this track to reach their target in the pre-terminal
axons synapsing on skeletal muscle. It has been shown that neurofilaments travel in
both directions, and can switch between a moving and stationary state, by hoping on
and off the microtubule transport system (Monsma et al., 2014). Local signals
produced by myelinating Schwann cells have been shown to alter axonal transport of
neurofilaments (de Waegh and Brady, 1991; de Waegh et al., 1992; Monsma et al.,

2014).

The former studies by de Waegh et al. 1991 & 1992 used a mutant mouse model
with a poor myelination phenotype, the ‘Trembler’ mouse, to study the contribution
of Schwann cells to the regulation of axon transport. They transplanted sciatic nerve
grafts from this model into transected sciatic nerve in a healthy mouse and allowed
the nerve to regenerate so that the healthy axons grew in to the graft with defective
Schwann cells present. They showed that neurofilament transport was slower in the
healthy axons surrounded by ‘Trembler’ Schwann cells, compared to the axons distal

to the graft (de Waegh and Brady, 1991). They also showed that Schwann cells likely
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modulate axonal transport through modulation of a kinase-phosphatase system in the
axon (de Waegh et al., 1992). This highlights a key role for Schwann cells in

modulating transport systems in the underlying axons.

Monsma et al., 2014 studied the effect of myelinating Schwann cells on transport
within the underlying axons in vitro, using a neuron-Schwann cell co-culture. In this
culture system, Schwann cells formed dispersed segments of myelin along axons.
This system allowed them to visualise the transport of NF-M in myelinated and
unmyelinated segments of the same axon, in real-time. They clearly showed that
transport of NF-M was slower in myelinated regions, providing further evidence of a
glial-based signal that is capable of modulating axon transport (Monsma et al., 2014).
Molecular motor proteins such as kinesin, dynein and dynactin are responsible for
interacting with cell cargo and moving it along the microtubule transport system,
including the transport of neurofilaments (Shah et al., 2000; Shea and Flanagan,
2001; Xia et al., 2003; Motil et al., 2006; Uchida et al., 2009; Lee et al., 2011). A
schematic of how these proteins associate with the microtubule transport system and

cargo is shown in Figure 1.6.
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Figure 1.6. Schematic of how kinesin, dynein and dynactin associate with the
microtubule cytoskeleton and cargo to perform anterograde and retrograde
transport in the axon (adapted from (Duncan and Goldstein, 2006)). Kinesin,
dynein and dynactin interact with the microtubule axonal network to transport
cellular cargo throughout the axon. Kinesin transports cargo anterograde and dynein

and dynactin interact to transport cargo in the retrograde direction.
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1.4.3 Axon-glial interactions for developmental remodelling of neuronal

circuitry

One of the ways in which the nervous system refines its neural connections around
the time of birth is by the removal of excess synaptic inputs. At birth in the mouse
there are an excess number of inputs throughout the CNS and PNS, which are pruned
away by a process known as synapse elimination (Rosenthal and Taraskevich, 1977;
Balice-Gordon and Lichtman, 1993). This is a fundamental and dynamic process that
has been well studied at sites in the mammalian CNS (Kano and Hashimoto, 2009)
such as the retina (Chen and Regehr, 2000) and cerebellum (Hashimoto and Kano,
2005). Recent research had shed light on the importance of glial cells for normal
synapse elimination to occur in the CNS (Chung et al., 2013) and the PNS (Smith et
al., 2013) of mice. In the CNS, it has been shown that lysosomal pathways involving
multiple epidermal growth factor 10 (MEGF10) and membrane receptor tyrosine
kinase (MERTK) emanating from astrocytes modulate rates of synapse elimination
in the brain (Chung et al., 2013). In the PNS, it has been suggested that terminal
Schwann cells (TSCs) capping the neuromuscular junction (NMJ) are involved in the
regulation of synapse elimination by engulfing axonal material in axons that are still
innervating the endplate (Smith et al., 2013). The most extensively studied site of
synapse elimination is at the NMJ in the PNS. This is a specialised synapse formed

between lower motor neurons and skeletal muscle fibres.
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1.5 The Neuromuscular Junction

Research in to development of the NMJ has been extensively carried out, providing
us with a detailed description of how this specialised synapse forms. The NMJ is a
generally considered a tripartite structure, composed of a motor neuron axon terminal,
overlying terminal Schwann cells and the muscle fibre endplate (Sanes and Lichtman,
1999), although the presence of a fourth cell type at the NMJ, the kranocyte, has also
been discovered (Court et al., 2008). ACh is the neurotransmitter synthesized and
exocytosed by lower motor neurons. Dense clusters of ACh receptors are present on
the muscle fibre surface, forming junctional folds known as the endplate (Anderson
and Cohen, 1974; Fertuck and Salpeter, 1974; Peper et al., 1974). ACh is present in
vesicles in the axon terminals directly overlying the endplate, and when an impulse
reaches the synapse, with the strength required for neuromuscular transmission, ACh
is exocytosed and binds to the ACh receptors at the endplate. This binding results in
a downstream cascade of activation in the muscle fibre and ultimately whole muscle
contraction (Katz, 1966; Ali and Savarese, 1976; Standaert, 1982). Terminal
Schwann cells cap the synapse and could be a source of trophic support for the NMJ

(Birks et al., 1960).

1.5.1 Development of the NMJ

The organisation of the NMJ is a tightly regulated process, controlled by numerous

proteins and pathways. Motor axons extend towards target muscles as myoblasts are

fusing to form myotubes. Once contact has been made between the two cells,
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neurotransmission begins but at a very low level. The pre- and post-synaptic
components need to develop before neurotransmission can reach its full potential.
Agrin is a protein expressed by the motor neuron and transported down the length of
the axon to the synapse, where it is exocytosed and taken up by the basal lamina of
the endplate (Cohen and Godfrey, 1992; Reist et al., 1992). Agrin is essential for
post-synaptic development at the NMJ, as shown by studies in Agrin-deficient mice
(Gautam et al., 1996). Agrin has been identified as an anti-dispersal agent at the post-
synapse, playing an important role in preventing ACh receptors from diffusing rather
than clustering them (Lin et al., 2001; Kummer et al., 2006). It counteracts the
dispersal effect of neurotransmitter release from the axon terminal on ACh receptors
(Misgeld et al., 2005). Muscle-specific kinase (MuSK) is a receptor expressed
exclusively in muscle, and localises to the endplate (Ganju et al., 1995; Valenzuela et
al., 1995). MuSK”" mice have an almost identical phenotype to Agrin” mice, with
lack of post-synaptic differentiation (DeChiara et al., 1996), which initially
suggested that MuSK could be the receptor for Agrin at the NMJ. Further studies in
to this hypothesis validated these claims (Gautam et al., 1996; Glass et al., 1996;
Meier et al., 1996; Glass et al., 1997; Hopf and Hoch, 1998a, b). Rapsyn is a protein
identified as being downstream of MuSK and another important player in
organisation of the NMJ (Frail et al., 1987). Rapsyn colocalises with AChR’s as they
begin to cluster on the muscle fibre surface (Burden et al., 1983; Sealock et al., 1984;
Noakes et al., 1993) and has been shown to orchestrate this clustering (Froehner et

al., 1990; Phillips et al., 1991).
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Innervation of myotubes leads to increased synthesis of ACh receptors at the
endplate, in a process termed ‘synapse-specific transcription’ (Merlie and Sanes,
1985; Goldman and Staple, 1989). Calcitonin gene-related peptide (CGRP) and
neuregulin have been proposed as axonally-expressed inducers of this process, which
act to locally induce expression of ACh receptors on the underlying surface of the
myotube (Fontaine et al., 1986; New and Mudge, 1986; Usdin and Fischbach, 1986;
Fontaine et al., 1987). CGRP is synthesized in the motor neuron cell body,
transported to the axon terminal and packaged in to vesicles, which are exocytosed
upon arrival of a nerve impulse (Uchida et al., 1990). Neuregulin is synthesized and
transported in a similar way to CRGP, but is incorporated in to the basal lamina of
the muscle fibre where it acts to increase levels of ACh receptors (Goodearl et al.,

1995; Loeb and Fischbach, 1995).

Innervation of muscle fibres by lower motor neurons occurs in one of two ways.
When the lower motor neuron arrives at the muscle fibre to innervate it, the ACh
receptors cluster either prior to or following arrival of the nerve terminal. NMJs that
develop through the former process are known as fast-synapsing (fa-syn) NMJs, and
the latter are known as delayed-synapsing (de-syn) NMlJs (Pun et al., 2002). Muscles
are composed of different fibre types, owing to varying contractile strengths. Muscle
fibres are either fast-twitch or slow-twitch, determined by the myosin isoform
expression (Pette and Schnez, 1977), myosin phosphorylation (Moore and Stull,
1984) and ATPase activity (Rubinstein and Kelly, 1978). Fast-twitch and slow-
twitch muscles exhibit differences in their quantal content and total vesicle pool size

to adapt to their differing patterns of activity (Reid et al., 1999).
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1.5.2 Diseases affecting the neuromuscular system

The neuromuscular system is affected in a multitude of neurodegenerative disorders.
Some disorders affect the NMJ at early developmental stages, such as spinal
muscular atrophy (SMA), whilst others affect the NMJ at later stages, such as
amytrophic lateral sclerosis (ALS), Guillain Barré syndrome (GBS) and myasthenia
gravis. Autoimmune disorders such as GBS and myasthenia gravis arise due to the
production of antibodies that target the presynaptic nerve and postsynaptic endplate
respectively. In GBS peripheral myelin breaks down, as antibodies are produced
against major myelin proteins including gangliosides (Ilyas et al., 1988). In
myasthenia gravis, antibodies are produced against ACh receptors on the muscle
fibre surface, blocking the effect of ACh release from the lower motor neuron
(Bender et al., 1975; Newsom-Davis et al., 1978). Charcot-Marie-Tooth classifies a
large range of demyelinating neuropathies, however the most common cause is a
genetic mutation in peripheral myelin protein 22 (PMP22) (Roa et al., 1993a), which
plays a role in myelin formation and maintenance (Adlkofer et al., 1995). Major
characteristics of the above disorders are altered conductive properties in the nerve
and muscular weakness or atrophy, with no loss of motor neurons or a loss only in

late stages of the disease.

ALS and SMA are adult and childhood forms of motor neuron disease respectively,
and a major characteristic of both of these disorders is a loss of motor neurons
(Jablonka et al., 2000; Fischer et al., 2004). Most cases of ALS are sporadic

although a small percentage (5-10%) is familial. Mutations in the superoxide
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dismutase enzyme gene, SOD/, have been linked to familial ALS, suggested to result
in a toxic gain of antioxidant function (Rosen et al., 1993) ALS is characterised by
degeneration of upper motor neurons in the cortex as well as a loss of lower motor
neurons in the spinal cord (Kiernan et al., 2011). SMA is caused by a disruption in
the survival motor neuron 1 (SMN1) gene that results in defective expression of full-
length survival motor neuron (SMN) protein (Lefebvre et al., 1995; Burghes and
Beattie, 2009; Lorson et al., 2010). In SMA, lower motor neurons are lost in the
spinal cord (Jablonka et al., 2000) but the CNS remains unaffected. In both ALS and
SMA, muscle weakness and atrophy of skeletal muscles are major features, resulting
in eventual paralysis. Unlike the disorders mentioned earlier, NMJ denervation is a

hallmark of ALS and SMA (Fischer et al., 2004; Murray et al., 2008).

1.5.3 Synapse elimination at the NMJ

The presence of polyinnervated endplates in the skeletal muscles of neonatal rodents
was first described in 1970 by recording endplate potentials (EPPs) in individual
muscle fibres (Redfern, 1970). This indicated the presence of multiple axons
innervating single endplates. It was later discovered that inputs were lost at
polyinnervated endplates during the postnatal life of rats (Brown et al., 1976),
without any effect on neurotransmission (Rosenthal and Taraskevich, 1977), similar
to what had been observed during nerve regeneration following injury at the adult
NMJ (McArdle, 1975; Gorio et al., 1983; Rich and Lichtman, 1989; Costanzo et al.,
1999). Postnatal synapse elimination is a fundamental part of nervous system

development, facilitating removal of converging axons and driving the refinement of
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neural circuits (Sanes and Lichtman, 1999; Kano and Hashimoto, 2009). It takes
place throughout the central and peripheral nervous systems, and is an essential
process in the refinement and fine-tuning of nerve-target innervation. The NMJ is
one of the many synapses in the nervous system that develop through a process of
synapse elimination, whereby excess inputs are lost following competition for
innervation. Postnatal development of the mouse NMJ has been well studied due to

the ease of accessibility and well-established and robust imaging protocols.

In the majority of mouse skeletal muscles, synapse elimination takes place
postnatally in the first two-three weeks of life. Lower motor neurons branch
extensively to weakly innervate multiple muscle fibres during the initial
developmental stages of innervation, and from birth they begin to refine their targets,
strengthening the strongest inputs and eliminating the weaker ones (Tapia et al.,
2012). In the levator auris longus (LAL) muscle for example, each muscle fibre is
innervated by multiple axons at birth and over the course of ~15 days, competition

for mono-innervation of each muscle fibre takes place (Chapter 3; Figure 3.5).

In vivo studies have shown how this is a dynamic and highly active process with
axons aggressively attempting to take over the synapse and force weaker inputs to
die back (Walsh and Lichtman, 2003). A major feature of synapse elimination in the
PNS is axonal cytoskeletal rearrangement, as terminal axons retract and expand
territory as they compete for sole innervation of the synapse (Bixby, 1981; Riley,
1981; Sanes and Lichtman, 1999; Keller-Peck et al., 2001). In vivo visualisation of

synapse elimination has shown that axon terminals are the most dynamically
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changing parts of the axon during synapse elimination as they remodel and adapt to
changes in innervation patterns (Keller-Peck et al., 2001; Walsh and Lichtman, 2003;
Turney and Lichtman, 2012). Once an axon has left the endplate, it prunes away
from the muscle fibre in the form of a retraction bulb, leaving debris behind to be
engulfed for degradation or recycling by surrounding glial cells (Bishop et al., 2004;
Turney et al., 2012). Interestingly, the process of synapse elimination at the NMJ can
be reversed, by laser-ablating the winning axon at an endplate, where the losing axon
has already started retracting (Turney and Lichtman, 2012). As synapse elimination
is taking place, the post-synapse is undergoing specialisations to adapt to the pre-
synaptic changes, such as eliminating ACh receptors in a newly vacated site (Balice-
Gordon and Lichtman, 1993). A close correlation exists between axon withdrawal
and post-synaptic changes during development (Balice-Gordon and Lichtman, 1993;

Culican et al., 1998).

1.5.4 Regulation of synapse elimination at the NMJ

Although well characterised, the regulation of this dynamic process is poorly
understood. There is a vast body of literature describing how innervating axons
undergo dynamic changes as they compete for innervation of the muscle fibre, but
few studies elucidating on the regulatory mechanisms at play. The majority of
studies seeking to understand the complexity and intricacies of synapse elimination
have been focused on the regulation of this process intrinsic to the innervating axons
(Callaway et al., 1987, 1989; Costanzo et al., 2000; Buffelli et al., 2003; Kasthuri

and Lichtman, 2003; Favero et al., 2012). Although the interaction between glial
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cells and axons is known to be an essential relationship for prenatal development of
the peripheral nervous system, little research has been dedicated to the potential
contribution of the surrounding glial cells in the regulation of postnatal synapse

elimination at the NMJ.

Studies aimed at discovering the regulators and motivators of synapse elimination at
the mouse NMJ have been largely focused on the importance of nerve activity,
lysosomal activity and growth factor supply for normal rates of synapse elimination
to occur (Figure 1.7). It is clear that neuromuscular transmission influences synapse
elimination. However, contrasting studies have made a case for inactivity (Callaway
et al., 1987, 1989; Costanzo et al., 2000) and enhanced activity (Ridge and Betz,
1984; Buffelli et al., 2003) in promoting elimination of inputs. One major point to
consider with these studies is that activity levels were identical in all competing
inputs, either by reducing or increasing activity, which is not necessarily biologically
relevant, as competing inputs will naturally have different levels of activity during

competition for innervation.

The contrasting ideas in these studies have been addressed and partially resolved by
studies showing that it is the firing pattern of activity between competing inputs that
is important rather than the presence or absence of activity. Synchronous activity in
polyinnervating axons at the rat NMJ slows down synapse elimination during
postnatal development (Favero et al., 2009) and during reinnervation following a
crush injury (Favero et al., 2010), whereas asynchronous activity speeds up the

process (Favero et al., 2012). This provides further evidence for the competitive
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nature of synapse elimination. If electrical activity is equal in innervating axons, then
all inputs are equally strong and favourable winners. As soon as activity falls below,
or rises above, a certain threshold in one input this allows the stronger inputs to take
over the synaptic site. This competition progresses until there is only one input left,
the monoinnervated state. This reasoning also explains why synapse elimination
stops as soon as there is only one input left; if there is no active nerve to compete
with, the last remaining input no longer needs to fight for innervation (Favero et al.,
2014). It also strengthens the case for local regulation of synapse elimination at the
NMJ (Keller-Peck et al., 2001), rather than a pre-encoded outcome at the beginning

of the process.

Further insights in to the signals and mechanisms regulating synapse elimination at
the NMJ have been presented by studies on growth factor supply from target-derived
muscle cells and surrounding glial cells. The “trophic hypothesis” suggests that a
limited supply of growth factor drives competition between innervating inputs
(Bennett and Robinson, 1989). If this were true then an unlimited supply of growth
factor would presumably delay synapse elimination, as there would not be a need for
innervating axons to compete. Indeed, an unlimited injected supply of ciliary-
neurotrophic factor (CNTF) and basic fibroblast growth factor (bFGF) were shown
to delay synapse elimination in the lateral gastrocnemius muscle of newborn rats
(English and Schwartz, 1995; Jordan, 1996). Injection of LIF from birth, which is
naturally expressed in skeletal muscle, to the tensor fascia-latae muscle of the mouse
prolongs developmental synapse elimination (Kwon et al., 1995). Genetically

overexpressing GDNF in skeletal muscle also results in increased and prolonged
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polyinnervation at synapses (Nguyen et al., 1998). Support for the trophic hypothesis
has been extended by a study that looked at the expression profiles of various
neurotrophic factors in skeletal muscle and found them to be upregulated prior to the
period of synapse elimination in rat (Ip et al., 2001) with a gross downregulation
post-synapse elimination. This would support the idea that a large yet limited supply
of growth factor is available to innervating axons at NMJs during developmental

synapse elimination.

1.5.5 Glial cells and synapse elimination

Recent studies have begun to uncover the important contributions that glial cells can
make to the development and stability of the nervous system (Ullian et al., 2001;
Reddy et al., 2003; Bishop et al., 2004; Fuentes-Medel et al., 2009; Eroglu and
Barres, 2010; Chung and Barres, 2012). As losing axons leave the synaptic site and
retract, surrounding glial cells engulf the unwanted debris for recycling/degradation
(Song et al., 2008). Disruption of this process slows down synapse elimination (Song
et al., 2008) highlighting an important role for glia in the success of synapse
elimination. This role is largely thought of as a secondary role, following the
elimination of axons, but a recent study has challenged that idea. Smith et al., 2013
suggested from ultrastructural analysis of polyinnervated NMJs, that TSCs capping
the NMJs actively engulf healthy parts of innervating axons, thereby driving the
process of synapse elimination and contributing to the outcome (Smith et al., 2013).
They showed that TSCs project cytoplasmic protrusions into healthy axons that are

still in contact with the endplate and suggested that this process would drive synapse

42



Chapter 1

elimination. However, there is not enough evidence within this study to confirm a
primary role for glial cells in the outcome of synapse elimination. The study is
specific to TSCs, the capping glial cells at the NMJ, and is purely descriptive.
Furthermore, there is no molecular insight provided as to how TSCs may drive the
process. Therefore, we have yet to discover a regulatory role for glial cells in
developmental synapse elimination in the PNS as well as identify the molecular

drivers of this process.

The above studies provide some insight in to the key regulators at play during
synapse elimination and make clear that there is unlikely to be just one key
mechanism regulating this process. Glial cells, muscle fibres and axons all contribute
to the outcome of the process in activity-dependent and activity-independent ways.
Considering the numerous cells that regulate synapse elimination it is therefore not
surprising that observing this process in vivo presents us with what appears to be a
random and disorganised pruning of competing axons, in which the outcome of
competition at each NMJ seems to be unbiased in any way (Keller-Peck et al., 2001;

Walsh and Lichtman, 2003).
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Figure 1.7. Schematic of an NMJ undergoing synapse elimination, highlighting

the known factors important for normal synapse elimination to occur.
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1.6 Aims

Synapse elimination at the mouse NMJ has been well characterised however we have
yet to fully understand what cells and pathways are regulating this process. Previous
studies have hinted at the possibility that myelinating Schwann cells could be
involved in its regulation, as they have already been shown to modulate axonal
cytoskeletal dynamics, which have previously been implicated in the process of axon
withdrawal at the NMJ, however this field of study has been undoubtedly neglected.
The paranodal junction is formed on either side of the node of Ranvier, and this site
has been previously proposed as an ideal site for signalling between the two cell
types, due to the close proximity of cell membranes. Nfasc155 is expressed by the
myelinating glial cell at the paranode, and so is an ideal candidate protein to study
the importance of axon-glial interactions for the normal postnatal development of the
mouse PNS. The experiments outlined in the following results chapters were
designed to study this role in detail. The following questions were the basis for the

experiments designed in results chapters 3-5;

* Chapter 3: Is Nfasc155-mediated axon-glial interaction important for normal
rates of synapse elimination at the mouse NMJ? If so, is this role dependent
or independent of paranodal formation?

* Chapter 4: How does glial Nfasc155 modulate rates of synapse elimination?

* Chapter 5: Is paranodal development/maturation compromised in a mouse

model of SMA with known Schwann cell defects?
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Chapter 2

Materials and Methods

2.1 Mouse colonies and maintenance

Breeding pairs of CNP<"" Nfasc™" X CNP™"* Nfas™" and Caspr*” X Caspr™” on a
C57BL6 background were established and maintained by the Brophy lab. CNP<"*"
mice (Lappe-Siefke et al., 2003), Nfasc ™" mice (Zonta et al., 2011), Caspr” mice
(Gollan et al., 2003), NF-L”" mice (Zhu et al.,, 1997) and Taiwanese-SMA mice
(Hsieh-Li et al., 2000) were generated as previously reported. Taiwanese SMA mice
were maintained using a breeding strategy previously described (Riessland et al.,
2010). C57BL6 litters were obtained from in-house breeding stocks at the University
of Edinburgh.

The majority of analysis presented in this thesis utilised litters from CNP““"
Nfasc™ X CNP""" Nfasc™" breeding pairs, studies on which have never before been
published, and for those reasons an overview of the generation of CNP"* Nfasc™"
mice (Nfasc155") along with the genotyping methods can be found in the next
section. P3-P18 CNP“" Nfasc™" mice were compared with CNP™" Nfasc™" or
CNP"" Nfasc™ littermate controls. P10-P12 Caspr’” mice were compared with
Caspr+/ " littermate controls. Breeding pairs of NF-L"" X NF-L"" on a congenic
C57BL6 background were used to generate litters of NF-L"*, NF-L" and NF-L”

mice. These mice were maintained by Genevieve Soucy in the Julien lab, in Laval
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University, Montreal. P10 NF-L”" mice were compared with NF-L™* and NF-L*"

littermate controls. Taiwanese SMA mice express two copies of the human SMN2
transgene without any expression of SMN1. This produces a mouse model of SMA in
which expression of SMN2 can partially compensate for loss of SMNI. These mice
display pathological changes in the spinal cord and skeletal muscles typical of the
SMA phenotype (Hsieh-Li et al., 2000). Breeding pairs of SMN”" SMN2"¢ X SMN""
on a congenic FVB/NJ background were used to generate litters of SMN"SMN2¢'"
and SMN"" SMN2"¢"" mice. These mice were maintained and genotyped in house by
Gillian Hunter in the Gillingwater lab. SMN’SMN2®" mice (SMA mice) were

compared with SMN" "~ SMN2¢"" mice (controls).

Mice were sacrificed either by inhalation overdose of Isoflurane (Abbott),
intraperitoneal injected overdose of Euthatal (Animal Care) or cervical dislocation.
All animal experiments were approved by a University of Edinburgh internal ethical
review panel and were performed under the relevant personal and project licenses
from the United Kingdom Home Office (Project License 60/3891, personal license
60/12972), following the guidelines set out in the Animal Scientific Procedures Act
1986 and EU legislation of 2010.Date of birth was denoted as postnatal day 0 (P0O) in

all litters.

2.2 Generation of Nfasc155” mice

To generate mice with a conditional knock-out of Neurofascin in glia, leading to the

loss of the glial isoform Nfasc155 but retention of the axonal Nfasc186 isoform
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(CNP"" Nfas™"; Nfasc155" mice), the Cre recombinase encoding sequence was
inserted into the 2', 3'-cyclic nucleotide 3'-phosphodiesterase (CNP) locus,
restricting expression of Cre to glial cells. These mice were generated by the Nave
group (Lappe-Sietke et al., 2003). Mice expressing the Nfasc floxed allele were
generated as previously described, by the Brophy group (Zonta et al., 2011).
Breeding pairs of CNP“"“" X Nfasc™" were set up to generate CNP"“" Nfasc +/fl
mice. Breeding pairs of CNP“" Nfasc™ X Nfasc™" were set up to generate mice
with a complete knock-out of Nfasc155 (CNP"" Nfasc™"). Lox P sites flank exon 4
of the nfasc gene so that when Cre is also expressed, exon 4 is excised and the gene
is inactivated for transcription. CNP is expressed embryonically, as early as E12 in
the PNS (Yu et al., 1994) and Nfasc is normally expressed postnatally at the onset of
myelination (Collinson et al., 1998; Tait et al., 2000). Nfasc155 is therefore
completely absent from myelinating glia in CNP“"“* Nfasc™" mice and unlikely to be
expressed in Schwann cells that have not taken up 1:1 relationships with axons. A
schematic of how these mice were generated along with the genotypes of the

offspring is shown in Figure 2.1A,B.
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Figure 2.1. Generation of CNP““" Nfusc™" mice (Nfasc155"). (A) Diagram
showing the insertion of Cre in to the CNP locus and its enzymatic activity on the
nfasc gene with lox P sites present. Cre cuts out exon 4 as illustrated above,
inactivating the nfasc gene for transcription, resulting in loss of Nfasc from glial cells
(Nfasc1557). (B) Diagram showing the genotypes of each mouse in a breeding pair,
with the resulting possible genotypes of offspring (* Nfasc155” mouse).
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2.3 Genotyping

Litters from Caspr'” X Caspr’” breeding pairs were genotyped by Veronica Brivio
by polymerase chain reaction (PCR). Litters from NF-L*" X NF-L"" breeding pairs
were genotyped by Geneviéve Soucy by Southern blot. Litters of Taiwanese-SMA
mice were genotyped in house by Gillian Hunter as previously described (Hsieh-Li et
al., 2000). Litters from CNP“"“" Nfasc™" X CNP"" Nfasc™ breeding pairs were
genotyped in house by PCR. Two PCR programs were required to genotype these
mice; one PCR to determine if Cre was present (Cre PCR), and a second PCR
followed by a digest step to determine if /ox P sites were present in the nfasc gene

(Nfasc PCR).

A 3mm piece of tail tip from each mouse was digested overnight in 150ul lysis
buffer (50ml stock: 2.5ml Tris pH8 1M, 50ul EDTA 0.5M, 625ul SDS 20%, 46.83ml
sterile H,O) with 8ul proteinase K in a 55°C heat block. The next day the samples
were centrifuged at 14,000rpm for Smin. A 1:10 unpurified DNA solution of tail tip
digest: sterile H,O was prepared. DNA levels were measured for each sample using a
nanodrop (Nanodrop 2000 Spectrophotometer, Thermo Scientific) to calculate the
volume required to include 30ng (Nfasc PCR) and 40ng of DNA (Nfasc PCR) per
PCR reaction sample. During optimisation of the PCR programs, it was found that
the PCR reactions worked best when these amounts of DNA were present in each

sample.
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Primers were designed for each PCR reaction by Anne Desmazieres and synthesised

(by Sigma) as follows:

Cre primers
Forward (CreFW): 5> ACG AGT GAT GAG GTT CGC AA 3’

Reverse (CreRV): 5° GTT TCA CTA TCC AGG TTA CGG 3’

Nfasc primers
Forward (NFFW): 5> GTG CTG ATC CAG CCT AAA GC 3°

Reverse (NFRV): 5 TCA GCT GTT TTG AGC CAC AC 3’

Stocks of each primer were maintained as 100uM concentration and working stocks
of 5uM were made. Cre PCR and Nfasc PCR reactions were ran separately. Each
PCR reaction sample was prepared for the required program as shown in Table 2.1.
The PCR cycles for each PCR program are shown in Table 2.2. The reason for

preparing samples in duplicate for the Nfasc PCR is explained below.
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Cre PCR

Nfasc PCR (each sample prepared

in duplicate)

7.5u1 Green Master Mix (Promega)
(containing 7ag DNA polymerase,

dNTPs, MgCl, and reaction buffers)

7.5ul Green Master Mix (Promega)

1.5ul 5uM CreFW

1.5ul 5uM NFFW

1.5ul 5uM CreRV

1.5ul 5uM NFRV

3.5ul sterile H,O

3.5ul sterile H,O

Table 2.1. Mixture of reagents used per sample for Cre and Nfasc PCRs.
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Cre PCR Nfasc PCR

94°C — 2min 94°C — 2min

55°C —30s 1 cycle 53°C —30s 1 cycle

72°C — Imin 72°C — 3min30s

94°C — 155 94°C —30s

55°C —30s 40 cycles 53°C —30s 40 cycles

72°C — Imin 72°C — Imin10s

94°C — 155 94°C —40s

55°C —30s 1 cycle 53°C —30s 1 cycle

72°C — 10min 72°C — 10min

Expected size band: ~0.8Kb Expected size bands: 1Kb, 0.7Kb,
0.4Kb

Table 2.2. Cre and Nfasc PCR programs.
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Once the PCR reaction had taken place, samples were run on a 1% agarose gel with
0.01% Sybrsafe (Invitrogen) at 120V for 30min. Two PCR reaction samples were set
up for each mouse in the Nfasc PCR reaction but only one set was ran on a gel. Gels

were imaged with ultraviolet (UV) light.

The expected PCR products for each genotype shown in Figure 2.1B are outlined in
Table 2.3. Example gels from Cre and Nfasc PCRs imaged with UV light are shown
in Figure 2.2, for one litter of 8 pups. The Cre PCR resulted in the presence or
absence of a 0.8Kb size band in each sample, indicating presence or absence of Cre
(Table 2.3; Figure 2.2A). The Nfasc PCR resulted in various size bands in each
sample. A 1Kb size band was the product of PCR on the unaltered nfasc gene (ie.
nfasc in neurons of all mice and in glia of CNP“"" Nfasc™ Nfasc™" and Nfasc™"
mice), and 0.7Kb and 0.4Kb size bands resulted from nfasc floxed genes that had
been cut by Cre (in CNP““* Nfas™" and CNP““" Nfasc™" mice) (Table 2.3; Figure
2.2B). The 1Kb size band appeared in all samples, due to the presence of Nfasc186
in all mice, so it could not be determined from this PCR reaction alone whether or

not the nfasc gene in each sample was fI/fl or +/fl.

Ncol sites were artificially added to the Lox P sites inserted in to the Nfasc gene. To
identify the presence of Lox P sites in the nfasc gene, an overnight digest was set up
on the second set of samples that were run for PCR but were not used for
electrophoresis. Ncol enzyme (Roche) was used in the digest in a 30pl reaction per
sample along with other reagents shown below in Table 2.4. Ncol enzyme recognises

Ncol sites and cuts out the DNA between them. Samples were vortexed and

54



Chapter 2

incubated in a heat block at 37°C for 2hr - overnight. The following morning,
samples were run on a 1% agarose gel with 0.01% Sybrsafe at 120mV for 30min.
Gels were imaged with UV light. Nfasc™" samples showed the presence of 1Kb,
700Kb and 400Kb bands, Nfasc¢™" samples did not have the 1Kb band present (Table

2.3; Figure 2.2C).
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Four possible genotypes of offspring

CNP“"* Nfas™" CNP“"* Nfasc™" CNP™* Nfasc™ CNP™* Nfasc™"
Cre PCR 0.8 Kb band 0.8 Kb band No band No band
Nfasc PCR 1 Kb band (Nfasc in neurons) | 1 Kb band (Nfasc in neurons & 1 Kb band (Nfasc in neurons & | 1 Kb band (Nfasc in neurons &
0.7 Kb & 0.4 Kb bands glia) glia) glia)
(floxed Nfasc in glia) 0.7 Kb & 0.4 Kb bands (floxed
Nfasc in glia)
Ncol Digest | 0.7 Kb & 0.4 Kb bands 1 Kb band (Nfasc in neurons & 1 Kb band (Nfasc in neurons & | 0.7 Kb & 0.4 Kb bands
(floxed Nfasc) glia) glia) (floxed Nfasc)
0.7 Kb & 0.4 Kb bands (floxed | 0.7 Kb & 0.4 Kb bands (floxed
Nfasc) Nfasc)
Example in M2 M4, M6 M1, M3, M7, M8 M5
Figure 2

Table 2.3. The expected PCR products for each genotype, following each PCR reaction and Ncol digest. Refer to Figure 2 for

examples following the genotyping of one litter of 8 pups.
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Ncol Digest

15ul of PCR sample

0.5ul Ncol enzyme (Roche)

3ul buffer H (Roche)

11.5ul sterile H,O

Table 2.4. Reagents used per sample for Ncol digest
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Figure 2.2. Genotyping results for one litter of 8 pups. UV exposure of gels with
samples from Cre PCR, Nfasc PCR and Ncol digest. (A) The 0.8Kb Cre band can be
seen in samples from M2, M4 and M6. (B) Nfasc PCR reveals 1Kb size bands in all
samples and 0.7Kb and 0.4Kb size bands in some samples. (C) Digest of Nfasc PCR
products with Ncol reveals that M2 and M5 are Nfasc™" positive. M2 is the only
mouse positive for Cre and Nfasc™” identifying it as a KO (Nfasc1557).
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2.4 Immunofluorescence on whole mount / sectioned muscle

Levator auris longus (LAL), abductor auricularis longus (AAL), deep hindlimb
lumbrical, tibialis anterior (TA), sternocleidomastoid (SCM) and transversus
abdominis (TVA) muscles were dissected in 0.1M PBS. TA muscles were dissected
and fixed by Geneviéve Soucy in Laval University, Montreal. Muscles were fixed in
0.1M PBS 4% para-formaldehyde (PFA) (Electron Microscopy Sciences) for 10min
(whole legs for TA were fixed for 30min) at room temperature. Muscles were
processed as whole mount (LAL, AAL, lumbricals, TVA and SCM) or muscle
sections (TA). TA muscles were sectioned at 100um on a freezing microtome.
Whole muscles/sections were incubated in 2% TritonX in 0.1M PBS for 30min,
blocked in a solution of 4% bovine serum albumin (BSA) and 1% TritonX in 0.1M
PBS for 30min before overnight incubation with primary antibodies raised against
200 kDa neurofilament / NF-H (rabbit, 1:1000, Abcam), 165 kDa neurofilament /
NF-M (mouse, 1:200, Developmental Studies Hybridoma Bank (DSHB)), 70 kDa
neurofilament / NF-L (rabbit, 1:1000, Millipore), S100 (rabbit, 1:200, DAKO) and

Beta-III-Tubulin (rabbit, 1:1000, Abcam) in blocking solution.

For labelling of paranodes muscles were incubated in 4% TritonX in 0.1M PBS for
30min, blocked in a solution of 4% TritonX and 4% BSA in 0.1M PBS for 30min
before overnight incubation with primary antibody against pan-Nfasc (rabbit, 1:1000,
Abcam) in blocking solution. Following 3x20 min washes in 0.1M PBS, muscles
were incubated in a solution of swine anti-rabbit secondary antibody conjugated to

the fluorescent label fluorescein isothiocyanate (FITC) (1:40, Dako) and donkey
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anti-mouse secondary antibody conjugated to the fluorescent label Cy3 (1:200;
Jackson ImmunoResearch) in 0.1M PBS for 2hr. Muscles were exposed to either
alpha-bungarotoxin (BTX) conjugated to tetramethylrhodamine isothiocyanate
(TRITC) (TRITC-alpha-BTX; 10 pg/ml, Biotium) or alpha-BTX conjugated to
CF633 (Farred-alpha-BTX; 10 pg/ml, Biotium) for 10min, washed several times in
0.1M PBS, whole-mounted in Mowiol (Calbiochem) on glass slides and cover-

slipped before imaging.

2.5 Immunofluorescence on teased fibres / sectioned nerve and spinal cord

ventral roots

Peripheral nerves and lumbar vertebral column were dissected in 0.1M PBS.
Peripheral nerves were fixed for 30min at room temperature, pinned out on dental
wax. Lumbar regions of vertebral column were fixed in 4% PFA for 2hr at room
temperature. Peripheral nerves were sectioned at 10um on a cryostat. Fixed sciatic
nerve fibres were teased in 0.1M PBS on 3-amino-propyltriethoxysilane-coated
slides using acupuncture needles. Peripheral nerves and lumbar spinal cords were
sectioned at 10um on a cryostat. Teased fibres, peripheral nerve sections and spinal
cord sections were incubated in a solution of 0.2% TritonX and 5% BSA for lhr
before overnight incubation in primary antibodies against pan-Nfasc (either rabbit,
1:1000, Abcam or; rabbit, 1:500 dilution, Brophy lab), Caspr (rabbit, 1:100, Brophy
lab), ankyrin-G (goat, 1:500, Santa Cruz Biotechnology), pan-Na, (rabbit, 1:200,
Alomone Labs), K,1.1 (rabbit, 1:100, Alomone Labs), kinesin 5A (rabbit, 1:200,

Abcam) and NF-L (rabbit, 1:1,000, Millipore). After 3x20min washes in 0.1M PBS,
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peripheral nerve teased fibres and sections were incubated in a solution of swine
anti-rabbit secondary antibody conjugated to the fluorescent label FITC (1:40, Dako),
donkey anti-goat secondary antibody conjugated to the fluorescent label Cy3 (1:500,
Jackson ImmunoResearch) and donkey anti-mouse secondary antibody conjugated to
the fluorescent label Cy3 (1:200, Jackson ImmunoResearch) for 2hr. Following
3x10min washes in 0.1M PBS, tissue on glass slides was cover-slipped in Mowiol

(Calbiochem) before imaging.

2.6 Quantitative Western blots

Western blotting was performed as previously described (Wishart et al., 2012).
Briefly, protein was extracted in radioimmunoprecipitation (RIPA) buffer (Thermo-
Scientific) with 10% protease inhibitor cocktail (Sigma). 15-30ug of protein per lane
was separated by SDS/polyacrylamide gel electrophoresis on 4-12% Bis Tris
gradient gels (Invitrogen) and then fast-transferred to polyvinylidene fluoride
(PVDF) membrane for 8min (Invitrogen). The membranes were blocked for 30mins
using Odyssey blocking buffer (Li-COR) and incubated with primary antibodies in
blocking buffer and Tween20 (Beta-actin, rabbit, 1:1000 dilution, Abcam; pan-Nfasc,
rabbit, 1:1000 dilution, Abcam; GDNF, rabbit, 1:200 dilution, Santa Cruz; proGDNF,
rabbit, 1:200, Alomone Labs; NF-H, rabbit, 1:10,000 dilution, Abcam; NF-L, rabbit,
1:3000 dilution, Millipore; NF-M, mouse, dilution 1:2000 dilution, DSHB; kinesin
5A, rabbit, 1:2500 dilution, Abcam; cytoplasmic dynein, rabbit, 1:1000, Abcam;
dynactin, rabbit, 1:1000, Abcam). Odyssey secondary antibodies were added

according to manufacturers instructions (Goat anti-rabbit IRDye 680 and Goat anti-
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mouse IRDye 800, Odyssey). Blots were imaged using an Odyssey Infrared Imaging

System (Li-COR Biosciences). Scan resolution of the instrument ranges from 21-
339um and in this study blots were imaged at 169um. Two independent readings

were taken per blot to ensure reproducibility of measurements.

A summary of all primary antibodies used for immunofluorescence and Western

blotting is shown in Table 2.5.
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Antibody Supplier Conc. Tissue Technique
NF-H Abcam 1:1000 Muscle Immunofluor.
1:10000 Whole Nerve Western Blot
NF-M DSHB 1:200 Muscle Immunofluor.
1:2000 Whole Nerve Western Blot
NF-L Millipore 1:1000 Muscle Immunofluor.
1:3000 Whole Nerve Western Blot
S100 DAKO 1:200 Muscle Immunofluor.
Beta 111 Abcam 1:1000 Muscle Immunofluor.
Tubulin
Pan-Nfasc Abcam 1:500 Spinal Cord, Western Blot
Sciatic Nerve,
1:1000 Muscle, Immunofluor.
Teased Nerve
Pan-Nfasc Brophy Lab 1:500 Teased Nerve | Immunofluor.
Ankyrin G Santa Cruz 1:500 Teased nerve Immunofluor.
K,1.1 Alomone Labs | 1:100 Teased nerve Immunofluor.
Pan Na, Alomone Labs | 1:200 Teased nerve Immunofluor.
Caspr Brophy Lab 1:100 Teased nerve Immunofluor.
GDNF Santa Cruz 1:200 Muscle Western Blot
proGDNF Alomone Labs | 1:200 Muscle Western Blot
Kinesin 5A Abcam 1:200 Nerve Sections | Immunofluor.
1:2500 Whole nerve Western Blot
Cytoplasmic | Abcam 1:1000 Nerve Western Blot
Dynein
Dynactin Abcam 1:1000 Nerve Western Blot
Beta-Actin Abcam 1:1000 Muscle Western Blot

Table 2.5. Summary of all primary antibodies used with details of supplier,

concentration, tissue and techniques used.
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2.7 Microscopy

Muscle, nerve and spinal cord preparations were viewed using a phase contrast
microscope with a chilled charged-coupled device (CCD) camera (40x objective, for
muscle fibre measurements), a standard epi-fluorescence microscope with a chilled
CCD camera (20x and 40x objective, 0.8 NA, Nikon IX71 microscope,
Hammamatsu C4742-95; for endplate area, endplate number and endplate
maturation), an upright fluorescence microscope (40x and 60x objective, for
polyinnervation and axonal input per NMJ), or a laser scanning confocal microscope
(40x and 60x objective, 1.4 NA, Zeiss LSM710; number of axons innervating a
muscle, polyinnervation counts, peripheral nerve axon/ pre-terminal axon/ axon
terminal and spinal cord ventral root fluorescence intensity, axonal input per NMJ
and imaging of nodes of Ranvier/paranodes/juxtaparanodes). On the upright and
inverted fluorescent microscopes TRITC-labelled preparations were imaged using
543nm excitation and 590nm emission optics and FITC-labelled preparations utilised
488nm excitation and 520nm emission optics. For confocal microscopy, 405nm,
488nm, 543nm and 633nm laser lines were used for excitation and confocal Z-series
were merged using Zen software. Identical confocal microscope settings were used
between groups when imaging sciatic and tibial nerve sections, spinal cord sections
and muscle preparations for fluorescence intensity measurements. Images shown are
z-projections. Spinal cord sections for motor neuron cell body counts were imaged

using a light microscope with a camera (Leica DMLB, DFC480 camera).
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2.8 Quantification of immunofluorescentally-labelled muscles, nerves and

ventral roots

30-80 endplates in each LAL, 30 endplates in each AAL, 60 endplates in each TA
and 30 endplates in each lumbrical muscle were assessed with the operator blind to
genotype. This was achieved by carrying out the quantification before performing the
PCR genotyping on each mouse. Only clearly identified, non-overlapping and en-
face endplates were analysed. The number of axons innervating the LAL was
quantified by taking a z-stack confocal image of the nerve to create a digital 3D
reconstruction. By scanning through the axon bundle along the Z-axis individual
axons were visualised in the XY plane in cross section. Individual muscle fibre
diameters (>75 per muscle) were measured in ImageJ from x20 phase-contrast
images from teased muscle fibre preparations. Endplate area measurements (>40 per
muscle) were made in Image] with outlines manually traced to calculate area.
Endplate maturation was assessed as previously described (Caillol et al., 2012) with
60-160 endplates analysed per muscle. Fluorescence intensity measurements (45-60
pre-terminal and terminal axons per muscle, 1000-1500 axons per nerve, 100-120
axons per ventral root) were carried out using ImageJ, by measuring ten points of
intensity along terminal axons labelled for NF-H, NF-M or NF-L, from branch point
to neuromuscular junction, or by drawing a small box within a transversely sectioned
axon in the sciatic/tibial nerve and spinal ventral root to measure the average
intensity of kinesin 5SA and NF-L. The same size box was used to measure intensity
in all axons. In muscles double immunolabelled for NF-M/ NF-L and NF-H/ NF-M

fluorescence intensity between neurofilaments was matched in the pre-terminal
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axons before fluorescence measurements were taken. A box was drawn around the
endplate to measure axon terminal intensity of each neurofilament subunit. A ratio of
nerve terminal/ pre-terminal axon fluorescence intensity was then calculated to
accurately compare the levels of each neurofilament in axon terminals.
Quantification of terminal Schwann cell (TSC) number per NMJ was carried out
using single plane confocal images, acquired from Z-stacks, and counting the
number of 4', 6-diamidino-2-phenylin-dole (DAPI) positive cells that were

surrounded by S100 staining and in contact with each endplate.

2.9 Quantification of molecular domains

Paranodes, nodes and juxtaparanodes were analysed and measured using ImageJ. For
paranodes, measurements were taken using the ‘straight line’ tool. A line was drawn
from the nodal boundary of the paranode along its longitudinal length. Due to the
asymmetrical development of flanking paranodes at single nodes of Ranvier (Tao-
Cheng and Rosenbluth, 1982), paranodal length was not averaged at each node of
Ranvier. Nodes of Ranvier were measured by using the ‘straight line’ tool and

drawing a line across its middle longitudinal length.

2.10 Quantification of spinal cord motor neurons

Spinal cords from P11 mice were dissected, post-fixed in 4% paraformaldehyde

(PFA) for 2hr, cryoprotected in 30% sucrose overnight, incubated in a 50:50 solution

of OCT medium:30% sucrose before rapidly embedding and freezing on dry ice.
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10um thick horizontal sections were cut on a cryostat and stained with 0.5% cresyl
violet with 0.04% acetic acid. A minimum of 30 non-adjacent sections from the
lumbar region of the spinal cord were examined for large, polygonal, Nissl positive
cells in the ventral horn of the spinal cord anterior to the central canal. Quantification
was carried out on sections 100pum apart to avoid double counting of neurons.

Quantification was carried out blinded to the genotype.

2.11 Electrophysiology

Electrophysiology of conduction velocity in the sciatic nerve was carried out in
Nfasc155", Caspr’™ and littermate controls at P11 as previously described (Court et
al., 2004), in collaboration with Diane Sherman. Briefly, sciatic nerves from P10
Nfasc155™" and Nfasc155" mice were transferred from oxygenated Krebs solution
to an isolated chamber containing an array of Ag/AgCl electrodes with Imm
intervals and surrounded by liquid paraffin maintained at 37°C for periods no longer
than 10min. The proximal end of the nerve was excited by a square wave (0.1ms,
0.1-1.5 V) and the conduction distance was varied from 2mm to 7mm by altering the
stimulating electrode position. The voltage was adjusted to ensure exact duplication
of the active population, and the compound action potential was viewed on a storage
oscilloscope. Values were stored as digitised signals with the use of Chart software
(MacLab System). Conduction times were measured as previously described

(Gillespie et al., 2000).
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Electrophysiology on nerve-muscle preparations from NfascI55" mice and
littermate controls ranging from P10-P13 was carried out on flexor digitorum brevis
(FDB) muscles as previously described (Ribchester et al., 2004), in collaboration
with Richard Ribchester and Kosala Dissanayake. A minimum of 60 muscle fibres
was recorded from per mouse. Briefly, mice aged P10 to P13 were sacrificed by
cervical dislocation and FDB muscles with their tibial nerve supplies were dissected
in mammalian physiological saline (composition in mM: NaCl, 120; KCl, 5; CaCl,,
2; MgCly, 1; NaH,PO4, 0.4; NaHCOs, 23.8; D-glucose, 5.6; bubbled to equilibrium
with a 5% C0O,/95% O,). After dissection, muscles were examined for evidence of
sustained, tetanic muscle contraction by stimulating the tibial nerve at 30Hz for ~2s
via a suction electrode connected to a Harvard Advanced Double Pass stimulator
(Harvard Apparatus, Kent, UK), while observing muscle contractile responses under
a dissecting microscope. Preparations were then transferred and pinned through their
tendons in a Sylgard-lined recording chamber. A glass microelectrode filled with 5M
potassium acetate (approximate resistance 30-40 MQ; Sutter Instruments P87 puller;
Sutter, Novato, USA) was used to impale 30 muscle fibres, selected arbitrarily.
Resting membrane potentials of muscle fibres in these delicate preparations
frequently depolarised from initial values of around -65mV but were discarded only
if the resting potential became more positive than -25mV. The tibial nerve was then
stimulated with single pulses, 0.2-1.0ms in duration and up to 10V in amplitude via a
Digitimer 4030 Programmer and DS2 stimulator (Digitimer, Welwyn Garden City,
UK). DC-coupled spontaneous miniature endplate potentials (MEPPs) and evoked
endplate potentials (EPPs) or action potentials were recorded via an Axoclamp 2B

amplifier (Molecular Devices, Sunnyville), Neurolog (Digitimer) NL106 AC-DC
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amplifier and NL125 filters (low pass set at 2KHz), then digitised at 50kHz via a

CED microl1401 interface (Cambridge Electronic Designs, Cambridge, UK). Mains
(50Hz) interference was eliminated using a Quest Scientific Humbug filter unit
(Digitimer, UK). Data capture and analysis was via WinWCP software (version 4.0,
Strathclyde Electrophysiology Software, UK) running on a Dell personal computer
under Windows XP. Data were statistically analysed using Graphpad Prism software
and power calculations were made wusing an online calculator

(http://www.dssresearch.com).

2.12 Electron microscopy

Sciatic nerves were prepared for electron microscopy and analysed for G-ratio counts
as previously described (Sherman et al., 2012). Briefly, sciatic nerves were fixed for
48hr in 4% PFA: 2.5% glutaraldehyde at 4°C before incubation in 1% osmium
tetroxide in 0.1M phosphate buffer for 30min. Following dehydration through an
ascending series of ethanol solutions and propylene oxide, whole nerves were
embedded in blocks of Durcupan resin. Ultrathin sections (60nm) were cut and
collected on formvar-coated grids (TAAB), stained with uranyl acetate and lead
citrate and imaged on a Philips CM12 transmission electron microscope equipped
with a Gatan digital camera. Sciatic nerve fibres were analysed for G-ratio counts

using Imagel. 30-50 fibres were measured per nerve.
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2.13 Proteomic analysis

Sciatic-tibial nerves from Nfasc155"*, Nfasc155”", Caspr™" and Caspr”™ mice (N=5
per genotype) were pooled into 4 groups for each genotype, for isobaric tag for
relative and absolute quantitation (iTRAQ) proteomic analysis. Protein was
extracted from tissues in 1ml of buffer containing 6M urea, 2M thiourea, 2% CHAPS
and 0.5% SDS in dH,O with 1% proteinase inhibitor (Roche). Tissues were
homogenised in M tubes (Miltenyi Biotec Ltd. UK) using gentleMACS dissociator
machine on M tube protein cycle followed by centrifugation at 300g for 2min at
room temperature. Homogenates were left on ice for 15min prior to centrifugation at
20,000g for 20min at 4°C. Following extraction, protein concentrations of the
soluble homogenate fractions were determined via BCA assay and used for
downstream proteomic analysis as previously described (Wishart et al., 2010;

Wishart et al., 2012; Wishart et al., 2014).

Douglas Lamont in the ‘FingerPrints’ proteomics facility carried out the following
steps in the University of Dundee. Samples were precipitated with -20°C chilled
acetone (1:4, vol/vol) and stored at -20°C overnight. The precipitates were spun at
4°C for 10min then washed with an acetone: water mixture (4:1, vol/vol) twice prior
to air-drying. The pellets were then resuspended in iTRAQ sample buffer (25ul
500mM triethylamine-NH4 bicarbonate (TEAB), 1ul denaturant (2% SDS) and 2ul
of reducing agent (tris(2-carboxyethyl)phosphine (TCEP)). The samples were
allowed to incubate for 1hr at 60°C prior to protein re-estimation in triplicate (3 x

1ul) by microBCA assay (Pierce).
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20ul of 200Mm dithiothreitol (DTT) was added to each sample then heated at 56°C

for 10min. This was then diluted with 200ul FASP1 (8M UREA, in 100Mm
Tris/HCL pHS.5). Filters (Vivacon 500, 30Kmwco HY, Satorius Stedium Biotech)
were washed 3 times with 100ul MilliQ then 1 in 100ul FASP1 (8M UREA, in
100Mm Tris/HCL pH8.5). Samples were centrifuged for 10min and added to filters.
Each filter was washed with 200ul FASP1 five times and centrifuged for 25min at
I1rpm, in a 15 degree fixed angle rotor. Flow through from the filter vials were
individually decanted into 1.5ml low-bind tubes for storage. Each filter was washed
twice with 200ul FASP2 (100Mm Tris/HCL pHS.5). 200ul of fresh 50Mm IAA in
FASP2 was added to each filter vial then stored in the dark with gentle shaking at
room temperature for 30min before spinning through the IAA for 25min at 11rpm,
15 degree. Each filter was washed three times with 200ul FASP3 (100Mm TEAB)
and spun for 25mins at 1lrpm, 15 degrees. Fresh trypsin (1pg each filter) was
prepared with FASP3 to give a 1:100 enzyme: protein ratio and incubated for 4-6hr
at 30 degrees. Samples were re-spun for 25min at 11rpm to elute the peptides into a
new tube. 200ul 500mm NaCl was added to each vial and spun for 25min at 11rpm
at 15 degree before drying by speedvac. Samples were resuspended with 25ul
dissolution buffer. 70ul of ethanol was added to each reagent vial (iTRAQ 4plex),
vortexed for Imin, then spun. Each tag was transferred to a separate sample (see
below) before vortexing and incubating for lhr at room temperature. The pH was
checked for each sample to ensure pH was greater than 8.0 prior to incubation for 1hr
at room temperature. 100ul of water was added to each sample to quench the reaction
prior to pooling of the four iTRAQ labelled samples and subsequent drying by

vacuum centrifugation as previously described (Wishart et al., 2010; Wishart et al.,
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2012; Wishart et al., 2014). The iTRAQ tags were assigned to samples as follows:

/+

samples corresponding to the genotypes Nfasc155"%, Nfasc155”, Caspr™" and

Caspr” were labelled with 117, 116, 115, and 114 respectively.

The pooled iTRAQ sample was resuspended in 120ul SmM-Tris-HCL (pH=8) and
separated with a SAX column (Dionex ion pac AS 24, 2 by 250mm) across a 0 to
100% gradient of Buffer A (SmM Tris-HCL in H,O pH=8) to Buffer B (SmM Tris-
HCL in H,O pH=8) in 500mM NaCl pH=8 at a flow rate of 0.3 ml/min for 43
minutes. 20 fractions were collected. Each fraction was run on an LTQ Orbitrap

Velos Pro with HCD fragmentation across 2hr gradients.

Raw data files were converted to mascot generic file (mgf) and searched against (IPI
Mouse, version 10/02/2014) through Proteome discoverer (V 1.4) with the Mascot
search engine (v 2.3.2). Database searching used the following specified parameters:
precursor ion mass tolerance of 10 p.p.m., MS/MS fragment ion mass tolerance of
0.06 Da and iTRAQ fragment ion mass tolerance of 0.2 Da. The enzyme was
specified as trypsin with one missed cleavage permitted, oxidation of methionine
residues were allowed as variable modifications and N-terminal (iTRAQ), lysine
(ITRAQ) and carbamidomethyl modification of cysteine residues were set as fixed
modifications and the taxonomy was selected as Mus. The identification criterion
was at least two unique peptides by MS/MS with the most stringent search settings in
order to yield the most reliable data for iTRAQ quantification (peptide rank 1 and
total ion score confidence intervals of at least 95%). Peptides were reported as

identified iTRAQ peptides only if they met the following criteria: iTRAQ ratio of
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greater than 0, all N-terminal and lysine residues were labelled and did not include

tyrosine iTRAQ modification.

To obtain further insights into cellular pathways and protein interaction networks
modified as a result of the Nfasc155" and Caspr”~ genotypes, Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems) was used. This analysis was carried out
in conjunction with Dr. Thomas Wishart in the University of Edinburgh. All proteins
submitted to IPA software for bioinformatics analyses were identified by >1 unique
peptide and had expression levels either increased or decreased >20% in Nfascl55"
or Caspr’” mice compared to littermate controls. IPA dynamically generates
networks of gene, protein, small molecule, drug and disease associations on the basis
of ‘hand-curated’ data held in a proprietary database. Changes in specific protein
interaction networks were identified on the basis of the number and percentage of

candidate proteins contributing to the entire network.

2.14 Statistical analysis

All data were collected in Microsoft Excel spreadsheets and statistical analyses were
performed using GraphPad Prism software. P values <0.05 were considered to be
statistically significant. All bar charts are shown as mean+s.e.m. The statistical tests
used on the data presented in this thesis were the student t-test (including one-tailed
t-test) and Mann-Whitney U-test. The student t-test was used on unpaired continuous
data that was normally distributed and with homogenous variances in both groups.

The one-tailed t-test was chosen when a certain outcome was expected from the
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analysis. The Mann-Whitney U-test was used on non-parametric data when no

assumptions about homogeneity of variances or normal distributions was required.
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Chapter 3

Nfasc155-mediated glial cell modulation of developmental

synapse elimination in the peripheral nervous system

3.1 Introduction

As discussed in Chapter 1, it has been known for some time that non-neuronal cell
types, such as glial cells and muscle fibres, can contribute to influence the outcome
of synapse elimination at the neuromuscular junction (NMJ). For example, glial cell
lysosomal activity is known to play a secondary role by engulfing unwanted axonal
debris, without affecting the rate of synapse elimination (Song et al., 2008), whereas
limited growth factor supply in muscle is thought to play a more primary role,
regulating the rate of this process (English and Schwartz, 1995; Kwon et al., 1995;
Jordan, 1996; Nguyen et al., 1998). However, the possibility of a primary role for
glial cells in regulating synapse elimination in the PNS has yet to be

comprehensively studied, specifically the role of myelinating glial cells.

3.1.1 Contribution of non-neuronal cell types to synapse elimination

It is believed that during synapse elimination, innervating nerves at the same NMJ

compete for a limited supply of muscle-derived neurotrophic factor, driving the

process of synapse elimination by allowing the axons that receive more growth factor
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to grow and take over territory at the endplate (Bennett and Robinson, 1989). Further
evidence for this was provided by studies showing how an unlimited supply of a
neurotrophic factor in skeletal muscle, either by genetic over-expression or local
injection, prolonged the process of synapse elimination (English and Schwartz, 1995;

Kwon et al., 1995; Jordan, 1996; Nguyen et al., 1998).

Most of our current understanding surrounding the role of glial cells during synapse
elimination in the PNS has been gained from studies on the role of end-stage debris
clearance by lysosomal activity (Bishop et al., 2004; Song et al., 2008; Fuentes-
Medel et al., 2009; Eroglu and Barres, 2010; Chung and Barres, 2012). Lysosomes
degrade macromolecules derived from the extracellular space through endocytosis or
phagocytosis (Saftig and Klumperman, 2009), including the unwanted debris that
retracting axons at developing NMJs leave behind (Song et al., 2008). However, the
above studies do not show any evidence for glial cells acting as drivers of the
elimination process; rather they suggest a secondary, passive role for them during
synapse elimination. As competition for innervation of motor endplates proceeds and
losing axons retract, surrounding glial cells engulf the unwanted axonal debris in
lysosomes, for recycling or degradation (Song et al., 2008). This activity is prevented
in a mouse model of lysosomal storage disease resulting in a high percentage of
retreating axons and retraction bulbs at NMJs (Song et al., 2008). There was no
significant difference in the percentage of polyinnervated endplates between the
mouse model of lysosomal storage disease and control mice at the same age,
suggesting that lysosomal activity is not crucial for initiating or driving the process,

rather it but becomes activated to degrade the material of an axon that has already
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vacated the endplate and lost the competition to the other innervating axons (Song et

al., 2008).

The studies outlined above depict a secondary role for lysosomal activity, ensuing
the elimination of inputs rather than driving it. However, a more recent paper has
proposed the idea that lysosomal activity by non-myelinating cells at the NMJ
(terminal Schwann cells (TSCs)) may also play a primary role in regulating the
outcome of synapse elimination (Smith et al., 2013), by engulfing material in healthy
axons that are still innervating the endplate. This study was specific to TSCs, the
non-myelinating capping glial cells at the NMJ, and was purely descriptive.
Furthermore, there was no molecular insight provided as to how TSCs may drive the
process. Therefore, we have yet to discover a clear regulatory role for glial cells in
developmental synapse elimination in the PNS as well as the molecular mediators of

this process.

3.1.2 The possible contribution of myelinating glial cells to the regulation of

synapse elimination

One area of research that has not been explored fully is that surrounding the possible
role for myelinating glial cells in the regulation of synapse elimination. Found along
the entire length of motor axons, from the cell body in the ventral horn of the spinal
cord to the pre-terminal axon targeting a muscle fibre, are myelinating Schwann cells,
which form segments of myelin and are closely associated with the underlying axons.

As discussed in Chapter 1, the presence of myelin forms molecular domains along
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axons. The paranode is one of these molecular domains, flanking the node of Ranvier,
and is a site of physical axon-glial interaction (Sherman and Brophy, 2005). At the
paranode, neurofascinl55 (Nfasc155) expressed by the glial cell, forms a physical
interaction with Caspr & contactin, both of which are expressed by the axon (Charles
et al.,, 2002). In the absence of Nfasc155, paranodal junctions do not form, which
results in loss of Schwann cell anchorage to the axon, and an increase in the distance
between apposing glial and axon membranes (Sherman et al., 2005). Nfasc155 is

therefore an essential protein in the formation of physical axon-glial interactions.

As discussed in detail in Chapter 1, myelinating glial cells play a fundamental role in
the stages of the development, maturation and regeneration of axons in the PNS, and
so it is logical to predict that they may also be playing a role during postnatal
synapse elimination. In fact, previously published studies have hinted at the
possibility of a role for myelinating Schwann cells in shaping neural innervation in
skeletal muscle, although they did not directly study synapse elimination. During
synapse elimination at the NMJ, the cytoskeleton of innervating axons is under
continuous remodelling as losing axons diminish in size and form retraction bulbs
and those that win take over the synapse and increase in axon diameter (Bixby, 1981;
Riley, 1981; Sanes and Lichtman, 1999; Keller-Peck et al., 2001). It has already been
shown that local signals emanating from myelinating Schwann cells can alter
cytoskeletal dynamics in the underlying axons. A study by Cole et al. in 1994
reported on a line of transgenic mice that displayed a hypomyelinating phenotype,
which resulted in increased neurofilament density and decreased neurofilament

phosphorylation in the underlying axons of the sciatic nerve. From this study it was
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deduced that signals from myelinating Schwann cells modulate neurofilament

composition and phosphorylation (Cole et al., 1994).

More recently it has been shown that myelinating Schwann cells provide signals that
modulate neurofilament composition in vitro (Monsma et al., 2014). This study used
in vitro assays of neuron/Schwann cell co-cultures to study the transport of
neurofilaments in myelinated versus unmyelinated segments of the same axon. They
found that neurofilament transport was slower in myelinated versus unmyelinated
regions, correlating with the presence or absence of a Schwann cell (Monsma et al.,
2014). It is clear from the studies presented above that signals emanating from
myelinating Schwann cells are essential for maintaining cytoskeletal integrity in the
underlying axons. Based on this evidence it is possible that Schwann cells could be
providing local signals to the axons to modulate axon cytoskeletal changes and,
consequently, their pruning during developmental synapse elimination in the PNS.
Due to the close proximity of glial and axonal membranes at the paranode, this
molecular domain has been proposed as an ideal site for signalling between the cells
(Boyle et al., 2001; Sherman et al., 2005). Nfasc155 is therefore ideally localised to
play a role in signalling cascades, such as those modulating the axonal cytoskeleton,

from the glial cell to the axon.

3.1.3 Neurofascin structure and function

Nfasc was first identified in 1987, as a cell-surface glycoprotein involved in neurite-

neurite interactions. It was found to be primarily expressed in neurite-rich areas of
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the developing chick nervous system and believed to play a role in axon growth
(Rathjen et al., 1987). This study also revealed the presence of multiple Nfasc
isoforms, including the Nfasc155 and Nfasc186 isoforms mentioned throughout this
thesis. A later study on Nfasc using sequence analysis confirmed that Nfasc contains
structural elements of proteins implicated in axonal growth, and is closely related to
neuronal cell adhesion molecule (NrCAM) (Volkmer et al., 1992). This study also
proposed that Nfasc is encoded by a single gene and its pre-mRNA undergoes
alternative splicing to account for the different sized Nfasc proteins, including
Nfasc186 and Nfasc155. Analysis of the expression of Nfasc in the mammal revealed
post-natal expression of Nfasc (Moscoso and Sanes, 1995). The 186 isoform of Nfasc
was found to be localised to axon initial segments and nodes of Ranvier, associating
with ankyrin G (Davis et al., 1996) and Na, channels (Ratcliffe et al., 2001). The
Nfasc155 isoform was later found to be an essential component of axon-glial
interactions at the paranode, expressed by the glial cell and interacting with the

Caspr/contactin complex on the axon surface (Charles et al., 2002).

3.1.4 Nfasc155” mice

Nfasc155" mice were generated using the Cre-loxP method as discussed in Chapter
2. To generate mice with a conditional knock-out of Neurofascin in glia, leading to
the loss of the glial isoform Nfasc155 but retention of the axonal Nfasc186 isoform,
the Cre recombinase encoding sequence was inserted into the CNP locus, restricting
expression of Cre to myelinating glial cells ie. Myelinating oligodendrocytes and

Schwann cells (Lappe-Siefke et al., 2003). Mice expressing the Nfasc floxed allele
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were generated as previously described, by the Brophy group (Zonta et al., 2011).

Lox P sites flank exon 4 of the nfasc gene so that when Cre is also expressed, exon 4
is excised and the gene is inactivated for transcription. CNP is expressed
embryonically, as early as E12 in the PNS (Yu et al., 1994) and Nfasc is normally
expressed postnatally at the onset of myelination (Collinson et al., 1998; Tait et al.,
2000). Nfasc155 is therefore completely absent from myelinating glia in CNP<"*"
Nfasc™" (Nfasc155”") mice and unlikely to be expressed in Schwann cells that have

not taken up 1:1 relationships with axons.

Considering the close association between myelinating Schwann cells and the
underlying axons, along with a previously well-established role for these glial cells
in maintaining axon stability, published literature has already hinted at the possibility
of such a regulatory role for myelinating Schwann cells during development of PNS
circuitry. However, this area of research has undoubtedly been neglected. To provide
a comprehensive and detailed study on the potential role for myelinating glial cells in
the regulation of developmental synapse elimination in the PNS, a mouse model
lacking a key glial cell protein for axon-glial interaction at the paranode (Nfasc1557)
was used. The experiments outlined in this chapter were designed to test the
hypothesis that myelinating glial cells are capable of modulating rates of
developmental synapse elimination in the PNS, mediated through Nfasc155-

dependent axon-glial signalling.
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3.2 Results

3.2.1 Nfasc155" mice lack Nfasc155 and have disrupted paranodes

Nfasc155” mice were used to study the role of myelinating glial cells during
developmental synapse elimination. The generation of NfascI55" mice has been
described in detail in Chapter 2. Nfascl55” mice lack the glial isoform of
neurofascin, which is found in Schwann cells and oligodendrocytes. As a result, you
would expect paranodal junctions to be absent from these mice because the glial
counterpart responsible for interacting with the Caspr/contactin complex has not
been expressed (Charles et al., 2002). Paranodes are found along the entire length of
myelinated nerves and so, to confirm the loss of Nfasc155 and subsequent disruption
to the paranode, teased fibres of sciatic nerve from Nfascl55” mice and control
littermates at P10 were immunolabelled using antibodies recognising nodal and
paranodal proteins. Anti-pan-Nfasc was used to identify nodal and paranodal regions
as it will recognise both the glial isoform (Nfasc155) and axonal isoform (Nfasc186)
of this protein. Anti-ankyrin G was used to label the node of Ranvier, as this protein

interacts with Na, channels at the node.

Immunofluorescence on teased sciatic fibres using these antibodies confirmed a loss
of Nfasc155 at the paranodal junctions in Nfuscl55” mice, with Nfasc186 (the
axonal isoform of Nfasc) and ankyrin G remaining at the node of Ranvier, as
expected (Figure 3.1A,B). Nfascl55 interacts with Caspr, which is present on the

axonal surface, and so without Nfasc155 to form an interaction with, lack of Caspr
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localisation at the paranode would also be expected in Nfasc55" mice (Charles et
al., 2002) (Figure 3.1A). This was observed when teased sciatic fibres from
Nfasc155" mice were also immunolabelled for Caspr (Figure 3.1B). In contrast,
littermate controls displayed correct localisation of Nfasc155 and Caspr at paranodes
(Figure 3.1B). A Western blot on peripheral nerve (trigeminal nerve) from Nfascl155
" mice and littermate controls at P6 confirmed a complete loss of glial Nfasc155
protein, with retention of the axonal Nfasc186 isoform (Figure 3.1C). The trigeminal

nerve was used because the large peripheral nerves in the leg, such as the sciatic and

femoral, were being used for another experiment.

3.2.2 Nfasc155" mice display a severe tremor

Nfasc155" mice were virtually indistinguishable from control littermates up until
post-natal day 12 (Figure 3.2A), with similar body weights (Figure 3.2B), activity
levels and gross patterns of behaviour. However, a notable whole body tremor was
detected in Nfasc155” mice from ~P12 onwards, becoming progressively worse until
their premature death due to unknown causes occurring ~P18. Nfasc55" mice also
failed to increase their body weight from P11 onwards and declined in weight, with
similar body weights recorded at P3 and P18 (P3: 2.6g, P18: 3.2g; Figure 3.2B).

Nfasc155" mice in contrast had reached an average weight of 10g by P18.
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3.2.3 Nfasc155” mice display normal ultrastructure of peripheral nerve

Although a key glial cell protein for axon-glial interaction was lacking in the
Nfasc155" mice, ultrastructural analysis of the sciatic nerve using transmission
electron microscopy revealed normal myelin formation and compaction in Nfascl155
”~ mice (Figure 3.3A). G-ratio measurements (see methods) revealed normal
thickness of myelin relative to axon diameter in Nfascl55” mice (Figure 3.3B).
Average axon diameter in the sciatic nerve was also similar between groups (Figure
3.3C). G-ratio plotted vs. axon diameter revealed a similar spread between groups
(Figure 3.3D). These results indicate that glial Nfasc155 is not required for formation
or maintenance of myelin, consistent with previous studies elucidating on the role of

neurofascin isoforms (Sherman et al., 2005).
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Figure 3.1. Nfasc155" mice lack Nfasc155 and have disrupted paranodes*.

(A) Simplified schematic of the paranode, showing the glial (Nfasc155) and axonal
(Caspr/contactin) proteins that interact to form the junction. Nfasc186 can be seen at
the node of Ranvier, along with ankyrin G, which anchors Na, channels to the node.
(B) Confocal micrographs of Nfasc155"" and Nfasc155” teased sciatic fibres
displaying single nodes of Ranvier with flanking paranodes, immunolabelled for
pan-Nfasc, Caspr and ankyrin G, showing loss of Nfascl55 and Caspr from
paranodal regions of Nfuscl55” mice. Pan-Nfasc labels the node of Ranvier in
Nfasc155" as expected, as the Nfasc186 isoform is unaffected. Scale bar 5pm. (C)
Western blot on P6 trigeminal nerve confirming the results of the
immunofluorescence assay showing absence of Nfasc155 and unchanged levels of
Nfasc186 in (Nfasc155”") mice (N=7 mice pooled per genotype). Gamma-actin was

used as a loading control, as shown.

* Western blot (C) carried out by Dr. Anne Desmazieres.
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Figure 3.2. Nfasc155" mice display a normal gross phenotype until ~P12. (A)
Nfasc155™"" and Nfasc155” mice at P11 showing no obvious difference in size or
gross appearance. (B) Weight curve of Nfasc155" mice and control littermates
showing no significant difference between genotypes until P11 (P3, unpaired t-test,
N=5 for Nfascl155+/+, N=3 for Nfasc155-/-; P7, unpaired t-test, N=5, N=3; P11,
p=0.0284, unpaired t-test, N=6, N=4; P12, p=0.0002, unpaired t-test, N=6, N=6; P13,
p=0.006, unpaired t-test, N=4, N=4; P17, N=3, N=1; P18 N=2, N=1). Nfascl55‘/’
mice began to lose weight from P11, around the time that a whole body tremor
became noticeable, and displayed an average weight at P18 that was similar to that
recorded at P3 (P3: 2.6g, P18: 3.2g). NfascI55"" mice had reached an average
weight of 10g by P18.
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Figure 3.3. Myelination in sciatic nerve occurs normally in Nfasc155” mice. (A)
Electron micrographs of individual myelinated fibres in transverse section in the
sciatic nerve of P11 Nfascl55"" and Nfascl55” mice, showing normal myelin
formation and compaction in Nfasc55" mice. Scale bar 0.5um. (B) Average G-ratio

+/+

in the sciatic nerve of NfascI55"" and Nfasc155" mice showing no difference

(Unpaired t-test; N=3 mice per genotype). (C) Average axon diameter in the sciatic
nerve of Nfasc155"" and Nfasc155” mice showing no difference. (D) G-ratio plotted
versus axon diameter in the sciatic nerve of P11 Nfasc155"" (black) and Nfasc155"

(grey) mice showing a similar spread in both genotypes.
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3.2.4 Normal NMJ formation in Nfasc155”" mice

To assess how NMJs were forming in the Nfasc155" mice, levator auris longus
(LAL) muscles were dissected at P11 and prepared for immunofluorescence. This
muscle is part of the group of cranial muscles found in the posterior neck region in
mice (Murray et al., 2010) and functions in movement of the ears. It was chosen
because it is a very thin muscle that can be whole mounted, and so all NMlJs can be
visualised and their branches traced back to the innervating nerve, in one preparation.
P11 was chosen as a suitable time-point to study the formation of NMJs because the
muscle has developed sufficiently to make individual endplates easily identifiable.
Immunolabelling of endplates (with TRITC-alpha-BTX) to label the ACh receptor
clusters) and innervating axons (with anti-neurofilament-medium/NF-M) revealed
the presence of fully occupied endplates on muscle fibres with just one NMJ formed
on each muscle fibre in the NfascI55” mice (Figure 3.4B), similar to control

littermates (Figure 3.4A).

3.2.5 Loss of Nfasc155 is sufficient to delay synapse elimination at the NMJ

To study the role of Nfasc155 during synapse elimination, levels of polyinnervation
were qualitatively assessed in LAL muscles at P11. This time-point was chosen
because synapse elimination will still be taking place in the LAL muscle with most
polyinnervated endplates having two clearly distinguishable innervating axons,

making it an ideal time-point to accurately assess the process of synapse elimination.
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The presence of polyinnervated endplates was observed in control mice at P11 as
expected, due to on-going synapse elimination. However, qualitative observations
from groups of endplates suggested that the LAL had a higher percentage of NMJs
innervated by more than one motor axon in NfascI55" mice (Figure 3.4B). By
contrast, synapse elimination was almost complete in control littermates at this time-
point, resulting in the majority of NMlJs being innervated by a single motor axon,

which is the mature innervation state (Figure 3.4A).

Synapse elimination takes place in the majority of skeletal muscles in mice during
the first 2-3 post-natal weeks of life (Kwon et al., 1995; Nguyen et al., 1998;
Personius et al., 2007). To achieve a greater understanding of how synapse
elimination progressed in the Nfascl55” mice, a time-course analysis was carried
out in the LAL muscle using immunofluorescence, quantifying levels of
polyinnervation at P3, P7, P11, P15 and P18. In the Nfasc155+/+ mice, ~85% of
endplates were polyinnervated at P3 and with the advancement of synapse
elimination monoinnervation was achieved at all endplates by P15 (Figure 3.5A). In
the Nfasc155" mice, the percentage of polyinnervated endplates was almost identical
to that in the Nfasc155"" mice at P3 (Figure 3.5A). However, synapse elimination
was significantly delayed in the Nfascl155" mice thereafter, suggesting that the
increased number of polyinnervated endplates was due to a delay in the removal of
excess axons in the early postnatal period rather than as a result of prenatal

hyperinnervation of NMJs (Figure 3.5A,D).
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Although synapse elimination was taking place in the NfascI55" mice, this group
had significantly more polyinnervated endplates at P7, P11 and P15 (see Figure 3.5A
legend for stats) indicative of a delay in the process. Unfortunately, Nfasc155” mice
died prematurely at ~P19, so it could not be determined whether synapse elimination
would eventually reach an end-stage in these mice. One Nfascl55” mouse did
survive to P18 and displayed polyinnervation levels of ~25%, which were slightly
lower levels than those quantified as P15 (~30% polyinnervation) suggesting that
synapse elimination may have eventually resulted in monoinnervation if the mice
survived longer. These results do, however, convincingly demonstrate a clear role for
Nfasc155 in the modulation of synapse elimination at the NMJ. They also suggest
that Nfasc155 is not required for the initial stages of synapse formation and early

elimination, but plays an important role as it progresses.

It is interesting to note that at P11, when NfascI55” mice are visually
indistinguishable from their control littermates, there was already a significant
difference of ~30% in levels of polyinnervated endplates in the LAL muscle (Figure
3.5A). It has been previously shown that reduced activity in skeletal muscles
correlates with a delay in synapse elimination (Fox et al., 2011), however, this result
shows that the delay in synapse elimination precedes the weight loss, making an
important point that weight loss and possibly reduced activity levels in the Nfasc155

" mice cannot be a cause for the delay in NMJ development.

In Figure 3.5A, “a polyinnervated endplate” was defined as an endplate with more

than one innervating axon. The percentage of polyinnervation does not distinguish
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between the endplates with 2, 3, 4 or more innervating axons. To produce a more
descriptive measure of the level of polyinnervation, the average number of axon
inputs per NMJ was quantified in Nfasc155"" and Nfasc155" mice. This showed a
significant increase at P7, P11 and P15 in the NfascI55” mice compared to controls
(Figure 3.5B) with the largest difference seen at P11, when the average input per
NMJ in Nfascl55" mice was 2-fold higher than those in controls. A detailed
measure of the distribution of axonal inputs per NMJ at P11 showed a significant
difference between genotypes in the percentage of NMJs with 1, 2 and 3 innervating

axons (Figure 3.5C).
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Nfasc155** ) Nfasc155”

Figure 3.4. Qualitative assessment of NMJ synapse formation and elimination in
Nfasc155-/- mice reveals higher levels of polyinnervation. (A & B) Confocal
micrographs of NMlJs in the LAL of (A) Nfasc155 “* and (B) Nfascl 55" mice at P11
immunolabelled for NF-M (green) and ACh receptors (red). NMJs were formed
normally in the Nfasc155” mice, with one NMJ formed per muscle fibre and each
NMJ fully occupied by axon terminals. A higher percentage of polyinnervated
endplates (arrowheads) was observed within groups of endplates in Nfasc155” mice,

indicative of a delay in synapse elimination. Scale bar 20um.
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Figure 3.5. Synapse elimination is significantly delayed in the LAL muscle of
Nfascl55” mice. (A) Time-course of synapse elimination in the LAL muscle of
Nfasc155" mice and littermate controls, showing a delay in the Nfascl55" mice.
There was a significant difference between genotypes at P7 (p=0.005; Mann-
Whitney U-test; N=3 mice per genotype, 2 muscles per mouse), P11 (p=0.0022; N=3
mice) and P15 (p=0.0009; N=4 mice) (P3; N=3 mice per genotype, P18; N=1 mouse
per genotype so statistical tests were not possible). (B) Using the same data in (A)
the average number of axons converging on NMJs in Nfasc155” mice is shown.
There was a significant difference between genotypes at P7 (p=0.0001; Mann-
Whitney U-test; N=3 mice per genotype, 2 muscles per mouse), P11 (p<0.0001; N=3
mice) and P15 (p<0.0001; N=4 mice) (P3; N=3 mice per genotype, P18; N=1 mouse
per genotype). (C) Distribution of axonal inputs per NMJ at P11 in Nfasc155+/+ and
Nfasc155" mice showing a significant increase in the numbers of polyneuronally
innervated endplates in Nfasc155”" mice (1 axon, p=0.0022, Mann-Whitney U-test; 2
axons, p=0.0022; 3 axons, p=0.0050; N=3 mice per genotype, 2 muscles per mouse).
(D) Representative confocal micrographs of polyinnervated endplates (arrows
indicate individual axonal inputs) in the LAL of Nfascl 557 mice at P7, P11, P15 and
P18. Endplates were labelled with TRITC-BTX and axons were labelled with anti-
NF-M. Scale bars 20um.
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3.2.6 Synapse elimination is delayed in muscles of different developmental

subtype, fibre type and body region

As discussed in Chapter 1, innervation of skeletal muscle varies between muscles in
terms of developmental subtype and fibre type. Neuromuscular innervation can
develop as fast-synapsing (fa-syn) or delayed-synapsing (de-syn), depending on
whether the ACh receptors cluster on the muscle fibre before or after the arrival of
the nerve terminal respectively (Pun et al., 2002). Moreover, muscles are composed
of different fibre types, owing to varying contractile strengths. Muscle fibres are
either fast-twitch or slow-twitch, determined by the myosin isoform expression
(Pette and Schnez, 1977), myosin phosphorylation (Moore and Stull, 1984) and

ATPase activity (Rubinstein and Kelly, 1978).

To determine if these variables, along with anatomical location of a target muscle,
were contributory factors in the delayed synapse elimination observed in Nfasc155"
mice, polyinnervation levels were assessed in a variety of different skeletal muscles,
including fa-syn, de-syn, slow twitch and fast twitch muscles, located in the head,
neck, abdominal and lower limb regions (Table 3.1). A time-course analysis of
synapse elimination in the deep lumbrical muscles of Nfascl55” mice, which are
predominantly composed of fast twitch muscle fibres and located in the hindpaw,
revealed a similar delay to that observed in the LAL muscle compared to

Nfasc155™" mice (Figure 3.6C,F).
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The LAL muscle is composed of a caudal and rostral band, which displays fa-syn
and de-syn developmental phenotypes respectively (Murray et al., 2008). To test
whether synapse elimination rates varied between developmentally distinct bands
within the same muscle, a time-course of synapse elimination was performed,
assessing polyinnervation levels within each band. This revealed similar delays in

synapse elimination in both bands (Figure 3.6A,B,D,E).

The LAL and deep lumbrical muscles are located at opposite ends of the body in the
mouse. This suggests that body location is an unlikely factor in the delayed synapse
elimination observed in the Nfasc155" mice. To verify this result, polyinnervation
levels were assessed in muscles in other regions of the body. Increased levels of
polyinnervation were also observed in the sternocleidomastoid (SCM), transversus
abdominis (TVA) and tibialis anterior (TA) muscles from Nfascl 55" mice at P12,
which are found in the neck, thoracic and lower limb regions respectively (Figure
3.7A-C). The SCM, TVA and TA also differ in terms of developmental subtype and
predominant fibre type. The SCM develops as de-syn. and is predominantly fast-
twitch, the NMJ development of the TVA is unknown but it has been shown that it is
a predominantly slow-twitch muscle, and the TA develops as fa-syn and is
predominantly fast-twitch. Thus, a profound delay in synapse elimination was
observed in all muscle groups examined and was not influenced by functional

subtype of motor units or body location.
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Muscle NMJ development Predominant Body
Fibre type region
LAL Fa-syn (Murray et al., | Fast twitch (Erzen et al., | Head
Caudal 2008) 2000)
LAL De-syn (Murray et al., | Fast twitch (Erzen et al., | Head
Rostral 2008) 2000)
SCM De-syn (Pun et al., 2002) | Fast twitch (Richmond et | Neck
al., 2001)
TVA unknown Slow twitch (Haggmark | Abdomen
and Thorstensson, 1979)
TA Fa-syn (Pun et al., 2002) | Fast twitch (Pette et al., | Lower
1976) limb
Lumbricals | unknown Fast twitch (Yellin, 1969) | Hind-paw

Table 3.1. Summary of all skeletal muscles studied in NfascI55" and

Nfasc155"" mice, highlighting the type of NMJ development, fibre type and

body region for each.
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Figure 3.6. Muscles of different developmental subtypes (de-syn & fa-syn) and
different body region (neck and hind-paw) show a similar delay in synapse
elimination in Nfasc155" mice. (A-C) Rate of synapse elimination in both the
rostral (de-syn) and caudal (fa-syn) bands of the LAL and in the hindlimb lumbrical
muscles of Nfasc155"" and Nfascl155" mice, showing a consistent delay in
Nfasc155" mice (P3/P18, N=1 mouse per genotype, 2 LAL/3 lumbrical muscles per
mouse; P7 N=3 mice per genotype for LAL, N=1 mouse per genotype for lumbrical
muscles; P11 N=3 mice per genotype; P15 N=4 mice per genotype). There was a
significant difference between groups in the LAL thick band at P11 (p=0.0095,
Mann-Whitney U-test) and P15 (p=0.0002), in the LAL thin band at P11 (p=0.0095)
and P15 (p=0.0003) and in the lumbricals at P11 (p=0.0002) and P15 (p<0.0001).
(D-F) Data from the same animals shown in panels A-C, plotted as an average
number of axons converging to innervate single muscle fibres as a function of
postnatal age, showing higher numbers of axons per NMJ at all time-points
examined. (N numbers same as A-C). There was a significant difference between
groups in the LAL thick band at P11 (p<0.0001, unpaired t-test) and P15 (p<0.0001),
in the LAL thin band at P11 (p<0.0001) and P15 (p<0.0001) and in the lumbricals at
P7 (p=0.0422), P11 (p<0.0001) and P15 (p<0.0001).
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Figure 3.7. Muscles of different fibre type and body region show a similar
delay in synapse elimination in Nfasc155- mice. (A-C) Percentage
polyinnervation in (A) SCM (fast twitch; neck), (B) TVA (slow twitch;
abdomen) and (C) TA (fast twitch; lower limb) muscles at P12 showing
significantly higher levels of polyinnervation in Nfasc155* mice compared to
Nfasc155 mice in all three muscles (Mann-Whitney U-test; TVA p=0.0304;
SCM p=0.0077; TA p=0.0022; N=3 mice per genotype, 2 muscles per mouse).
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3.2.7 Neuromuscular transmission is normal in Nfasc155” mice

It is known that increasing or decreasing neuromuscular transmission is sufficient to
alter normal rates of synapse elimination at the NMJ. Contrasting studies have made
a case for inactivity (Callaway et al., 1987, 1989; Costanzo et al., 2000) as well as
enhanced activity (Ridge and Betz, 1984; Buffelli et al., 2003) in promoting
elimination of inputs. It was therefore important to next assess neuromuscular
transmission in the Nfascl55” mice using electrophysiological recordings, as it
remained possible that although NMJs were formed in the Nfascl155” mice, they

might not be functionally competent.

Flexor digitorum brevis (FDB) muscles, which are found in the hind-paw, were
dissected from P10-P13 Nfascl155” mice and littermate controls, along with their
intact tibial nerve supply. When supramaximal nerve stimulation was applied to the
tibial nerve, the FDBs from Nfasc155"" and Nfasc155” mice responded as expected
with sustained tetanic contractions. This indicated that although synapse elimination
was delayed in the NfascI55” mice at this time-point, the skeletal muscles could
accomplish and maintain contractions, suggesting no resulting muscle weakness

from the delay.

In order to assess the responsiveness of individual muscle fibres, the tibial nerve was
stimulated and responses in the muscle fibres were recorded. When a single vesicle
of neurotransmitter is released by an axon terminal and taken up by receptors on the

muscle fibre endplate, the muscle fibre responds in the form of a miniature endplate

99



Chapter 3
potential (mEPP) (Eccles et al., 1941). When multiple mEPPs are generated

simultaneously, EPPs can be generated in the muscle fibre resulting in an action
potential and muscle fibre contraction. Recordings taken from individual muscle
fibres of Nfascl155” mice in response to tibial nerve stimulation, showed evidence
for mEPPs and the production of action potentials (Figure 3.8A,B). As can be seen in
Figure 3.8A, ~80% of muscle fibres responded to tibial nerve stimulation
accordingly. ~20% of fibres were unresponsive in both groups due to the delicate
nature of the preparation owing to the young age of the mice. Mean EPP latency was
not significantly altered in NfascI55” mice (3.41+0.55 ms versus 2.74+0.15 ms in
Nfasc155" mice; P>0.05, unpaired two-tailed t-test) and peak EPP amplitudes were
similar in both genotypes (~12 mV; P>0.05). This finding is important because it
shows that nerve impulses resulted in a release of neurotransmitter at the NMJ and
that the muscle fibres responded accordingly. Therefore, the delay in synapse
elimination could not be attributed to gross impairment of neurotransmission at the

NMJ.
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Figure 3.8. Muscle fibres in the FDBs of Nfasc155” mice respond with evoked
EPPs to nerve stimulation*®. (A) Percentage of responsive FDB muscle fibres in
P10-P13 Nfasc155"" and Nfasc155" mice showing no significant difference (Mann-
Whitney U-test; N=9 Nfasc155+/+ mice, N=3 Nfasc155-/- mice, 2 muscles/ 60
muscle fibres analysed per mouse). (B) Example traces of action potentials from
intracellular muscle fibre recordings, generated in response to nerve stimulation, in

Nfasc155™"" and Nfasc155” mice.
* Experiment carried out in conjunction with Prof. Richard R. Ribchester and

Kosala Dissanayake. Prof. Ribchester and Kosala performed the experiments and

carried out the statistical analysis in my presence.
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3.2.8 Pre- and post-synaptic maturation of the NMJ is delayed in Nfasc155"

mice

It is known that pre- and post-synaptic maturation are correlated at the NMJ in that
ACh receptor clustering correlates with axon terminal differentiation (Balice-Gordon
and Lichtman, 1993; Lichtman and Colman, 2000). To establish if delayed pruning
of pre-synaptic axonal inputs in Nfascl55” mice was accompanied by a comparable
delay in post-synaptic maturation, motor endplate morphology was quantified in
Nfasc155" mice and controls at P15 using a previously established method (Caillol
et al.,, 2012). As the endplate matures, the ACh receptor clusters become more
defined and ‘pretzel’ like, mirroring the pre-synaptic axon terminals (Balice-Gordon
and Lichtman, 1993). This method identifies immature endplates as ‘ovoid-plaque’,
developing endplates as ‘perforated’ and mature endplates as ‘branched’ (Figure
3.9B). Interestingly, post-synaptic motor endplate maturation was significantly
delayed in Nfasc155" mice (Figure 3.9A), thereby confirming both a pre- and post-

synaptic delay in development of the neuromuscular synapse.

It is known that as synapse elimination proceeds, the diameter of the pre-terminal
axons changes (Buffelli et al., 2003). When synapse elimination is completed at an
NMJ, the axon diameter of the winning innervating axon increases and the axon
takes over the synaptic site (Buffelli et al., 2003). Therefore, increases in pre-
terminal axon diameter are closely correlated with the rate of synapse elimination.
To assess how pre-terminal axon growth at monoinnervated endplates progressed in

the Nfasc155" mice with delayed synapse elimination, pre-terminal axon diameters
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of singly innervated NMJs were measured. The diameters of axons at polyinnervated
endplates were not measured, as this would have biased the results due to a higher
percentage of polyinnervated endplates in the Nfascl55” mice. Rather, the pre-
terminal axon diameters of monoinnervated endplates were measured providing an
assessment of a pre-synaptic developmental process at NMJs that have reached the
end stage of synapse elimination. This analysis showed that axon diameters at singly
innervated endplates were significantly smaller in the Nfasc155" mice compared to
controls (Figure 3.9C,D). These results show that both post-synaptic as well as pre-
synaptic maturation was delayed in a mouse model of delayed synaptic pruning at
the NMJ, providing further support for the closely correlated regulation of pre- and

post-synaptic development of the NMJ.
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Figure 3.9. Post-synaptic endplate maturation and pre-synaptic axonal
maturation are perturbed in Nfasc155” mice. (A) Quantitative analysis of

“* and Nfasc155" mice. There was a

endplate maturation in P15 Nfascl55
significant difference in the percentage of ovoid plaque (p=0.0022, Mann-Whitney
U-test; N=3 mice per genotype, 2 muscles analysed per mouse), perforated
(p=0.0022), and branched (p=0.0022) endplates, revealing a significant delay in
endplate maturation in Nfasc155" mice. Data are represented as mean +/- SEM. (B)
Example confocal micrographs of P15 ovoid plaque (immature) perforated
(developing) and branched (mature) endplates in a control mouse. Endplates were
labelled with TRITC-BTX. Scale bar 10um. (C) Quantitative analysis of pre-
terminal axon diameter in P14 NfascI55"" and Nfascl55" mice. There was a
significant difference in axon diameter at singly innervated endplates between
genotypes (p=0.0018; unpaired t-test; N=3 mice per genotype, 1 muscle analysed per
mouse). (D&E) Example confocal micrographs of P14 pre-terminal axons in the
LAL of (D) Nfasc155"" and (E) Nfasc155" mice showing a smaller axon in the
Nfasc155" mice. Axons were labelled with anti-NF-M. Scale bar 10pm.
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3.2.9 Delayed synapse elimination in Nfasc155" mice is not due to the

presence of Cre or Lox P sites

Nfasc155" mice were generated by genetic insertion of Cre in to the CNP locus and
lox P sites in to the Nfasc gene. To establish that the delayed elimination observed in
Nfasc155" mice was not due to the insertion of Cre or lox P sites, levels of
polyinnervation in both CNP“"“" and Nfasc fI/fl mice were quantified. These mice
displayed normal levels of polyinnervation in the LAL muscle at P15. Increased
levels of polyinnervation were only seen in mice that were positive for both Cre and

Nfasc fi/fl (Nfasc155” mice) (Figure 3.10).

3.2.10 Terminal Schwann cells are unlikely to be contributing to the delay in

synapse elimination in Nfasc155" mice

TSCs are known to respond to changes in pre-terminal axonal activity, by increasing
intracellular Ca®" levels in response to neuromuscular transmission (Darabid et al.,
2013). They are also known to play a secondary role in synapse elimination by
cleaning up the unwanted axonal debris once axonal inputs have withdrawn from
endplates (Keller-Peck et al., 2001; Song et al., 2008). It was therefore important to
next address the possibility that Nfascl155 was having on effect on synapse
elimination through TSC activity. Nfasc155 expression was examined in TSCs using
immunofluorescence in the TA muscle of C57BL6 mice at P9. Endplates and axons
were immunolabelled using far-red-BTX and anti-NF-M respectively. Anti-pan-

Nfasc was used to identify the localisation of Nfasc. Paranodes and nodes were
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identified along axons as expected (Figure 3.11), however Nfasc155 expression was
not detected in areas overlying the endplate. This suggests an absence of Nfasc155 in
TSCs and eliminates the possibility of TSCs playing a role in Nfasc155-dependent
modulation of synapse elimination (Figure 3.11). Interestingly, pan-Nfasc labelling
of P9 control muscle also revealed an absence of paranodes from pre-terminal axons
entering the NMJ (Fig. 3G). This is in agreement with previous studies reporting on
myelination of intramuscular axons, showing that pre-terminal axons are myelinated
post-synapse elimination (Bixby, 1981; Slater, 1982), thereby eliminating paranodal
development in pre-terminal axons as a determining factor in the outcome of synapse
elimination. This also confirms that the delay in synapse elimination in Nfascl55"
mice cannot be due to the absence of paranodal junctions in pre-terminal axons, as
paranodal junctions will also be absent from pre-terminal axons in control mice

during the same period.
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* %k

Polyinnervation P15 (%)

Figure 3.10. Synapse elimination is normal in CNP“"** and Nfasd™ mice.
Percentage polyinnervation in the LAL of CNP“"/", Nfasc¢™" and CNP“"*"* Nfasc™"
(Nfasc1557") mice at P15 showing a significant difference between CNP*
CNP“"* Nfasc™™ mice (p=0.0023; Mann-Whitney U-test; CNP““" N=3 mice, 2
muscles analysed per mouse, CNP““"" Nfasc™" N=4 mice) and Nfasc™" and

CNP““* Nfasd™ (p=0.0009; Mann-Whitney U-test; N=4 mice). Data are

and

represented as mean +/- SEM.
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Pan-Nfasc

Figure 3.11. Terminal Schwann cells do not express high levels of Nfasc.
Confocal micrographs of NMJs in the TA of a P9 wild-type mouse showing robust
presence of Nfascl55 at paranodes formed by myelinating Schwann cells (green;
arrows), alongside intramuscular axons (red) and motor endplates (blue). Labelling
of Nfasc155 was not evident in terminal Schwann cells or other cell types covering
motor endplates. Axons were labelled with anti-NF-M, paranodes with anti-pan-

Nfasc and endplates with far-red-BTX. Scale bar 10um.
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3.2.11 Outwith synapse elimination, the PNS develops normally in

Nfasc155” mice

Synapse elimination is a competitive process that takes place at the level of each
neuromuscular junction between the innervating axons. The axons that innervate
each NMJ have their cell bodies located in the ventral horn of the spinal cord. The
number of lower motor neuron cell bodies in the ventral horn of the spinal cord does
not change during the course of synapse elimination (Brown et al., 1976; Lowry et
al., 2001). The axons of these cells descend in the anterior white matter tracts of the
spinal cord until the point of exit, where they follow a course in a peripheral nerve to
a group of skeletal muscles (Nicolopoulos-Stournaras and Iles, 1983). Each skeletal
muscle receives innervation from a mixture of lower motor neuron branches (Keller-
Peck et al., 2001; Kasthuri and Lichtman, 2003). In the Nfasc! 557 mice, Nfasc155 is
absent from early on in post-natal development, coinciding with the onset of
myelination (Chapter 2). Therefore, it remained possible that lack of Nfascl55
resulted in aberrant postnatal organisation of the PNS, which could be attributed to
the delay in synapse elimination. It was therefore important to assess the

arrangement and development of other features of the PNS in Nfasc155” mice.

To establish if there was a difference in the number of lower motor neurons in
Nfasc155" mice at a time when synapse elimination was delayed, lower motor
neuron cell bodies were quantified at P11. A significantly greater pool of motor
neurons in the Nfasc155” mice for example, could explain the delay as this could

result in increased nerve branching in the muscle. Quantification of lower motor

109



Chapter 3

neuron cell bodies in the ventral horn of the spinal cord revealed no significant
difference between genotypes, eliminating increased numbers of motor neurons as a
contributory factor in the delayed synapse elimination observed in the Nfascl55"

mice (Table 3.2 & Figure 3.12a/b).

Similarly, to determine if lack of Nfasc155 resulted in increased numbers of axons in
the peripheral nerve innervating the LAL, which could also be attributed to increased
branching at NMJs, the number of axons innervating the LAL in Nfascl 55" and
Nfasc155™" mice at P15 was also assessed. This analysis showed no significant
difference between genotypes (Table 3.2 & Figure 3.12a/b). These results suggest
that loss of Nfasc155 does not hinder gross development of the PNS but rather is

specifically required for the fine-tuning of innervation patterns in skeletal muscle.

There is a very close apposition of cell membranes between the pre-terminal axon,
the endplate and the TSCs at the NMJ (Smith et al., 2013). These latter cells overlay
the axon terminals and are also closely apposed to the muscle fibre membrane (Smith
et al., 2013). TSCs respond with increased intracellular Ca** to neurotransmission at
the NMJ and increase in number during synapse elimination (Darabid et al., 2013). It
has been suggested that signalling in the form of growth factors (Nguyen et al., 1998)
or other proteins (McCann et al., 2007) from muscle fibres is essential for normal
rates of synapse elimination. Therefore, to establish if the delayed developmental
phenotype in Nfascl55” mice included any change in the morphology of the two
non-axonal cell types that constitute the NMJ, which could be attributed to the delay

in synapse elimination, various aspects of muscle development along with terminal
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Schwann cell number were measured. The diameter of teased muscle fibres was
measured in the LAL muscle at P15. Interestingly muscle fibre growth was unaltered
in the Nfasc155” mice. There was also no change in endplate area, endplate number
or terminal Schwann cell number per NMJ in Nfasc155” mice (Table 3.2 & Figure
3.12a/b). These results suggest a highly specialised role for Nfasc155, in the later
stages of developmental neuronal remodelling, rather than in the gross arrangement

of the PNS.
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Quantity Nfascl55"" Nfascl55" P-value
Number of motor 9.139 £ 0.4652 10.29 £0.5115 | P>0.05
neurons per ventral (N=3, unpaired t- | (N=3)
horn in the spinal cord | test)
(P11)
Number of axons 40.33 £6.227 4417 £6.215 P>0.05
innervating the LAL (N=3, 6 muscles, | (N=3,6
(P11) unpaired t-test) muscles)
Muscle fibre diameter | 11.57 + 0.4220 12.70 £0.4861 | P>0.05
of the LAL (P15) (um) | (N=3, 6 muscles, | (N=3,6

unpaired t-test) muscles)
Endplate area in the 213.2+£4.499 222.3+£5.903 P>0.05
LAL (P15) (um?) (N=4, 6 muscles, | (N=3, 6

unpaired t-test) muscles)
Endplate number in the | 556.4 £ 16.67 539.8+19.71 P>0.05
LAL (P15) (N=4, 6 muscles, | (N=3,6

unpaired t-test) muscles)
Terminal Schwann cell | 5.23 +1.01 3.98+0.38 P>0.05
number per NMJ in the | (N=3, 3 muscles, | (N=3,3
LAL unpaired t-test) muscles)

Table 3.2. Comparison of the numbers of motor neurons, axons, endplates,

endplate area, muscle fibre diameter and terminal Schwann cell number per

NMJ in Nfasc155"" and Nfasc155” mice. Motor neuron number was quantified in

the ventral horns of the spinal cord. All other analyses were carried out on the LAL

muscle.
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Figure 3.12a. Example confocal micrographs for the parameters in Table 3.1
(number of motor neurons and axons; muscle fibre diameter; and endplate area
in Nfasc155"" and Nfasc155" mice). (A) Example light microscope images of
transverse sections of spinal cord, stained with cresyl violet to identify lower motor
neurons in the ventral horn of the spinal cord. Some of the motor neurons present are
indicated by arrows. (B) Example confocal transverse section of an innervating nerve
to the LAL immunolabelled with anti-NF-M, generated from a 3D reconstruction of
the nerve. Each green circle represents a single axon, allowing for clear
distinguishing of innervating axons. (C) Example phase-contrast images of single
teased LAL muscle fibres, showing how muscle fibre diameter was measured
(double-headed arrow). Sarcomeres were clearly visible on each muscle fibre,
indicated by the dark bands present along its length. (D) Example confocal images of
single endplates labelled with TRITC-BTX, illustrating the tracing method used to

calculate endplate area. The boundaries of each endplate could be clearly delineated.
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Figure 3.12b. Example confocal micrographs for the parameters in Table 3.1
(endplate number and terminal Schwann cell number per NMJ). (E) Fluorescent
images of groups of endplates, as examples of the kinds of images used to count the
number of endplates per muscle. (F) Example confocal images of endplates labelled
for Schwann cells (S100, green), cell nuclei (DAPI, blue) and ACh receptors
(TRITC-BTX, red). DAPI-positive cells that were overlapping with the S100
staining were identified as TSCs (TSCs indicated by red dots).
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3.2.12 Synapse elimination occurs normally in mice lacking an axonal

paranodal protein (Caspr)

As shown in Figure 3.1B, immunolabelling of teased fibres in NfascI55” mice
revealed an absence of both glial Nfasc155 and axonal Caspr at the paranode, as
expected based on previous literature (Bhat et al., 2001). To address whether delayed
synapse elimination observed in Nfasc155” mice was occurring as a direct result of
the loss of physical axon-glial interactions at paranodal junctions (ie. Loss of Caspr
as well as Nfasc155), or as a result of loss of Nfascl155 specifically, synapse
elimination was assessed in mice lacking Caspr, the axonal protein required for

paranodal axon-glial interactions (Bhat et al., 2001) (Figure 3.1A).

As expected, Caspr”” mice displayed disrupted paranodes similar to Nfasc55” mice
(Figure 3.13A,B), with a loss of both Caspr and Nfasc155 at paranodes. The process
of synapse elimination was assessed by quantifying levels of polyinnervation in the
LAL and hindlimb lumbrical muscles at P10. At this time-point in the Nfascl55"
mice, there was a 30% difference in the percentage of polyinnervated endplates in
comparison to control mice. Interestingly the Caspr” mice showed no difference in
levels of polyneuronal innervation in the LAL and lumbrical muscles at P10 (Figure
3.14A,B). This suggests that in the NfascI55” mice, the absence of an intact
paranode is not driving the delay in synapse elimination but rather that Nfascl55
modulates rates of synapse elimination outside of its canonical role at the paranode,

highlighting a novel role for Nfasc155.
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Interestingly, although Nfasc155 was not localised to paranodes of Caspr” mice,
these mice still expressed high levels (>70%) of Nfasc155 in the spinal cord (Figure
3.15A) and peripheral nerve (Figure 3.15B), suggesting that Nfasc155 expression
was not significantly diminished in glial cells. Thus, it is unlikely that delayed
synapse elimination in Nfascl55” mice resulted from the loss of Nfascl55’s

canonical role in regulating physical axon-glial interactions at the paranode.
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Figure 3.13. Caspr” mice lack Caspr and have disrupted paranodes. (A & B)
Confocal micrographs of (A) Caspr'*

-

and (B) Caspr‘/ " teased sciatic fibres
immunolabelled for pan-Nfasc, Caspr and ankyrin G, showing loss of Nfasc155 and

Caspr from paranodal regions of Caspr”” mice. Anti-pan-Nfasc labelled the node of
Ranvier in Caspr”” mice as expected, as the expression of the Nfasc186 isoform is

unaffected. Anti-ankyrin G labels the node of Ranvier. Scale bar Sum.
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Figure 3.14. Caspr’” mice have normal rates of synapse elimination. (A & B)

Quantitative analysis of polyinnervation levels at P10 in (A) the LAL and (B) the
hindlimb lumbricals reveals no significant difference between Caspr™" and Caspr”

mice, indicative of normal rates of synapse elimination.
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Figure 3.15. Caspr’” mice still express Nfasc155. (A&B) Western Blot showing
persistent expression of Nfasc155 in (A) the spinal cord and (B) peripheral nerve of
Caspr’” mice even though there is a clear lack of Nfasc155 at paranodes. The

Nfasc186 isoform is present at normal levels in Caspr” mice.
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3.2.13 Delayed synapse elimination in Nfasc155” mice is not due to a

reduction in nerve conduction velocity

As highlighted in previous sections, it has been well documented that rates of
synapse elimination can be altered as a result of a change in conduction velocity in
the innervating nerves (Ridge and Betz, 1984; Callaway et al., 1987, 1989; Buffelli
et al., 2003). It has also been shown that paranodal disruption results in reduced
conduction velocity (Bhat et al., 2001; Pillai et al., 2009) likely as a result of ion
leakage at the node of Ranvier and Na, channel dispersion (Rosenbluth, 1976; Rios

etal., 2003).

To address the possibility that the delay in synapse elimination observed in
Nfasc155" mice was due to reduced conduction velocity in peripheral nerve,
conduction velocity was recorded in sciatic nerve preparations from Nfasc55" mice
and littermate controls at P11. Nfasc155” mice exhibited a ~50% reduction in nerve
conduction velocities (Figure 3.16A), consistent with previous findings from other
strains of genetically modified mice lacking Nfascl55 (Pillai et al., 2009). To
establish whether reduced nerve conduction velocities caused the delayed synapse
elimination observed in the NfascI55” mice, a parallel analysis of nerve conduction
velocities was performed in the Caspr”” mice at the same age and using the same
preparation. This revealed an almost identical ~50% reduction (Figure 3.16B),
consistent with previous findings on Caspr” mice (Bhat et al., 2001). However, no
delay in synapse elimination was observed in these mice (Figure 3.14). Thus, the

delay in synapse elimination observed in Nfascl55 mice was unlikely to be
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occurring due to perturbations in the conductive properties of peripheral nerve, as a
similar reduction in conduction velocity in Caspr”™ mice did not affect the rate of

synapse elimination.
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Figure 3.16. Conduction velocity is significantly reduced in both Nfasc155” and
Caspr’” mice*. (A) Significant reduction in conduction velocity of sciatic nerve in
Nfasc155" mice at P11 compared to Nfasc155"" mice (p=0.0007; unpaired t-test;
N=4 mice per genotype). (B) Quantitative analysis of conduction velocity shows a

/

significant difference between Caspr”" and Caspr”” mice (p<0.0001; unpaired t-test,

N=4 mice per genotype).

* Experiment carried out in conjunction with Dr. Diane Sherman.

Dr. Sherman performed the dissections, recordings and statistical analysis.
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3.3 Discussion

3.3.1 Overview of results

The experiments designed in this chapter sought to explore the potential role for
myelinating Schwann cells in the regulation of synapse elimination at the mouse
NMJ, with a particular focus on the contribution of one key Schwann cell protein:
Nfasc155. Previously published evidence hints at a role for non-neuronal cell types
in the regulation of this process, including a role for muscle-derived signals (Nguyen
et al., 1998) and terminal Schwann cell lysosomal activity (Smith et al., 2013) in
determining the outcome of synapse elimination. However, a role for myelinating
Schwann cells in the control of this developmental process has never before been

shown.

The results of this chapter highlight a very specific role for Nfascl55 in the
development of the PNS. It is clear that Nfasc155 modulates developmental synapse
elimination in a range of skeletal muscles, highlighting a global requirement for
Nfasc155 in the postnatal remodelling of neuronal circuitry in the PNS. This is a
very specific role, as results have shown that gross organisation in the early stages of
PNS development was unaffected in Nfasc155" mice. For example, the number of
motor neurons along with their branch number in innervating nerves was unaffected
by loss of Nfasc155. Essential features of growth and development within the non-
neuronal cell types found at the NMJ, such as muscle fibre diameter, endplate

number and TSC number, also developed normally in Nfasc/55" mice. This shows
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that Nfasc155 plays a very specific role in postnatal development of the PNS. The

finding that Caspr”™ mice, a second model of paranodal disruption, exhibit normal
synapse elimination is an exciting result as it suggests a novel role for Nfasc155

outside of its canonical duties at the paranode.

3.3.2 Discovery of a novel role for Nfasc155

The results of this chapter provide clear evidence of a non-canonical role for
Nfasc155, as a key glial cell modulator in a fundamental developmental process at
the NMJ. Importantly, the magnitude of delay in synapse elimination observed in
Nfasc155" mice was what might be expected when modulating (but not entirely
blocking) a dynamic biological process, and was similar to that previously reported
in other studies. For example, a study reporting on NMJ development in a mouse
model lacking a key gap junction protein (connexin 40, Cx40”") showed that synapse
elimination was increased in this model likely due to reduced gap junctional coupling
and consequential alterations in neuronal firing patterns at the NMJ (Personius et al.,
2007). A second, earlier study showed that administration of leukemia inhibitory
factor to the tensor fascia latae muscle in the mouse, led to a delay in developmental
synapse elimination in multiple skeletal muscles, possibly due to an excess of growth
factor supply (Kwon et al., 1995). This is in support of the “trophic hypothesis” as
discussed in previous sections and chapters. These studies are in contrast to other
reported experimental manipulations including over-expression of GDNF in muscle
(Nguyen et al.,, 1998) where delayed synapse elimination was a secondary

consequence of initial hyperinnervation of NMJs, which required more subsequent
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pruning. Comparing these three studies with the results of this chapter, the change in
the timing and rate of synapse elimination was within a similar range to what was

observed in the Nfasc155" mice.

3.3.3. The role of glia in developmental remodelling of the nervous system

The results of this chapter highlight a novel role for glia in developmental
remodelling of neuronal circuitry. As discussed in Chapter 1, axonal arbors are vast
during the early stages of nervous system development, with each target cell
receiving multiple inputs from multiple neurons. Synapse elimination is a
fundamental process in the fine-tuning of the nervous system, resulting in extensive
pruning of inputs through competition. This process ceases when one input remains

and takes over the synaptic territory.

Synapse elimination takes place throughout the nervous system. As well as at the
NMJ, it has been well characterised in the CNS, particularly in the retinogeniculate
system (Sretavan and Shatz, 1984; Hooks and Chen, 2006). In the mouse
retinogeniculate system, geniculate cells in the lateral geniculate nucleus receive
inputs from multiple retinal ganglion cells and all but one input are pruned away over
a ~3 week period spanning eye opening (Sretavan and Shatz, 1984). Astrocytes have
been implicated in the regulation of synapse elimination at these synapses, by
releasing signals to the neurons required for synapse elimination to proceed (Stevens
et al., 2007). They have been shown to induce complement (Clq) expression in

neurons, which in turn stimulates lysosomal activity within astrocytes and
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engulfment of Clg-positive axons. C1q expression was found to be highest during
the period of synapse elimination, indicating a possible role for this protein during
developmental axon pruning. In mice lacking Clq, synapse elimination in the
retinogeniculate system was delayed, possibly due to loss of a signal for astrocytes to
proceed with engulfment (Stevens et al., 2007). This suggests that in contrast to the
PNS (Song et al., 2008), lysosomal activity in the CNS seems to play a more
primary, regulatory role. Although the molecular mechanisms surrounding astrocyte-
dependent synapse elimination remain largely unknown, a recent study has identified
two phagocytic proteins in the astrocyte as essential components, multiple epidermal
growth factor-10 (MEGF10) and membrane receptor tyrosine kinase (MERTK)
(Chung et al., 2013). MEGFI10" and MERTK” mice displayed delayed synapse
elimination in the retinogeniculate system, confirming the importance of these two

proteins for this process (Chung et al., 2013).

The above studies highlight essential roles for glia during developmental synapse
elimination in the CNS. As of yet, a similar role has not been conclusively
documented in the PNS. The results of this chapter propose that myelinating glial
cells play a crucial role during developmental neuronal remodeling in the PNS,

mediated through glial Nfasc155-dependent signaling pathways.
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3.3.4 Nfasc155" model as useful tool to study the intricacies of synapse

elimination regulation

Synapse elimination at the NMJ is a very well characterised but poorly understood
process. Although previous studies have described in detail what happens at the NMJ
during synapse elimination (Rich and Lichtman, 1989; Balice-Gordon and Lichtman,
1993; Culican et al., 1998; Keller-Peck et al., 2001; Walsh and Lichtman, 2003), it
has not yet been confirmed what the molecular drivers of competition between
innervating axons are. To begin to appreciate the intricacies of this developmental
process we must gain a greater understanding of the signalling pathways and proteins

at play during this time of dynamic synaptic remodelling.

The Nfasc155" mouse model of delayed synapse elimination provides us with a
useful tool in this quest. Nfasc/55” mice display a selective delay in postnatal
development of the NMJ, with other parameters of PNS morphology such as lower
motor neuron number, myelination and muscle fibre development remaining
unaffected. This is an important point as it allows us to focally tease apart the
fundamental proteins and pathways regulating synapse elimination at the NMJ in
vivo. Morphological and proteomic studies on the Nfascl55” mouse model of
paranodal disruption and delayed synapse elimination alongside the Caspr”~ mouse
model of paranodal disruption allows for a unique comparison, in which the proteins
and pathways surrounding paranodal development can be isolated alongside those

important for synapse elimination. The following chapter attempts to utilise this
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comparison to provide mechanistic insight in to the possible regulators of synapse

elimination at the NMJ.
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Chapter 4

Mechanistic insight in to Nfasc155-dependent modulation of

synapse elimination

4.1 Introduction

Following the finding that Nfasc155 modulates synapse elimination independent of
its canonical role at the paranode (Chapter 3), it remained to be determined how
Nfasc155 was influencing this process. Previous to the discovery of this novel role
for Nfascl55, the only known role for this protein was in forming paranodal
junctions by physically interacting with an axonal Caspr-contactin complex. The
results of the previous chapter reveal a role for Nfasc155 outside of its paranodal
duties. The experiments in this chapter were therefore designed to uncover the

mechanisms through which Nfasc155 modulates synapse elimination in the PNS.

4.1.1 Nfasc155 does not act as a secreted molecule

The finding that loss of Nfascl55 led to a robust delay in synapse elimination,
whereas synapse elimination occurred normally in Caspr” mice (Chapter 3),
suggests that Nfasc155 modulates synapse elimination by a mechanism independent
of its canonical role in generating physical interactions with the axon at the paranode.

One possible explanation for this is that Nfasc155 is secreted by the glial cell at the
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membrane and acts as a ligand for an axonal receptor, eliciting downstream effects
on axon pruning. However, this hypothesis was rejected based on a study showing
that exogenous application of either the extracellular domain of Nfasc155 or anti-
Neurofascin antibodies does not modulate neuronal stability or induce axonal
retraction in vitro (Charles et al., 2002). Thus, it is unlikely that Nfasc155 modulates
synapse elimination in neighbouring motor axons by acting as a secreted/soluble

factor.

4.1.2 Insights from previously published literature

Published studies attempting to provide insight in to the regulators of synapse
elimination have shown that changes in growth factor supply from target cells and
surrounding glial cells (Kwon et al., 1995; Jordan, 1996; Nguyen et al., 1998), nerve
activity (Costanzo et al., 2000; Buffelli et al., 2003) and lysosomal activity within
glial cells (Song et al., 2008) are determinants in the rate and timing of synapse
elimination, either by directly or indirectly modulating the process. Nfasc155” mice
were shown to have reduced conduction velocity in peripheral nerve (Chapter 3,
Figure 3.15), however this could not have been a cause for the delay in synapse
elimination in light of the Caspr'/ " mouse findings, displaying a similar reduction in
conduction velocity but normal synapse elimination. Nfascl55” mice were also
shown to have normal neuromuscular activity (Chapter 3, Figure 3.8). These results
eliminate reduced nerve activity as a cause for the delayed synapse elimination

observed in the Nfasc155" mice. The effect that loss of Nfasc155 has on growth
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factor supply in muscle as well as on lysosomal activity is assessed as part of this

chapter.

Previous studies elucidating on the importance of myelinating glial cells for
maintaining axonal integrity have hinted at the possible mechanisms through which
Nfasc155 could be mediating synapse elimination, although these studies have not
been carried out in the context of developmental axon pruning. Studies on
genetically modified lines of mice displaying hypomyelinating phenotypes have
illustrated the importance of myelinating Schwann cells for maintaining cytoskeletal
integrity in the axon. The ‘Trembler’ mouse displays a naturally occurring genetic
mutation, resulting in poor myelination and reduced axon calibre in the PNS (Low,
1976a, b). Ultrastructural and molecular analyses on sciatic nerves in these mice
showed a decrease in neurofilament phosphorylation and axonal transport of all three
neurofilament subunits, which resulted in a decrease in axonal calibre and an
increase in neurofilament density (de Waegh and Brady, 1991; de Waegh et al.,
1992). Genetically modified mice with mutations in the myelin protein zero (P0)
gene also display a hypomyelinating phenotype with similar reductions in
neurofilament phosphorylation and axon calibre (Cole et al., 1994). These studies
demonstrate the importance of signalling from myelinating Schwann cells for

preserving the structural integrity of, and transport systems in, the axon.

A more recent study has strengthened the case for myelinating Schwann cells

modulating transport systems in the axon, using in vitro assays of Schwann

cell/neuron co-cultures to study the effect of myelinating Schwann cells on the
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transport of NF-M in the neighbouring axons (Monsma et al., 2014). This culture
system allowed for the study of myelinated versus unmyelinated regions in the same
axon, as Schwann cells form dispersed segments of myelin along axons in culture.
They showed that transport of NF-M is slower in myelinated versus unmyelinated
segments of the same axon, resulting in higher levels of NF-M in the myelinated
axon and a larger axon calibre (Monsma et al., 2014). Monsma and colleagues
proposed that a signal must exist, emanating from the myelinating cell to the axon, in
order to impact on cytoskeletal transport dynamics. The results of Chapter 3 suggest
that Nfascl155-dependent pathways are an excellent candidate for such a signal.
Although such signalling processes emanate from myelinating glial cells, the results
in Chapter 3 show that it is likely to occur independent of the myelination process
per se, as myelin formation and deposition occurs normally in Nfascl55” mice

(Chapter 3; Fig 3.3).

Three key essential proteins for the transport of axonal cargo are kinesin, dynein and
dynactin (Shea and Flanagan, 2001). Kinesin plays a central role in anterograde
transport whereas dynein and dynactin are involved in retrograde transport of cargo
(Shah et al., 2000; Shea and Flanagan, 2001; Xia et al., 2003; Motil et al., 2006;
Uchida et al., 2009; Lee et al., 2011). All three subunits of neurofilament, NF-H, NF-
M and NF-L, which form the majority of the axon cytoskeleton, utilise this transport
system to reach their targets (Shah et al., 2000; Shea and Flanagan, 2001; Shah and
Cleveland, 2002; Motil et al., 2006). For example, neurofilaments that are

synthesised in the cell bodies of the large motor neurons in the ventral horn, which
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are destined for the pre-terminal axons at the NMJ, will be moved anterograde by

kinesin and other linker proteins in the microtubule network, to reach their targets.

The above studies have shown that signals emanating from myelinating Schwann
cells can modulate the axon cytoskeleton through mechanisms involving
neurofilament phosphorylation and transport. It is therefore possible that myelinating
Schwann cells utilise kinesin, dynein and dynactin activity to modify transport of
neurofilaments in the axon. Schwann cells regulating axonal cytoskeletal dynamics
could in turn impact on the remodelling of inputs during postnatal development of
the NMJ, as a major feature of synapse elimination in the PNS is axonal cytoskeletal
rearrangement, as terminal axons retract and expand territory as they compete for
sole innervation of the synapse (Bixby, 1981; Riley, 1981; Sanes and Lichtman,

1999; Keller-Peck et al., 2001).

Interestingly, neurofilament dynamics have previously been implicated in the process
of synapse elimination. It has been shown that within retraction bulbs of losing axons
at polyinnervated endplates, neurofilament content diminishes (Gan and Lichtman,
1998). In this study, single motor units in the sternomastoid muscle of PO-P17 mice
were visualised by lipophilic dye injection. Subsequent staining with antibodies
against neurofilament allowed for the visualisation of synaptic territories of
individual inputs at polyinnervated endplates. This revealed a loss of NF-H in the
thin branches of terminal axons that appeared to be retracting. In a similar study,
phosphorylated NF-H immunoreactivity was assessed in rat soleus muscle during the

period of postnatal synapse elimination, with the finding of a correlation between
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high levels of phosphorylated NF-H and winning inputs at polyinnervated NMJs

(Roden et al.,, 1991). These studies suggest that neurofilament composition in
competing pre-terminal axons is a driving factor in the outcome of synapse

elimination at the NMJ.

4.1.3 Proteomic analysis

The above studies provide a tenuous yet tantalising possible link between
myelinating glial cells and the regulation of synapse elimination in the PNS. This
prompted the hypothesis that Nfascl155 modulates synapse elimination by
modulating cytoskeletal dynamics in the underlying axons. In an attempt to uncover
the mechanisms through which Nfasc155 in the myelinating Schwann cell signals to
the underlying axon during axon pruning at the NMJ, and thereby test this hypothesis,
a 4-way in-depth proteomic analysis was performed on sciatic-tibial nerve from
Nfasc155", Caspr” and littermate controls at P12. Including the Caspr”” mice in the
analysis and comparing the results from these mice alongside the Nfascl55” mice
allowed for generation of a list of potential protein candidates downstream of
paranodal disruption, formulated by making a list of the similarly changed proteins
in both lines of knock-out mice compared to their littermate controls. By subtracting
these proteins from the list of changed proteins in the Nfascl55” mice, a list of
potential protein candidates involved in Nfasc155-dependent modulation of synapse
elimination was generated. To better understand the functional consequence of the
disrupted proteome in the Nfasc155" mice, pathway analysis was performed on the

above dataset. Ingenuity pathway analysis (IPA) on this dataset presented a list of
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networks that would be functionally altered in the NfascI55” mice based on the

changes present in protein levels.

The results of the proteomic analysis were the foundation for beginning to untangle
the Nfascl55-dependent mechanisms modulating synapse elimination. Using
immunofluorescence assays to confirm and elucidate on the results of the proteomic
analysis, this chapter provides a clear insight in to the proteins and pathways
surrounding the modulation of synapse elimination at the NMJ, downstream of
Nfasc155 in the myelinating glial cell. The experiments outlined in this chapter were
designed to tease apart the mechanisms underlying Nfasc155-dependent modulation
of synapse elimination and provide further support for the importance of Schwann

cell signalling for axon structure and function.
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4.2 Results

4.2.1 Nfasc155 does not modulate synapse elimination through trophic

mechanisms involving GDNF in skeletal muscle

As discussed in Chapter 1, altered expression of target-derived signals from muscle
can modulate rates of synapse elimination at the NMJ, supporting the “trophic
hypothesis” of competition at the NMJ (Bennett and Robinson, 1989; English and
Schwartz, 1995; Jordan, 1996). This hypothesis relies on a limited supply of growth
factor that drives competition between innervating inputs. A previous study by
Nguyen et al., (1998) showed how an upregulation of the growth factor GDNF can
alter the rate of synapse elimination. This study looked at the effects of over-
expressing GDNF in muscle on the rate of this developmental process. They found
that in mice over-expressing GDNF, synapse elimination was significantly delayed
(Nguyen et al., 1998). This supports the “trophic hypothesis” in that the supply of
target-derived growth factor (GDNF) was increased and so competition was delayed

until the supply became scarce.

To test whether GDNF levels in skeletal muscle of Nfasc155” mice were altered and
possibly contributing to the delay in synapse elimination, Western blot analysis was

+/+ -/~
" and Nfasc155” mice to measure

performed in gastrocnemius muscle of Nfascl55
GDNF levels. The gastrocnemius muscle was chosen for its ease of dissection and

large size. Levels of the precursor protein, proGDNF, were also analysed as it has

been previously shown that precursor and mature forms of the growth factor, brain-
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derived neurotrophic factor (BDNF), have opposite effects on the course of synapse
elimination at the NMJ (Je et al., 2013). Western blot analysis revealed no significant
difference between genotypes for both proGDNF and total GDNF (Figure 4.1),
eliminating target-derived GDNF signalling perturbations as a contributing factor in

the delayed synapse elimination observed in Nfascl55" mice.
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Figure 4.1. proGDNF and total GDNF levels are unchanged in gastrocnemius
muscle in NfascI155" mice. (A & B) Quantitative Western blotting shows no change
in (A) proGDNF levels or (B) total GDNF levels in Nfascl55” mice compared to
controls, eliminating GDNF signalling in muscle as part of Nfascl55-dependent
modulation of synapse elimination (Unpaired t-test; N=3 mice per genotype; 1

muscle per mouse).
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4.2.2 iTRAQ proteomic analysis on peripheral nerve reveals a significantly

more disrupted proteome in Nfasc155" compared to Caspr’ mice

In an attempt to uncover the mechanisms through which Nfasc155 was modulating
synapse elimination, independent of its paranodal functions, a 4-way comparative
iTRAQ proteomic analysis of sciatic-tibial nerve was carried out using tissue
harvested from P12 Nfasc155” and Caspr”” mice, alongside littermate controls from
both lines (see Chapter 2 for detailed methods), using a previously established
method (Wishart et al., 2014). This in-depth analysis produced a list of >3,000
proteins whose levels were altered in Nfasc155" and Caspr”” mice (Figure 4.2; pre-
filtering). However, as can be seen in Figure 4.2, the majority of changed proteins in
Caspr”” mice are clustered within +/- 20% ratio change, which was the cut-off for
significance as explained in the next paragraph. In the Nfasc55" mice on the other
hand, large groups of proteins can be seen to have ratio changes greater than +/-

20%.

In order to generate a list of proteins with modified expression levels in sciatic-tibial
nerves from Nfasc155” and Caspr”” mice and be confident of the identification and
measurement of individual proteins, all raw proteomics data were filtered using an
established protocol (Wishart et al., 2014): only proteins identified by 2 or more
unique peptides and modified greater or lesser than 20% compared to littermate
controls were used for further analysis. Figure 4.2 shows the result of filtering on the

dataset.
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Post-filtering, 1,210 proteins had modified levels in peripheral nerve in Nfasc155"
mice compared to their littermate controls, whereas only 405 proteins showed
modified expression levels in Caspr”” mice compared to their littermate controls
(Figure 4.2). This result indicates that Nfasc155 has more cellular duties than Caspr,
as loss of Nfascl55 resulted in a significantly more disrupted peripheral nerve
proteome compared to loss of Caspr. This exciting finding also supports the results
of the previous chapter, which identified a novel role for Nfasc155 outside of
paranodal formation. Although Nfasc155 and Caspr both play fundamental roles in
paranodal assembly, it is clear from proteomic analysis that Nfasc155 is required for
many more cellular processes than was previously thought, including the modulation

of synapse elimination.

Interestingly, of the 405 proteins found to have modified levels in Caspr”” mice, 56
proteins were commonly shared with and similarly changed in Nfascl55” mice
(Figure 4.3). Given that both strains of mice had disrupted paranodes, but only
Nfasc155" mice had delayed synapse elimination, these 56 proteins were subtracted
from those modified in Nfasc155” mice to establish a dataset of proteins whose
expression changes directly correlated with delayed synapse elimination. This
produced a list of 1,154 proteins that were distinctly changed in Nfascl55” mice
(Figure 4.3) and that correlated with delayed synapse elimination. The 56 proteins
similarly changed were considered as a potential list of proteins downstream of
paranodal disruption. For the purpose of this study, this dataset was not further
studied. The 1,154 distinctly changed proteins in NfascI55" mice were further

studied to identify functional networks that would be perturbed in these mice, with
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the aim to untangle the regulatory pathways at play during synapse elimination,

downstream of Nfasc155 in the myelinating Schwann cell.
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Figure 4.2. Scatter plot of proteins whose levels were changed in NfascI55" and
Caspr’” mice compared to controls, pre-filtering and post-filtering, showing
almost 3 times as many proteins changed in the NfascI55” mice than in the
Caspr’” mice post-filtering. Each dot represents a single protein. Eliminated
proteins were identified by only 1 peptide &/or had a ratio change of <20%

compared to control levels.
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Figure 4.3. Venn diagram showing the comparison of changed proteins between
Nfasc155" and Caspr” mice. 56 identified proteins were commonly changed
between the two genotypes, considered to be downstream of paranodal disruption.
1154 distinctly changed proteins were identified in the Nfasc155" mice, considered
to be downstream of delayed synapse elimination, and 349 distinctly changed

proteins were identified in the Caspr”™ mice.
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4.2.3 Pathway analysis reveals alterations in cytoskeletal organisation and

assembly in Nfasc155" mice

Proteomic analysis revealed a significantly altered peripheral nerve proteome in
Nfasc155" mice, indicated by 1,154 distinct proteins whose levels were altered due
to loss of Nfascl55 and correlated with delayed synapse elimination. To better
understand the functional consequences of proteome disruption in peripheral nerve of
Nfasc155" mice, and provide insight in to the pathways regulating synapse
elimination, bioinformatics-based Ingenuity Pathway Analysis (IPA) software (see
Chapter 2 for more details) was used to identify any functional clustering of the
1,154 modified proteins into biological networks. IPA formulates networks based on

previously published associations between proteins.

IPA analyses revealed significant clustering of proteins into cellular and molecular
functions surrounding ‘cellular assembly and organisation’ (Table 4.1), with 299 of
the 1154 distinctly changed proteins identified in Nfasc155" mice belonging to these
functions. This analysis also revealed significant clustering of proteins into cellular
and molecular functions known to be involved in ‘cellular function and
maintenance’, ‘cell death and survival’, ‘cellular growth and proliferation’ and
‘protein synthesis’ (Table 4.1). These groups overlap in terms of proteins associated
in each group and so to get a clearer indication of the individual networks that were
most significantly altered as a result of loss of Nfasc155, the networks and proteins

associated with ‘cellular assembly and organisation” were studied further.
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The functional cluster ‘cellular assembly and organisation’ was chosen for further
analysis as it had the highest significance associated with it. It is worth noting also,
that the pathways associated with each of the top 5 clusters had a significant amount
of overlap in terms of proteins associated with them. Closer analysis of the functional
cluster ‘cellular assembly and organisation’ revealed widespread disruption to
molecular pathways and processes implicated in cytoskeletal organisation and
trafficking (Table 4.2). All 299 of these proteins were either unchanged in the Caspr’
" mice or changed in the opposite direction to Nfasc55" mice. The list of pathways
and processes in this table indicates that multiple networks essential for axonal

transport and microtubule dynamics would be altered in the Nfasc155” mice based

on the protein changes identified with iTRAQ.

Study of the proteins associated with the networks in Table 4.2 presented proteins
and protein isoforms, such as kinesin, dynein and dynactin, that play major roles in
anterograde and retrograde transport of axonal cargo (Shea and Flanagan, 2001; Xia
et al., 2003; Motil et al., 2006; Uchida et al., 2009; Lee et al., 2011). Study of the raw
proteomic dataset showed that levels of all three motor proteins including several
isoforms were identified in the proteomic screen as changed in NfascI55" mice
(Table 4.3). Importantly, when the raw Caspr”’” dataset was assessed, only 2/10 key
transport proteins were changed in the Caspr”™ mice. However, both of these proteins
were changed in the opposite direction to the NfascI55" mice, suggesting that these
changes would not have similar biological effects. These results suggest that loss of
Nfasc155, a glial cell protein, results in targeting of axonal transport systems, which

could be associated with the delayed synapse elimination observed at the NMJ. This
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analysis implicates transport systems in the modulation of synapse elimination,
which has never before been shown, and also provides a tangible link between

Nfasc155 and the modulation of developmental pruning.
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Cellular and Molecular Function P-value No. of Proteins
Cellular Assembly and Organisation 1.06E-25 — 3.40E-04 299
Cellular Function and Maintenance 1.06E-25 — 3.10E-04 287
Cell Death and Survival 3.22E-21 - 2.19E-04 409
Cellular Growth and Proliferation 1.04E-14 — 3.40E-04 378
Protein Synthesis 5.86E-14 — 2.17E-04 166

Table 4.1. List of top S changed cellular and molecular functions in the

Nfasc155" mice, with the largest change observed in cellular assembly and

organisation. The calculated P-value for each altered function along with the

number of proteins in the proteomic analysis found to be associated with each

network is also shown.
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No. of No. of Proteins
Pathways and Processes P-value Proteins Upreg. Downreg.

Organisation of cytoplasm 1.06E-25 201 123 78
Organisation of cytoskeleton 9.15E-23 183 106 77
Microtubule dynamics 1.03E-20 159 96 63
Formation of cellular protrusions 1.70E-13 110 68 42
Formation of filaments 4.11E-16 73 47 26
Growth of plasma membrane 4.90E-11 72 46 26
Growth of neurites 9.10E-11 71 45 26
Formation of plasma membrane 5.75E-08 70 45 25
Neuritogenesis 2.16E-06 60 36 24
Formation of cytoskeleton 2.80E-11 59 39 20
Organisation of filaments 4.78E-09 34 18 16
Organisation of actin cytoskeleton | 2.68E-07 34 12 22
Quantity of filaments 1.18E-11 31 19 12
Quantity of cellular protrusions 1.77E-09 31 21 10
Extension of cellular protrusions 1.40E-06 30 19 11
Synaptogenesis 5.93E-06 26 21 5
Extension of neurites 8.72E-06 24 14 10
Transport of vesicles 3.30E-07 22 9 13
Polymerisation of filaments 1.12E-05 19 14 5
Stabilisation of filaments 1.36E-04 17 10 7
Stabilisation of microtubules 2.78E-04 15 6
Formation of microtubules 4.75E-05 14 5
Quantity of neurites 1.04E-04 14 11 3
Rearrangement of cytoskeleton 1.23E-04 13 9 4
Transport of synaptic vesicles 1.88E-04 11 7 4
Polymerisation of microtubules 4.34E-05 10 8 2
Quantity of axons 5.54E-05 10 8 2
Elongation of axons 2.94E-04 8 5 3

Table 4.2. List of functional

pathways and processes involved in cellular

assembly and organisation pathways significantly changed in the Nfascl55"

mice. The calculated P-value for each altered pathway and process, the number of

proteins in the proteomic analysis found to be associated with each function and the

direction in which those proteins were changed are shown.
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Nfascl55 * C aspr'/'
Change KO/Control Change KO/Control
Protein
Dynein  light chain | Upreg. 1.343 NC
roadblock-type 1
Kinesin light chain 1 | Downreg. 0.779 NC
isoform 1A
Kinesin heavy chain | Downreg. 0.786 NC
isoform 5C
Kinesin heavy chain | Downreg. 0.675 NC
isoform 5A
Kinesin-like protein | Downreg. 0.689 NC
KIF1A isoform B
Dynein  light chain | Downreg. 0.595 Upreg. 1.964
Tctex-type 3
Cytoplasmic dynein 1 Downreg. 0.727 NC
light intermediate chain
Cytoplasmic dynein 1 Downreg. 0.733 NC
light intermediate chain
Dynactin subunit 5 Downreg. 0.610 Upreg. 1.759
Dynactin ~ subunit 1 | Downreg. 0.772 NC
isoform 3

Table 4.3. Levels of core proteins involved in cytoskeletal organisation and
trafficking pathways in peripheral nerve from Nfasc155" and Caspr’™ mice.
NC = not changed. Only 2/10 proteins were changed in the Caspr” mice and in the

opposite direction.
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4.2.4 Kinesin5A levels are significantly decreased in sciatic nerve of

Nfasc155” mice

The proteomic analysis was carried out on whole sciatic-tibial nerve, which will
include a high population of myelinating Schwann cells. Glial cells are known to
express isoforms of transport proteins, including kinesin light chain (Kamal et al.,
2001) and kinesin heavy chain (Schmidt et al., 2012). To validate the changes in
cytoskeletal transport and organisation proteins identified in the proteomic screen,
and to confirm that these changes were occurring in axonal processes of neurons,
transverse sciatic nerve sections from Nfascl55” mice and littermate controls were
immunolabelled for kinesin 5A, which is predominantly expressed in axons (Xia et
al., 1998) and the proteomics data suggested was down-regulated in Nfasc/55" mice
(Table 4.3). Kinesin 5A is part of a multi-subunit complex that functions in
anterograde transport in the axon, along with 13 other isoforms (Lawrence et al.,
2004). Kinesin associates with the microtubule system and interacts with axonal
cargo to transport it anterograde (Shea and Flanagan, 2001). Quantitative
fluorescence intensity measurements confirmed a statistically significant reduction in
levels of kinesin 5A in axons from Nfascl55" mice compared to littermate controls
(Figure 4.4A,B), confirming that loss of Nfascl55 results in decreased levels of
kinesin in the axon, which could be contributing to the delayed synapse elimination

observed in these mice.
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Figure 4.4. Levels of Kinesin 5A are reduced in the sciatic nerve of Nfasc155"
mice. (A) Example confocal micrographs of transversely sectioned axons in the

" and Nfasc155" mice, showing a reduction of kinesin 5A

sciatic nerve of Nfascl55
in Nfascl 55" mice. Scale bar Sum. (B) Quantification of fluorescence intensity of
kinesin 5A levels in sciatic nerve shows a significant decrease in axons of Nfusc155™"

mice (p=0.0191; unpaired t-test; N=3 mice per genotype, 1 nerve per mouse).
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4.2.5 Nfasc155” mice exhibit a selective reduction in levels of NF-L in motor

nerve terminals

Although proteomic analysis produced a correlation between delayed synapse
elimination and altered transport systems, it remained to be determined how
defective transport systems could result in delayed synapse elimination in Nfasc155"
mice. Kinesin, dynein and dynactin are essential components for the axonal transport
of various types of cargo, including transport of neurofilaments throughout the entire
length of neuronal axons (Shah et al., 2000; Shea and Flanagan, 2001; Motil et al.,
2006; Lee et al., 2011). It was therefore hypothesized that, if cytoskeletal transport
was disrupted in Nfasc155" mice, corresponding changes in the composition and/or
sub-cellular arrangement of the neurofilament cytoskeleton may also be present in
peripheral nerve, which could be contributing to the delay in synapse elimination.
Neurofilament dynamics have previously been proposed to influence synapse
elimination with a correlation present between phosphorylated NF-H levels and
winning inputs at NMJs (Roden et al., 1991) and between retreating/losing axons and
neurofilament depletion (Gan and Lichtman, 1998). The suggestion of a possible
local regulation of neurofilament dynamics by myelinating Schwann cells is not so
intangible considering the finding that myelinating glial cells can modulate the
neurofilament content and organisation of axons via local modulation of transport
pathways (Monsma et al., 2014). This provides some evidence for a local signal
emanating from myelinating Schwann cells in regulating transport in the underlying

axon, which could involve Nfasc155.
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To address the possibility that perturbed transport systems in the Nfascl55" mice
would result in altered neurofilament levels or distribution, levels of neurofilament
heavy (NF-H), neurofilament medium (NF-M) and neurofilament light (NF-L)
proteins were examined in the distal portions of motor axons in LAL pre-terminal
axons from P11 Nfasc155" and Caspr”™ mice, by immunolabelling muscles for each
of the three neurofilament subunits. This analysis was carried out in muscle to allow
for a direct comparison between neurofilament composition and synapse elimination.
Fluorescence intensity measurements of pre-terminal axons revealed similar levels of
NF-M and NF-H in Nfascl55" mice, Caspr’™ mice and their littermate controls
(Figure 4.5A,B). This is in support of the finding that axon calibre was unaffected in
peripheral nerve of Nfasc155" mice (Chapter 3; Figure 3.3), as phosphorylation of
NF-M and NF-H subunits is believed to play a crucial role in the radial growth of
axons (de Waegh et al.,, 1992; Sanchez et al., 2000) with NF-L believed to be
dispensable for axon radial growth (Monteiro et al., 1990). However, motor axons,
their terminal collateral branches and axon terminals had significantly lower levels of
NF-L in Nfasc155” mice compared to controls (~20% less NF-L in pre-terminal
axons of Nfasc155" mice compared to controls; Figure 4.6A,B). In contrast, NF-L
levels remained unchanged in Caspr”™ mice (Figure 4.6A,B). The reduced levels of
NF-L in Nfascl55" mice therefore correlated with delayed synapse elimination,
potentially implicating NF-L in the Nfascl55-dependent modulation of postnatal
development of the PNS and providing a credible mechanism through which

Nfasc155 monitors and alters this process.
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Nfasc155** Nfasc155% Nfasc155" Nfasc155”

NF-H
NF-M

NF-M

Figure 4.5. NF-M and NF-H levels are unchanged in axon terminals of
Nfasc155" and Caspr’™ mice. (A & B) Confocal micrographs (taken with identical
microscope settings) of NMJs in the LAL of Nfasc155"", Nfasc155", Caspr*"" and
Caspr'/' mice at P11 with axons immunolabelled for (A) NF-H and (B) NF-M.
Endplates were labelled with TRITC-BTX. Fluorescence intensity of intramuscular
axons and axon bundles immunolabelled for NF-H and NF-M appeared similar

between groups. Scale bar 20um.
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Figure 4.6. NF-L levels are significantly downregulated in pre-terminal axons of
Nfascl55" mice. (A) Representative confocal micrographs (taken with identical
microscope settings) of NMJs in the LAL of P11 Nfasc155™", Nfasc155", Caspr™*
and Caspr’”™ mice with axons immunolabelled for NF-L. Endplates were labelled
with TRITC-BTX. The labelling intensity of intramuscular axons bundles, pre-
terminal axons and axon terminals was noticeably lower in Nfasc/55" mice. Scale
bars 20um. (B) Same confocal micrographs as those shown in (A) but in grayscale,
to emphasize the noticeable reduction in NF-L levels in pre-terminal axons and axon
terminals in Nfascl 557 mice. (C) High magnification confocal micrographs of single
endplates in Nfasc155" and Nfasc155"" mice immunolabelled for NF-L only,
showing reduced levels of NF-L in pre-terminal axons as well as axon terminals
overlying the endplate. (D) Quantification of NF-L levels using fluorescence
intensity measurements revealed significantly lower levels in pre-terminal axons
from Nfasc155" mice (p=0.0018; unpaired t-test; N=3 mice per genotype, 2 muscles

per mouse) but not from Caspr-/- mice (N=3 mice per genotype).
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4.2.6 Tubulin expression is unaltered in pre-terminal axons of Nfasc155"

mice

The cytoskeleton of axons is composed of proteins other than neurofilaments, such
as microtubules (Wuerker and Palay, 1969; Yamada et al., 1970, 1971; Schnapp and
Reese, 1982; Tsukita et al.,, 1982). B-III tubulin forms part of the network of
microtubules in the axon and has been shown to be upregulated during the period of
postnatal synapse elimination (Jiang and Oblinger, 1992). To determine if levels of
microtubule components in the cytoskeleton were altered at the NMJ, LAL muscles
in Nfasc155"" and Nfasc155" mice were immunolabelled for B-III tubulin.
Qualitative analysis revealed similar levels in pre-terminal axons of both genotypes
(Figure 4.7A). Quantitative analysis confirmed that B-III tubulin levels were
unchanged in the pre-terminal axons of Nfascl 557 mice (Figure 4.7B) indicating

that cytoskeletal alterations were specific to NF-L in Nfasc155" mice.
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Figure 4.7. B-III tubulin levels are unchanged in pre-terminal axons of
Nfasc155" mice. (A) Example confocal micrographs showing similar levels of B-III
tubulin in Nfasc155"" and Nfasc155" mice. (B) Quantitative analysis of p-III tubulin
in pre-terminal axons shows no significant difference between genotypes (Unpaired

t-test; N=3 mice per genotype; 1 muscle per mouse).

157



Chapter 4

4.2.7 Synapse elimination is significantly delayed in NF-L”" mice, supporting

a role for NF-L during this process

The above results suggested that Nfasc155 could be modulating synapse elimination
through modulation of axonal transport systems, with loss of Nfasc155 resulting in
selective defects in cytoskeletal transport and loss of NF-L specifically, from distal
regions of motor neurons. However, NF-L specifically had never before been
implicated in the regulation of synapse elimination and so, to determine whether the
selective reduction in NF-L levels was contributing directly to the delay in synapse
elimination, the rate of synapse elimination in mice lacking NF-L was examined

(Zhu et al., 1997).

The tibialis anterior (TA) muscle was used in this analysis due to the ease of fixation
with minimal dissection, as these muscles were transported to Edinburgh from Laval
University in Canada. Tissue was harvested at P10, when synapse elimination is
ongoing in the TA of mice. NF-L™" and NF-L™'* littermates were used as controls
because they had comparable levels of polyinnervation. The absence of NF-L from
motor axons in NF-L”" mice was confirmed using immunofluorescence on the TA
with an NF-L specific antibody (Figure 4.8A). To assess the rate of synapse
elimination in NF-L” mice, TA muscles from P11 mice were immunolabelled with
anti- B-III-Tubulin and TRITC-BTX, and polyinnervation levels quantified.
Antibodies recognising neurofilaments could not be used to label axons as both NF-
M and NF-H levels are significantly reduced in peripheral nerve of NF-L”" mice (Zhu

etal., 1997).
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In support of the hypothesis that NF-L is an essential cytoskeletal component for
driving normal rates of synapse elimination, this analysis revealed almost twice as
many polyinnervated motor endplates in NF-L”~ mice compared to control mice
(21% polyinnervated in NF-L” mice versus 12% polyinnervation in controls),
indicative of a delay in synapse elimination (Figure 4.8B,C). Interestingly, the
magnitude of the delay in synapse elimination observed in NF-L”" mice did not reach
those levels previously observed in Nfascl55" mice at the same age (increase of
79% in NF-L”" mice versus increase of 198% in Nfasc155" mice compared to
control littermates). This suggests that Nfasc155 may modulate synapse elimination
through NF-L-dependent as well as NF-L-independent mechanisms, with delayed
synapse elimination caused by loss of glial Nfasc155 likely to be mediated, at least in

part, through modulation of the axonal cytoskeleton.
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Figure 4.8. Synapse elimination is significantly delayed in NF-L”" mice. (A)
Confocal micrographs showing presence of NF-L in axons and motor nerve
terminals (identified by neighbouring motor endplates; red) from a TA muscle in a
control mouse at P11, but absence in comparable NF-L”~ mouse tissue. Endplates
were labelled with TRITC-BTX. Scale bar 20um. (B) Confocal micrographs
showing NMJs in the TA muscle of control and NF-L”~ mice labelled with B-III-
Tubulin, including examples of polyinnervated endplates (indicated by arrows).
Endplates were labelled with TRITC-BTX. Scale bars 20um. (C) There was a
significant delay in synapse elimination in NF-L”" mice compared to littermate
controls (p=0.0046; Mann Whitney U-test; N=16 control mice, N=8 NF-L"" mice, 2

muscles per mouse).
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4.2.8 NF-L is abnormally distributed throughout the motor neuron in

Nfasc155” mice

The results presented above provide clear mechanistic insight in to Nfascl55—
dependent modulation of synapse elimination. An in-depth proteomic analysis on
peripheral nerve in Nfasc155” mice revealed alterations to transport systems, which
resulted in a selective depletion of NF-L in the most distal regions of motor neurons.
This suggested a role for NF-L during synapse elimination and a mechanism through
which Nfasc155 modulates this process. Indeed, NF-L”~ mice recapitulated the
delayed synapse elimination observed in NfascI55" mice, verifying the importance
of this neurofilament subunit in the outcome of developmental pruning at the NMJ.
The proteomic analysis suggests that reduced NF-L levels at pre-terminal axons is
likely due to abnormal distribution of NF-L throughout the nerve rather than defects
in expression levels. In an attempt to provide further support for this hypothesis, NF-
L levels were assessed in more proximal regions of motor neurons, in tibial nerve
and spinal cord ventral roots. If Nfasc155 was locally modulating transport systems
in the underlying axons then you would predict that NF-L would be abnormally
distributed in more proximal regions of the motor neurons as well as distally,
because myelinating Schwann cells will be found along the entire length of lower

motor neurons.
Transversely sectioned tibial nerve from P14 NfascI55" and Nfasc155"" mice

immunolabelled for NF-L indicated lower levels of NF-L in Nfasc155" compared to

controls (Figure 4.9C). This was confirmed quantitatively revealing significantly

161



Chapter 4

lower levels in Nfasc155” mice (Figure 4.9D). Interestingly, transversely sectioned
spinal cord from P14 Nfasc155" and Nfasc155"" mice immunolabelled for NF-L
revealed significantly higher levels of NF-L in the ventral roots of Nfascl55" mice
(Figure 4.9A,B). This data is in keeping with the presence of a defect in the axonal
transport systems in NfascI557 mice. It appears that due to defective axonal
transport, NF-L levels are significantly reduced in the more distal regions, such as
axon terminals and peripheral nerve, whereas NF-L appears to be accumulating in
the more proximal parts of the nerve, such as the ventral roots of the spinal cord.

This finding is summarised in Figure 4.9E.

Proteomic analysis on sciatic-tibial nerve revealed no difference in levels of NF-L in
Caspr’™ mice, but a small increase in levels in Nfasc155" mice (25%; 5% above the
cut-off for significance). This is most likely due to the fact that whole sciatic-tibial
nerve was used in the analysis, with more proximal regions contributing a greater
proportion of tissue than distal parts, thus biasing the results in favour of the regions
where NF-L was accumulating. Interestingly, the proteomic screen also revealed
significant changes in levels of a-internexin (upregulated 25%) and peripherin
(downregulated 40%) in Nfasc155" mice, two intermediate filament proteins
expressed earlier than or at the same time as NF-L in the nervous system (Portier et
al., 1983; Escurat et al., 1990; Kaplan et al., 1990). It is known that NF-L is the most
abundant out of the three neurofilament subunits and one of the earliest expressed in
the embryo (Willard and Simon, 1983; Carden et al., 1987). Thus, the significant
disruption to transport systems in the axons of Nfasc155" mice appears to have the

most notable effects on levels of the earliest expressed filamentous proteins.
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Figure 4.9. Disrupted cytoskeletal transport networks in NfascI55" mice results
in increased levels of NF-L in spinal cord ventral roots and reduced levels in
tibial nerve. (A) Example confocal micrographs of transverse spinal cord sections
immunolabelled for NF-L, showing increased levels in the ventral roots of P14
Nfasc155" mice. Scale bar 20um. (B) Fluorescence intensity measurements showing
a significant increase in NF-L levels in spinal cord ventral roots of P14 Nfascl155"
mice (p=0.0239; unpaired t-test; N=3 mice per genotype, 2-9 ventral horns analysed
per mouse). (C) Example confocal micrographs of transverse tibial nerve sections
immunolabelled for NF-L, showing reduced levels in P14 Nfasc155" mice. Scale bar
10um. (D) Fluorescence intensity measurements showing a significant reduction in
NF-L levels in tibial nerve of P14 Nfasc155” mice (p=0.0132; unpaired t-test; N=3
mice per genotype, 1 nerve per mouse). (E) Simplified schematic of a motor neuron
summarising the disruption to NF-L levels in NfascI55" mice. Green shading
indicates NF-L. Nfasc155"" motor neurons display a uniform distribution of NF-L
throughout the motor neuron whereas NF-L appears to be accumulating in proximal
ventral roots and decreased in more distal regions, in peripheral nerve and axon

terminals.

163



Chapter 4

4.2.9 NF-L levels are higher during synapse elimination whereas NF-M and

NF-H levels peak post-synapse elimination in C57BL6 mice

The above results suggest that Nfasc155 modulates synapse elimination rates by
modulating axonal transport systems and trafficking of NF-L, without affecting
levels of NF-M and NF-H. In an attempt to discover why NF-L specifically could be
playing a role during synapse elimination, experiments were performed in C57BL6
mice to study the expression and localisation of NF-L during normal synapse
elimination. The sciatic nerve was used to analyse total protein levels by Western
blotting. Cranial muscles were used to analyse both protein level in pre-terminal
axons and localisation of individual neurofilament subunits at the NMJ by

immunofluorescence.

It is known that NF-L is the most abundant out of the three neurofilament subunits
and one of the earliest expressed in the embryo (Willard and Simon, 1983; Carden et
al., 1987) but it has not been shown how levels of the three neurofilament proteins
differ between a time when synapse elimination is occurring and when it has been
completed. Based on the previous results implicating NF-L specifically in the
process of synapse elimination, one might expect to find a difference between the
expression profiles or localisation of NF-H, NF-M and NF-L during normal synapse
elimination, that could explain its role during this time. The following experiments

were designed to test these hypotheses using C57BL6 mice.
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Levels of NF-H, NF-M and NF-L were assessed by Western blot on sciatic nerve
from C57BL6 mice at P10, when synapse elimination was still occurring, and P19,
when synapse elimination had been completed. To eliminate litter-litter variability, a
single litter was used in this analysis, harvesting tissue from four mice at P10 and
four littermates at P19. This revealed significantly higher levels of NF-H and NF-M
at P19 compared to P10 (normalised to B-actin) (Figure 4.10A,B). There was no
difference in levels of NF-L between P10 and P19 (Figure 4.10C). This suggests that
higher levels of NF-H and NF-M are required post-synapse elimination, possibly for
axon growth and maturation (Cleveland et al., 1991), whereas peak NF-L levels are
required earlier, during the time when synapse elimination is taking place. This

provides further support for a role for NF-L in postnatal development of the NMJ.
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Figure 4.10. NF-L protein levels in peripheral nerve are high during synapse
elimination whereas NF-M and NF-H levels increase post-synapse elimination.
(A) Scans of blots used for quantification of NF-H, NF-M and NF-L levels in P10
and P19 sciatic nerve. (B-D) Quantification from Western blots on sciatic nerve for
(B) NF-H, (C) NF-M and (D) NF-L at P10 and P19. There was a significant
difference between levels of (B) NF-H (p<0.0001; unpaired t-test; N=4, 2 nerves per
mouse) and (C) NF-M (p=0.0208; unpaired t-test; N=4, 2 nerves per mouse)
correlating high levels of NF-L with ongoing synapse elimination. -actin was used

as a loading control.
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4.2.10 NF-L-dependent modulation of synapse elimination most likely takes

place outside of the pre-terminal axon

To further examine neurofilament localisation during synapse elimination, and
determine whether the expression profile of NF-L at poly-innervated endplates could
explain its role during synapse elimination, a detailed analysis of poly-innervated
endplates was carried out at P10, on muscles double immunolabelled for NF-M/NF-
L and NF-H/NF-M. P10 was chosen as a suitable time-point to study synapse
elimination, as the majority of poly-innervated endplates had only two innervating
axons, making them easier to study for differences in neurofilament levels between
competing inputs. The hypothesis behind this experiment was that NF-L levels
would vary between competing inputs, conferring the axons with higher levels of
NF-L with an advantage during synapse elimination, whereas NF-M and NF-H levels

in competing inputs would be similar.

Fluorescence intensity measurements were taken along pre-terminal axons for each
neurofilament subunit at endplates with two innervating axons, averaged per axon,
and a ratio calculated as a measure of the expression profile (Input 1/Input 2). This
analysis revealed similar expression profiles of each neurofilament subunit at poly-
innervated endplates (ie. NF-L versus NF-M, NF-M versus NF-H) (Figure 4.11A-C),
suggesting that increased levels of NF-L in competing pre-terminal axons
approaching the endplate do not drive the outcome of synapse elimination. However,
it remained possible that NF-L was driving synapse elimination through mechanisms

in the most distal part of the motor neuron, the axon terminal, which actively adapts
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to compete for synaptic territory (Keller-Peck et al., 2001; Walsh and Lichtman,
2003; Turney and Lichtman, 2012). Indeed, reduced NF-L levels were observed in
both the pre-terminal axons and axon terminals in Nfasc55" mice (Figure 4.6). It is
thought that the reduced NF-L levels observed in the Nfascl55" mice are a cause of
delayed synapse elimination, as the above results suggest that NF-L in axon
terminals may provide the axon with plasticity/stability required for developmental

pruning.
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Figure 4.11. Expression profiles of NF-H, NF-M and NF-L are similar between
competing pre-terminal axons at polyinnervated endplates at P10. (A)
Qualitative images of single endplates at P10 double-immunolabelled for NF-H/NF-
M and NF-M/NF-L, showing similar expression profiles of neurofilaments in pre-
terminal axons at polyinnervated endplates. Scale bar 10um. (B & C) Quantification
of the expression profile of each neurofilament at competing inputs, by measuring a
ratio of fluorescence intensity of input 1/input 2, for muscles immunolabelled for (B)
NF-H and NF-M and (C) NF-M and NF-L. There was no significant difference in
ratio found between neurofilament proteins indicating similar expression profiles of
neurofilament subunits in pre-terminal axons at poly-innervated NMJs (Unpaired t-

test; N=4, 1 muscle per mouse).
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4.2.11 NF-L is highly expressed in axon terminals and axon terminal

protrusions extending beyond the endplate

During quantitative assessment of neurofilament expression in pre-terminal axons, it
was observed that NF-L was the most predominant out the three neurofilaments in
nerve terminals overlying the endplate (Figure 4.11A). Fluorescence intensity of NF-
L appeared as intense in the axon terminals as it did in the pre-terminal axons. In
contrast, NF-H and NF-M levels were relatively low in axon terminals compared to

the pre-terminal axon (Figure 4.11A).

This interesting observation prompted a quantitative analysis that revealed
significantly greater expression of NF-L in axon terminals at P10, compared to NF-
M, when expressed as a ratio of nerve terminal fluorescence intensity/pre-terminal
axon fluorescence intensity (36% more NF-L than NF-M in axon terminals) (Figure
4.12A,C). Interestingly, this analysis also revealed significantly greater expression of
NF-H in axon terminals, compared to NF-M (16% more NF-H than NF-M in axon
terminals) (Figure 4.13A,B). This is perhaps not surprising, as NF-H has previously
been implicated in the success of synapse elimination at the NMJ (Roden et al.,
1991). NF-M co-localised with NF-H at the NMJ, which was observed when the

exposure was increased for NF-M (Figure 4.13A, inset).

Higher levels of NF-L in terminal axons were also observed at P19 NMlJs, double

immunolabelled for NF-M and NF-L (Figure 4.12D). Similarly to P10, NF-M co-

localised with NF-L in axon terminals (Figure 4.12D, inset) but was observed at
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much lower levels, when fluorescence intensity levels of NF-M and NF-L were
identical in pre-terminal axons. NF-L could therefore be associated with increased
axon plasticity/stability throughout life rather than during postnatal development
alone. This is supported by a study showing that in mice lacking NF-L, regeneration
of peripheral nerve was delayed following a crush injury (Zhu et al., 1997), possibly

through reduced axon plasticity/stability as the above results suggest.

A second interesting observation was that NF-L was present at high levels in axon
terminal protrusions extending beyond the boundaries of the endplate (Figure
4.12A,B), dynamic regions of the motor nerve terminal that contribute to
remodelling during synapse elimination (Keller-Peck et al., 2001; Walsh and
Lichtman, 2003; Turney and Lichtman, 2012). Such NF-L-rich protrusions were
observed at 16% of endplates (42/269 NMJs across 4 mice). These results therefore
provide a plausible explanation for why NF-L specifically was playing a key role
during synapse elimination, as it is present at higher levels than NF-M and NF-H in
axon terminals, the region of the motor neuron that undergoes dramatic remodelling
and adaptations during the competition for territory alongside other inputs (Keller-
Peck et al., 2001; Walsh and Lichtman, 2003; Turney and Lichtman, 2012). These
results suggest that NF-L specifically is associated with the most dynamic and
terminal parts of the motor neuron, thereby able to directly influence
plasticity/stability of the motor nerve terminals that is required for synapse

elimination to take place.
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The above results provide a detailed mechanistic insight in to Nfasc155-dependent
modulation of synapse elimination. Proteomic analysis of peripheral nerve revealed
significant alterations to transport systems in the Nfasc55" mice, which is believed
to result in abnormal distribution of NF-L throughout the motor neurons. It has
clearly been shown the NF-L is required for normal rates of synapse elimination, by
studies in the NF-L”" mouse, and that NF-L likely acquires this role by altering
stability/plasticity at axon terminals competing for synaptic territory, where it is
highly expressed. These results provide a convincing and robust mechanistic link
between Nfasc155 in the myelinating glial cell and the regulation of synapse

elimination in the PNS.
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Figure 4.12. NF-L is present at high levels in terminal axons and axon
protrusions extending beyond the endplate. (A) Example confocal micrographs of
NMJs showing higher levels of NF-L in terminal axons (arrows) in the LAL of a
C57BL6 P10 mouse. Inset shows an exposed image of an endplate labelled for NF-M
(*) showing co-localisation with NF-L. Muscles were double immunolabelled for
NF-M (red) and NF-L (green). Endplates were labelled with far-red-BTX (blue).
Scale bar 20um. (B) Example confocal image of a single endplate with terminal
protrusion present (arrow) in a P10 muscle. High levels of NF-L are observed in the
protrusion in comparison to a lack of NF-M. Scale bar 20um. (C) Quantification of
pre-terminal axon intensity/nerve terminal intensity for NF-M and NF-L at P10,
showing a significant difference between ratio’s (nerve terminal intensity/pre-
terminal axon intensity) indicative of higher levels of NF-L in axon terminals than
NF-M (p<0.0001; unpaired t-test, N=4, 1 muscle per mouse). (D) Example confocal
micrographs of NMJs showing higher levels of NF-L in terminal axons (arrows) in
the LAL of a C57BL6 mouse at P19. Inset shows exposed image of endplate labelled
for NF-M (*) showing co-localisation with NF-L. Scale bar 20um.
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Figure 4.13. NF-H is present at high levels in terminal axons at P10. (A)
Example confocal micrographs of NMJs showing higher levels of NF-H in terminal
axons (arrows) in the AAL of a C57BL6 mouse. Inset shows exposed image of
endplate labelled for NF-M (*) showing co-localisation with NF-H. Muscles were
double immunolabelled for NF-M (red) and NF-H (green). Endplates were labelled
with far-red-BTX (blue). Scale bar 20um. (B) Quantification of pre-terminal axon
intensity/nerve terminal intensity for NF-M and NF-H at P10, showing a significant
difference between ratio’s indicative of higher levels of NF-H in axon terminals than

NF-M (p=0.0071; unpaired t-test, N=4, 1 muscle per mouse).
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4.2.12 Lysosomal activity is significantly altered in Nfasc155" mice

It has been discussed in detail in previous sections how the process of synapse
elimination can be altered by changes in neurotransmission, growth factor supply and
lysosomal activity by surrounding glial cells. The results of this chapter have already
shown that neurotransmission and growth factor supply from target-derived muscle
are unlikely to be playing any role in Nfascl55-dependent modulation of synapse
elimination, however, the possibility that lysosomal activity is involved in this

process remained to be determined.

It is known that lysosomal activity is essential for the normal process of synapse
elimination at the NMJ (Song et al., 2008). Lysosomes degrade macromolecules
derived from the extracellular space through endocytosis or phagocytosis (Saftig and
Klumperman, 2009), including the unwanted debris that retracting axons at NMJs
leave behind during synapse elimination (Song et al., 2008). Degradation within
lysosomes involves an array of proteins and pathways (Lubke et al., 2009; Saftig and
Klumperman, 2009). Included in the lysosomal protein arena are lysosome-
associated membrane proteins (LAMPs), which are thought to protect the lysosomal
membrane from hydrolytic enzymes, and support mitochondrial turnover (Eskelinen,
2006). Lysosomal a-glucosidase and lysosomal a-mannosidase are examples of

catabolic enzymes found in the lysosome (Lubke et al., 2009).
Proteomic analysis in Nfasc55" mice revealed an interesting finding that lysosomal

activity would be significantly altered based on the protein changes identified with

iTRAQ, in what appears to be a compensatory mechanism to counteract the delay in
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synapse elimination. IPA network analysis on the proteomics data revealed a
significant disruption to pathways and processes including ‘lysosomal storage
disorder’ and ‘morphology of the lysosome’. Study of the raw dataset of changed
proteins in the Nfasc155" mice revealed changes to levels of proteins essential for
lysosomal activity, including LAMP-2, lysosomal a-glucosidase and lysosomal o-
mannosidase (Table 4.4). These proteins were upregulated, which could be a
compensatory reaction to the delayed synapse elimination, in an attempt to prune
away the excess inputs. Interestingly, 5/6 proteins were unchanged in the Caspr”
mice, and the one protein that was changed was changed in the opposite direction,
correlating increased lysosomal activity with a delay in synapse elimination in

Nfascl 557 mice (Table 4.4).
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Nfascl55" Caspr”
Protein

Change | Ratio Change Ratio
Lysozyme C-2 Upreg. 2.519 Downreg. | 0.775
Lysosome membrane protein | Upreg. 1.937 NC
2
Isoform LAMP-2A of Upreg. 1.784 NC
Lysosome-associated
membrane glycoprotein 2
Lysosomal protective protein | Upreg. 1.706 NC
Lysosomal a-glucosidase Upreg. 1.357 NC
Lysosomal a-mannosidase Upreg. 1.270 NC

Table 4.4. Levels of core proteins involved in lysosomal morphology and activity

pathways in peripheral nerve from Nfascl155" and Caspr’™ mice. NC = not

changed. Only 1 out the 5 lysosomal proteins was also changed in Caspr-/- mice but

changed in the opposite direction. Ratio = KO/Control. Upregulation of lysosomal

activity therefore correlated with delayed synapse elimination in the Nfasc55" mice.
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4.3 Discussion

4.3.1 Overview of results

The results of this chapter provide mechanistic insight in to Nfasc155-dependent
modulation of synapse elimination in the mouse PNS, summarised with five major,
novel findings. A 4-way proteomic analysis on peripheral nerve from Nfascl55",
Caspr’”™ and littermate control mice revealed changes in 1,210 proteins in the
Nfasc155-/- mice versus 405 proteins in the Caspr”™ mice, making a clear indication
that Nfasc155 is essential for many more cellular processes than Caspr, the first
major finding. This is not surprising, as the two mouse models are both models of
paranodal disruption, with immunofluorescence analyses on peripheral nerve
revealing an almost identical appearance of nodal and paranodal molecular domains
(Chapter 3, Figure 3.1 & 3.12), and an almost identical resulting reduction in
conduction velocity along the sciatic nerve (Chapter 3, Figure 3.15), but a far more
severe phenotype observed in the Nfasc155” mice. These mice die prematurely at
~P19, exhibiting a progressively worsening tremor from P12 onwards, and have a
clear developmental delay in NMJ development. In contrast, Caspr’™ mice are
indistinguishable from control littermates up until ~P30 when they display a slight

weakness of hindlimbs, but do not die prematurely.
It cannot be denied that the phenotype of the NfascI55" mice alongside the

proteomic analysis, compared with the Caspr” mice, indicates a more global

regulatory and developmental role for Nfascl55, independent of its previously
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known role at the paranode. It is not yet known what proteins on the axon membrane
Nfasc155 interacts with to elicit downstream changes in the rate of synapse
elimination, as investigation of the axon-glial protein interactions responsible for
Nfasc155’s non-canonical role was beyond the constraints of the current study.
However, future studies will hopefully provide some insight in to these novel protein

interactions.

4.3.2 Mechanistic insight in to paranodal formation

The main goal of the proteomic analysis was to tease apart the downstream pathways
influenced by Nfasc155 and generate a resulting list of potential synapse elimination
regulators. This analysis also unveiled a second exciting dataset of pathways
downstream of paranodal disruption. By comparing the results of the Nfascl55"
mice with the Caspr”™ mice, it was predicted that the similarly changed proteins were
due to the loss of paranodal integrity. 56 similarly changed proteins were identified
in Nfasc155" and Caspr’™ mice. Such a dataset has never before been generated and
provides an excellent tool to study the importance of axon-glial interactions at the
paranode in more detail. For the purpose of this study, this dataset was not studied

further.

4.3.3 Cytoskeletal transport systems may regulate synapse elimination

It has been known for some time that changes in nerve activity (Costanzo et al.,

2000; Buffelli et al., 2003), glial lysosomal activity (Song et al., 2008) and target-
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derived growth factor supply (Kwon et al., 1995; Jordan, 1996; Nguyen et al., 1998)

can directly or indirectly modulate synapse elimination at the NMJ. The results of
this chapter also present an essential role for axonal cytoskeletal transport systems in
the control of synapse elimination. iTRAQ proteomic analysis revealed altered
cytoskeletal transport systems in the Nfascl55" mice, which correlated with delayed
synapse elimination, as these changes were absent in the Caspr”™ mice. This exciting
and second major finding provides a plausible mechanism through which Nfasc155
modulates synapse elimination at the NMJ. It has already been shown in vitro
(Monsma et al., 2014) and in vivo (de Waegh et al., 1992) that the presence of
myelinating Schwann cells has a local effect on the transport of cytoskeletal cargo in
the underlying axon and the results of this proteomic dataset suggest that Nfasc155

may be involved in the process of glial regulation of axonal dynamics.

It was interesting and perhaps surprising to find that disruption of axonal transport in
Nfasc155" mice appeared to affect NF-L levels at the NMJ specifically, as the
transport systems and proteins described are known to interact and transport all three
neurofilament subunits. Mice lacking glial Nfasc155 displayed a selective loss of
neurofilament light (NF-L) protein from distal axons and peripheral nerve, and
accumulations of NF-L in the proximal ventral roots of the spinal cord, the third
major finding in this chapter. NF-L is the most abundant neurofilament subunit and
one of the earliest expressed (Willard and Simon, 1983; Carden et al., 1987). Thus,
one parsimonious explanation for the apparent selective disruption of NF-L levels in
motor nerve terminals of NfascI55" mice is that perturbations in cytoskeletal

transport pathways had the most overt effects on the NF subunit (NF-L) that was
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most abundant and was required at the earliest stages of cytoskeletal development

and maturation.

4.3.4 NF-L is important for normal rates of synapse elimination

Our finding from knockout mouse experiments that loss of NF-L was sufficient to
delay the process of synapse elimination confirms that NF-L is an important
neurofilament subunit for processes of neuronal remodelling, the fourth major
finding. Interestingly, the magnitude of the delay in synapse elimination observed in
NF-L™" mice did not reach those levels previously observed in Nfasc155" mice at the
same age (increase of 79% in NF-L”" mice versus increase of 198% in Nfasc155"
mice). Thus, whilst it is unlikely that low levels of NF-L in motor axons are solely
responsible for the delay in synapse elimination observed in Nfasc155" mice, these
experiments suggest that Nfasc155 expression in Schwann cells is required for the
normal development and maturation of the cytoskeleton in neighbouring motor axons,
with disruption to NF-L contributing to delayed synapse elimination when Nfasc155

is no longer present.

An important point to consider when comparing the Nfasc155” and NF-L”~ mouse
models is that although NfascI55" and NF-L” mice both display reduced
levels/absence of NF-L from axon terminals, they must not be considered as similar
models. The principal difference is that NF-L has always been absent from motor
neurons in NF-L”" mice, with previous work showing that this leads to compensatory

changes in both NF-M and NF-H (Zhang et al., 2002) whereas NF-L appears to be
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expressed at normal levels in NfascI55" mice but is mislocalised due to defects in
transport, with no apparent compensation from NF-M or NF-H. This suggests that,
given the lack of compensatory responses to ameliorate the loss of NF-L from distal
motor axons in Nfasc155 mice, these actually represent the more ‘severe’ model with

respect to an influence on synapse elimination.

It is clear from the results showing reduced levels of NF-L in the pre-terminal axons
and axon terminals of the NfascI55" mice, along with the delayed synapse
elimination observed in the NF-L”" mice that NF-L is essential for normal rates of
synapse elimination to occur in skeletal muscle, whereas NF-M and NF-H levels
appear to be less critical. You would expect based on these results that NF-L levels
would differ from NF-M and NF-H in terms of localisation &/or expression at the
NMIJ during synapse elimination. In support of this hypothesis, it appears that NF-L
may be modulating rates of synapse elimination through its activity at axon terminals,
where it is highly expressed, the fifth major finding in this results chapter. Nfasc155
" mice displayed reduced NF-L levels in pre-terminal axons and axon terminals, and
it is therefore possible that the reduced levels of NF-L in the pre-terminal axons did
not directly affect rates of synapse elimination but rather the reduction of NF-L in
axon terminals is what had consequential effects on the process. The finding that NF-
L is expressed at higher levels in the axon terminals compared to NF-M and NF-H
suggests that it is not always associated with NF-M and NF-H in intermediate
filaments. This is not a surprising result as it has been previously shown that NF-L
not only interacts with NF-H and NF-M to form intermediate filaments (Leung and

Liem, 1996) but can also form homodimers (Geisler and Weber, 1981; Liem and
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Hutchison, 1982). These results suggest that NF-L confers the axon terminals with
plasticity/stability, which is essential during synapse elimination as inputs compete
to takeover synaptic territory (Keller-Peck et al., 2001; Walsh and Lichtman, 2003;

Turney et al., 2012).

These findings propose that NF-L specifically plays an important role during
developmental synaptic remodeling at the NMJ, possibly by increasing
stability/plasticity of axon terminals. Indeed, it has already been shown that NF-L is
an important neurofilament subunit for growth and stability of motor neurons from
studies showing that reduced levels of NF-L are associated with reduced motor
neuron dendritic arborisation (Zhang et al., 2002) and increased motor neuron
degeneration (Chen et al., 2014). Our data showing high levels of NF-L compared to
NF-M & NF-H in axon terminals during synapse elimination, suggests that NF-L
may be regulating this process by altering the structural integrity of competing axon
terminals. This provides a plausible explanation for why reduced levels of NF-L in

Nfasc155" mice could be driving the delay in synapse elimination.

4.3.5 Glial control of synapse elimination

The results from this chapter corroborate with previous studies suggesting that
myelinating Schwann cells closely monitor and modulate axonal cytoskeletal
dynamics (de Waegh et al.,, 1992; Cole et al.,, 1994; Monsma et al., 2014), by
demonstrating a role for glial Nfasc155 in the modulation of axonal cytoskeletal

transport. These results also propose a close association between glial regulation of
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axonal cytoskeletal dynamics and synapse elimination at the mouse NMJ. It is
proposed that Nfasc155 in the myelinating glial cell modulates synapse elimination
by utilising axonal transport systems to modulate NF-L levels in the underlying
axons. These findings illustrate an active role for myelinating glial cells in the
regulation of postnatal neuronal remodelling in the PNS. This depicts a relationship
between Schwann cells and underlying axons whereby communication from the
Schwann cell is crucial for axonal stability and plasticity, with the Schwann cell
overseeing and manipulating cellular processes in the axon to guide developmental

remodelling.

Equipped with this insight and new findings, future work in this field can begin to
piece together the intricacies of a developmental process that takes place throughout
the nervous system. The loss and gain of connections between axons and their targets
underlies the basis for normal and pathological processes throughout the nervous
system, from memory consolidation to motor neuron disease. An understanding of
how these connections are made and lost is essential before we can fully appreciate
the massively complex workings of the mammalian nervous system. The Nfascl55"
mouse model of delayed synapse elimination at the NMJ is an extremely powerful
tool as we endeavour to unravel the key cells, proteins and networks at play during a

time when such connections are undergoing vast remodelling and refinement.
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Chapter 5

Axon-glial interaction in a mouse model of spinal muscular

atrophy

5.1 Introduction

Previous results chapters have demonstrated a clear role for axon-glial interactions in
normal development of the PNS, mediated by the glial isoform of Nfasc: Nfasc155.
To determine if axon-glial interactions could be contributing to/affected by disease
states of the PNS, interactions at the paranode were studied in a mouse model of
spinal muscular atrophy (SMA), a motor neuron disease with known Schwann cell

defects.

SMA, also known as floppy baby syndrome, is an autosomal recessive disease and
childhood form of motor neuron disease. It is caused by a disruption in the survival
motor neuron 1 (SMNI) gene that results in defective expression of full-length
survival motor neuron (SMN) protein (Lefebvre et al., 1995; Burghes and Beattie,
2009; Lorson et al., 2010). This protein is ubiquitously expressed, and so, defective
expression results in global body system defects (Hamilton and Gillingwater, 2013).
The peripheral nervous system is particularly vulnerable to loss of SMN, manifesting
as a severe breakdown of the neuromuscular system (Mutsaers et al., 2011; Ling et

al., 2012). Lower motor neurons originating in the ventral spinal cord are lost
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(Jablonka et al., 2000) and neuromuscular connectivity is weakened (Murray et al.,
2008), resulting in skeletal muscle paralysis and atrophy. There are different forms of
SMA based on severity and age of onset. The copy number of the almost identical
SMN2 gene impacts on the severity of the disease, with a higher copy number

correlating with a milder phenotype (Swoboda et al., 2005).

5.1.1 SMA is a multi-system disorder

It has been known for some time that connectivity between lower motor neurons and
skeletal muscle is severely affected. However, we are now only beginning to uncover
and appreciate the contribution of other cell types in the body, to the onset and
progression of the disease. Recent reports, using both mouse and human studies,
have highlighted the various cell types and tissue types that are affected by loss of
SMN, including skeletal muscle and vasculature (Mutsaers et al., 2011; Somers et al.,
2012; Schreml et al., 2013), musculature of the heart (Menke et al., 2008; Rudnik-
Schoneborn et al., 2008), pulmonary function (Robinson et al., 1995; Schreml et al.,
2013), pancreas metabolism (Bowerman et al., 2012), brain development (Wishart et

al., 2010) and morphology of the intestine (Schreml et al., 2013).

5.1.2 Schwann cell myelination is affected by loss of SMN

Schwann cells for example, the myelinating glial cells of the peripheral nervous

system, are affected in SMA human patients (Farrar et al., 2011) and mouse models

(Hunter et al., 2014). In two mouse models of SMA, it was shown that the
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myelination process was perturbed in peripheral nerve in vivo, resulting in thinner
myelin and unmyelinated large diameter axons. Levels of key myelin proteins were
studied using quantitative fluorescent western blotting and these results showed that
myelin protein zero (Pg) and peripheral myelin protein 22 (PMP22) levels were
significantly decreased in the intercostal nerves of SMA mice, with a significant
increase observed in myelin basic protein (MBP) levels. In vitro work using isolated
SMA derived Schwann cells showed that these cells were intrinsically different from
cultured control Schwann cells. Using quantitative fluorescence intensity
measurements, a significant reduction in SMN levels was found in SMA Schwann
cells. When SMA Schwann cells were co-cultured with healthy control axons, a
significant and striking myelination defect was observed. The SMA Schwann cells

failed to form myelin as effectively as the healthy control Schwann cells.

This works clearly shows that Schwann cells lacking SMN are intrinsically different
from healthy Schwann cells. In vitro work has shown that these cells respond
abnormally to myelination cues and this data is supported by the in vivo observations
that myelin sheaths are thinner and sometimes lacking around large diameter axons,

and that the expression of key myelin proteins is perturbed (Hunter et al., 2014).

As has been described in previous chapters, Schwann cells in vivo associate closely
with the axons that they myelinate. As well as forming and maintaining the myelin
sheath, Schwann cells express specific proteins that form axon-glial interactions with
proteins in the underlying axon. Formation of the myelin sheath results in the

division of the axon in to molecular domains (Salzer et al., 2008). Sites of physical
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axon-glial interaction are present throughout the length of the axon, at the paranode
(Brophy, 2001; Brophy, 2003; Schnaar and Lopez, 2009). Paranodes are thought to
provide a diffusion barrier and ensure the restriction of Na, channels to the node
(Rios et al., 2003), for efficient saltatory conduction along myelinated fibres.
Paranodal junctions are known to first appear closest to the node of Ranvier and
develop towards the juxtaparanode (Tao-Cheng and Rosenbluth, 1982). To further
explore the effects that loss of SMN has in Schwann cells as well as their interactions
with underlying axons, sites of axon-glial interaction in peripheral nerve were
studied in the Taiwanese SMA mouse model. The generation of these mice has been
described in Chapter 2. Teased fibre preparations from sciatic and intercostal nerves
of SMA mice and control littermates were immunolabelled with various markers of
nodal, paranodal and juxtaparanodal domains to study the various molecular domains

of myelinated fibres, with a particular emphasis on paranodal maturation.
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5.2 Results

5.2.1 Paranodal maturation is delayed in the sciatic nerve of pre-symptomatic

SMA mice

Taiwanese SMA mice first show signs of a disease phenotype ~P7, when their body
weight begins to drop and they show signs of motor impairment (Riessland et al.,
2010). This phenotype becomes progressively worse up until their premature death
~P11. Before the age of P7 the Taiwanese SMA mice are known as pre/early
symptomatic and after this time-point they are known as late symptomatic (Hunter et
al., 2014). Hunter et al. 2014 performed morphological and molecular studies in both
the intercostal and sciatic nerves of Taiwanese SMA mice. Defects were found in
both nerves although they were more profound in the intercostal nerve. Teased fibres
are more easily prepared from sciatic nerve, and for this reason paranodes and nodes

were first assessed in this nerve.

Teased fibres from the sciatic nerves of P8-P10 (late symptomatic) and P6 (pre/early
symptomatic) Taiwanese SMA mice and control littermates were immunolabelled
with a panel of antibodies against juxtaparanodal, paranodal and nodal proteins, to
study the development of axon-glial interactions in an SMA mouse model. Nfasc155
and Caspr are two proteins that are essential in the formation of the physical axon-
glial interaction at the paranode (Bhat et al., 2001; Sherman and Brophy, 2005). The
Schwann cell expresses Nfasc155 and Caspr is an axonally expressed protein. A

second axonally expressed protein, contactin, localises with Caspr at the paranode
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(Rios et al., 2000) and is also essential for normal paranodal development (Boyle et
al., 2001). Nfascl55 binds to the Caspr-contactin complex to form a physical
interaction with Nfasc155 on the Schwann cell adaxolemmal membrane (Charles et

al., 2002).

Paranodes were studied by immunolabelling teased fibres for pan-Nfasc (nodal and
paranodal), Caspr (paranodal) and ankyrin G (nodal). Qualitative observations of P6
paranodes immunolabelled for pan-Nfasc revealed that paranodes were shorter in the
SMA mice (Figure 5.1A), indicating a delay in maturation. Caspr and Nfasc155,
expressed by the axon and myelinating glial cell respectively, colocalise at the
paranode (Bhat et al., 2001; Sherman et al., 2005). It was therefore important to
determine if Caspr immunolabelling also revealed shorter paranodes in the SMA
mice. Teased sciatic nerve fibres immunolabelled for Caspr were prepared and
studied. Paranodes identified by the presence of Caspr also appeared shorter (Figure
5.1B), indicative of a general paranodal maturation defect in the SMA mice.
Quantitative analysis on the length of paranodal and nodal domains revealed that
although nodal length was unaffected, paranodal length was significantly shorter in
the SMA mice at a pre-symptomatic time-point (3.59um in controls vs. 3.15um in
SMA mice, ie. 12% shorter in SMA mice; Figure 5.2). Quantification was carried out
on teased fibres immunolabelled for pan-Nfasc and ankyrin G as both pan-Nfasc and

Caspr immunolabelling revealed a similar appearance of paranodes in the SMA mice.

Nodal length was measured at both time-points by immunolabelling for ankyrin G.

Although ankyrin G is known to anchor Na, channels to the node of Ranvier, they do
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not always co-localise entirely (Jenkins and Bennett, 2002), so it could only be
suggested from this result that Na, channel clustering was unaffected. To confirm
that nodal length was unaffected, a second nodal marker was used to measure nodal
length. Immunolabelling of nodes of Ranvier using an anti-pan Na, channel antibody
confirmed that nodal length was unaffected in the SMA mice and that Na, channels

clustered normally (Figure 5.3).
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Figure 5.1. Paranodes are shorter in sciatic fibres of pre/early symptomatic
SMA mice. (A) Confocal images of teased sciatic fibres of P6 SMA and control
mice, showing single nodes of Ranvier. Pan-Nfasc (green) labels paranodes
(Nfasc155) and nodes of Ranvier (Nfasc186). Ankyrin G (red) labels nodes of
Ranvier. Paranodes and nodes are highlighted by arrows and arrowheads respectively.
(B) Confocal images of teased sciatic fibres of P6 SMA and control mice, showing
single nodes of Ranvier. Caspr (green) labels paranodes. Ankyrin G (red) labels
nodes of Ranvier. Paranodes and nodes are highlighted by arrows and arrowheads

respectively.
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Figure 5.2. Quantitative analysis of paranodal length reveals a significant
difference in the sciatic nerve between control and SMA mice at P6. (A) Bar
graph of nodal length (measured from ankyrin G labelling) showing no difference
between groups (Unpaired t-test, N=3 mice per genotype, n=2 nerves per mouse).
(B) Bar graph of paranodal length (measured from neurofascin labelling) showing a
significant reduction in SMA mice compared to control littermates (p=0.018;

unpaired t-test; N=3 mice per genotype, n=2 nerves per mouse).
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Figure 5.3. Nodes of Ranvier labelled for Na, channels are a similar length in
the sciatic nerve of SMA and control mice. (A) Confocal images of teased sciatic
fibres of P8 SMA and control mice, showing single nodes of Ranvier. Pan Na,
(green) labels nodes of Ranvier, highlighted with an arrow. (B) Quantitative analysis
of nodal length showing no significant difference between groups (Unpaired t-test;

N=3 mice per genotype, n=2 nerves per mouse).
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5.2.2 Delayed paranodal maturation persists in the sciatic nerve of SMA mice

in to late-symptomatic time points

To determine if the observed paranodal defect worsened with disease progression,
analysis was repeated at P10 when the SMA mice showed more obvious disease
symptoms (Riessland et al., 2010). Qualitative analysis revealed notably shorter
paranodes in teased fibres from sciatic nerves of SMA mice, when immunolabelled
for both Nfasc155 and Caspr (Figures 5.4A & 5.4B). Quantitative analysis confirmed
this observation with the finding of a significant difference in paranodal length
between control and SMA mice (5.72pum in controls vs. 3.65um in SMA mice;
Figure 5.5). Paranodes were 12% shorter in P6 SMA mice and 36% shorter in P10
SMA mice compared to littermate controls, indicative of a progressive delay in

paranodal maturation. Nodal length remained unaffected at P10.
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Figure 5.4. Paranodes are shorter in sciatic fibres of late symptomatic SMA
mice. (A) Confocal images of teased sciatic fibres of P10 SMA and control mice,
showing single nodes of Ranvier. Pan-Nfasc (green) labels paranodes (Nfasc155)
and nodes of Ranvier (Nfasc186). Ankyrin G (red) labels nodes of Ranvier.
Paranodes and nodes are highlighted by arrows and arrowheads respectively. (B)
Confocal images of teased sciatic fibres of P10 SMA and control mice, showing
single nodes of Ranvier. Caspr (green) labels paranodes. Ankyrin G (red) labels
nodes of Ranvier. Paranodes and nodes are highlighted by arrows and arrowheads

respectively.
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Figure 5.5. Quantitative analysis of paranodal length in the sciatic nerve reveals
a significant difference between control and SMA mice at P10. (A) Bar graph of
nodal length (measured from ankyrin G labelling) showing no difference between
groups (Unpaired t-test; N=3 mice per genotype, n=2 nerves per mouse). (B) Bar
graph of paranodal length (measured from Nfasc labelling) showing a significant
reduction in SMA mice compared to control littermates (p=0.0190; unpaired t-test;

N=3 mice per genotype, n=2 nerves per mouse).
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5.2.3 Paranodes are unaffected in the intercostal nerve of late symptomatic

SMA mice

Hunter et al., 2014 examined myelination and key myelin protein levels in both
intercostal and sciatic nerves in SMA and control mice. Molecular and ultrastructural
analysis identified the intercostal nerve as being more affected in SMA. Axons with
thinner myelin were more numerous in the intercostal nerve, and there was a greater
reduction in Py and PMP22 protein levels. Although teased fibre preparation can be
difficult from intercostal nerves due to their small size, P9 proved to be a suitable
time-point for which to dissect and tease fibres from this nerve. Paranodes were
firstly qualitatively assessed in the intercostal nerve and surprisingly, appeared
normal in the SMA mice (Figures 5.6A & B), in comparison to the observed
difference seen at a similar time-point in the sciatic nerve. Quantitative analysis
confirmed that paranodal maturation was occurring normally in the intercostal nerve

of SMA mice (4.44pum in controls vs. 4.36pum in SMA mice; Figure 5.7).

199



Chapter 5

Control

bhy

Pan-Neurofascin

SMA

Control

Merge

SMA

Figure 5.6. Paranodal length is unaffected in intercostal fibres of late
symptomatic SMA mice. (A) Confocal images of teased sciatic fibres of P9 SMA
and control mice, showing single nodes of Ranvier. Pan-Nfasc (green) labels
paranodes (Nfasc155) and nodes of Ranvier (Nfasc186). Ankyrin G (red) labels
nodes of Ranvier. Paranodes and nodes are highlighted by arrows and arrowheads
respectively. (B) Confocal images of teased sciatic fibres of P9 SMA and control
mice. Caspr (green) labels paranodes. Ankyrin G (red) labels nodes of Ranvier.

Paranodes and nodes are highlighted by arrows and arrowheads respectively.
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Figure 5.7. Quantitative analysis of paranodal length shows no significant
difference in the intercostal nerve between control and SMA mice at P9. (A) Bar
graph of nodal length (measured from ankyrin G labelling) showing no difference
between groups (Unpaired t-test; N=3 mice per genotype, n=2 nerves per mouse).
(B) Bar graph of paranodal length (measured from Nfasc labelling) showing no
significant difference between groups (Unpaired t-test; N=3 mice per genotype, n=2

Nerves per mouse).
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5.2.4 Juxtaparanodes appear normal in the sciatic nerve of late-symptomatic

SMA mice

Paranodal junctions are essential for proper localisation of ion channels at the
juxtaparanode and node of Ranvier (Rios et al., 2003). If paranodal junctions are
severely disrupted, K, channels from the juxtaparanode, and/or Na, channels from
the node of Ranvier may leak out into flanking regions (Bhat et al., 2001; Rios et al.,
2003; Pillai et al., 2009). This mislocalisation of ion channels can in turn affect the
conductive properties of the axon, as impulses are not propagated effectively (Bhat et
al., 2001; Pillai et al., 2009). Although paranodal junctions are formed in the SMA
mice, it is clear that there is a delay in their maturation in the sciatic nerve. To
examine the effects of this delay on juxtaparanodal development, a K, channel
marker was used to label this molecular domain. K,1.1 is expressed in axons at P8
but at very low levels (Grosse et al., 2000). Immunolabelling of teased sciatic fibres
for K,1.1 channels revealed only ~10 sites of juxtaparanodal development in each
preparation of SMA and control teased fibres. Therefore, only qualitative analysis
was possible on juxtaparanodal development. This analysis indicated that
juxtaparanodes were being formed normally in both control and SMA axons (Figure

5.8).
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SMA

Figure 5.8. Juxtaparanodes appear to be formed normally in SMA mice.
Confocal images of teased sciatic fibres of P§ SMA and control mice. K,1.1 (green)

labels juxtaparanodes, highlighted by arrows.
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5.3 Discussion

5.3.1 Overview of results

Recent research in the field of SMA, surrounding the contribution of non-neuronal
cell types to the pathology, has changed the way we characterise the disease. It can
no longer be thought of as a purely neuronal disorder as it is becoming clear that
other body systems and cells are affected by the reduction in SMN levels (Hamilton
and Gillingwater, 2013). It has been clearly shown that non-neuronal cell types, such
as myelinating glia have intrinsic abnormalities in SMA (Hunter et al., 2014). The
results from this chapter extend these findings by showing that axon-glial

interactions are affected in some but not all peripheral nerves in SMA.

5.3.2 Disrupted axon-glial interactions in the sciatic nerve in a mouse model

of spinal muscular atrophy

Paranodal junctions are known to first appear closest to the node of Ranvier and
develop towards the juxtaparanode (Tao-Cheng and Rosenbluth, 1982). Paranodal
length was found to be significantly smaller in the sciatic nerve of SMA mice at both
pre/early and late symptomatic time-points, with a greater difference seen at late
symptomatic stages. Paranodal proteins Nfasc155 and Caspr were always present
closest to the node of Ranvier in the SMA mice indicating that although paranodal
maturation was delayed, axon-glial interactions were still present. This delay in

maturation could impact on neuronal function by slowing the conduction velocity in
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the nerve. Paranodes act as diffusion barriers for ions (Robertson, 1959; Rios et al.,
2003) and a shorter paranode could result in ions and current leaking out of the

axonal membrane.

Paranodes function as barriers for ion channels by restricting Na, channels to the
node of Ranvier and K, channels to the juxtaparanode, with mouse models of
paranodal disruption exhibiting mislocalisation of nodal and juxtaparanodal
components (Rios et al., 2003). Nodal measurements using ankyrin G and pan-Na,
channel labelling revealed normal nodes of Ranvier in the SMA mice. This result is
not surprising as axon-glial interaction was present closest to the node, forming a
barrier for the Na, channels. It is also known that nodes of Ranvier can develop

independently of paranodes (Jenkins and Bennett, 2002).

5.3.3 Normal axon-glial interactions in the intercostal nerve in a mouse model

of spinal muscular atrophy

It was interesting to find that paranodal maturation was unaffected in the intercostal
nerve, considering the more severe molecular and ultrastructural defects associated
with this nerve compared to the sciatic nerve in the study by Hunter et al., 2014. One
possible explanation for this might be found from studying the levels of key myelin
proteins in these nerves. Hunter et al., 2014 found that PMP22 levels were
downregulated in the intercostal nerve and massively upregulated in the sciatic nerve
of late symptomatic SMA mice. A time-course of PMP22 expression in both nerves

showed that PMP22 levels peak at P5 in the intercostal nerve and P14 in the sciatic
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nerve. PMP22 is found in compact myelin in the CNS and PNS (Pareek et al., 1993).

It has a specific carbohydrate epitope that is shared by a number of cell
adhesion/recognition molecules (Schachner and Martini, 1995) and so it is thought
that it could play a role in axon-glial interaction. Moreover, it has been shown that
paranodes begin to develop at the very early stages of myelination (Rasband et al.,
1999). If PMP22 levels peak 9 days earlier in the intercostal nerve compared to the
sciatic nerve, then it is possible that axon-glial interaction is more stable and less
vulnerable to disruption in the intercostal nerve, at the time-point when low SMN

levels take effect.

It must also be noted that paranodes develop at different times and rates in different
peripheral nerves due to varying onset of myelination (Schafer and Friede, 1988).
The length of fully formed paranodes could also vary between nerves. It could
therefore be possible that if a delay in paranodal development were present in the
intercostal nerve, it would have not been observed at P8. Paranodes may develop
faster in the intercostal nerve meaning that a delay would only be noticed if the
nerves were taken at an earlier time-point. This is unfortunately not possible in these
mice, as teasing intercostal nerves earlier than P8 proved to be too difficult and

resulted in tissue damage.
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5.3.4 Disruption of axon-glial interaction in SMA mice could be due to lack of

SMN in other cell types

Axon-glial interactions were disrupted in SMA mice, manifesting as a delay in
maturation. This delay could be caused by the intrinsic differences present in SMA
Schwann cells, as the molecular make-up and function of these cells is altered
(Hunter et al., 2014). The possibility that other affected systems and cells in SMA
could be the cause for delayed paranodal development must also be considered.
Recent studies have elucidated on the contribution of non-neuronal body systems and
cells to the disease. A study by Somers et al., 2012 clearly showed how the
vasculature in SMA mice is severely affected manifesting as a significant reduction
in vascular density (Somers et al., 2012). We also know that a disruption in blood
flow, induced by cerebral hypoperfusion, in turn affects paranodal integrity in the
CNS (Reimer et al., 2011). It must therefore be acknowledged that the paranodal
defects observed in the SMA mice could be due to a lack of blood flow from the

capillaries surrounding the nerves.

We now know that SMA is a global body system disease, with significant pathology
observed in many cell and tissue groups. Due to the widespread pathology, it can be
difficult to tease apart the pathways downstream of SMN protein. It remains to be
determined whether axon-glial interaction is disrupted as a direct consequence of
loss of SMN in the Schwann cell, or in the axon, as both cell types express SMN and
contribute protein components for formation of the paranode. It could also be the

case that axon-glial interaction is disrupted due to downstream effects from other
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systems such as the vasculature. What can be stated from the results of this chapter,
however, is that reduced SMN levels are sufficient to delay maturation of axon-glial
interaction at the paranode, which could be a contributory factor to the reduced
conduction velocity observed in SMA patients (Krajewska and Hausmanowa-

Petrusewicz, 2002).
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General Discussion

6.1 Overview of results

In this thesis, three main questions have been addressed and answered.

1. Is Nfascl55-mediated axon-glial interaction important for normal rates of synapse
elimination at the mouse NMJ? If so, is this role dependent or independent of

paranodal formation? (Chapter 3)

The experiments described in Chapter 3 were designed to address these questions.
Using a mouse model of disrupted axon-glial interaction, the NfascI55” mouse, I
showed that when axon-glial interaction at the paranode is disrupted, synapse
elimination at the NMJ is significantly delayed. Further analysis using a second
mouse model of paranodal disruption, the Caspr”™ mouse, revealed that this delay
was due to loss of Nfasc155 specifically from the myelinating glial cell rather than
absence of paranodal junctions, as synapse elimination occurred normally in Caspr”
mice who display an identical paranodal phenotype but retain high levels of
Nfasc155 in myelinating glia. This work highlights a novel role for Nfascl55,
outside of its well-known canonical duties in paranodal formation. This work also
uncovered a regulatory role for myelinating Schwann cells during synapse

elimination in the PNS, providing the first evidence for such a role. The only

209



Chapter 6

documented role for myelinating Schwann cells during synapse elimination prior to
these results was in end-stage debris clearance, which is secondary to the elimination

of inputs (Song et al., 2008).

2. How does glial Nfasc155 modulate rates of synapse elimination? (Chapter 4)

The experiments undertaken in Chapter 4 were designed to provide molecular insight
in to the mechanisms through which Nfasc155 modulates rates of synapse
elimination. iTRAQ proteomic analysis was performed on sciatic-tibial nerve from
Nfasc155", Caspr’™ and littermate controls at P12 in an attempt to tease apart the
regulators of synapse elimination downstream of Nfasc155. Including the Caspr”
mice in this analysis and comparing these results with Nfasc155” mice allowed me
to produce a list of potential protein candidates involved in paranodal formation.
This list was subtracted from the list of proteins changed in Nfascl55” mice
producing a list of altered proteins that directly correlated with delayed synapse
elimination. This is the first known list of its kind, providing molecular insight in to
how a fundamental developmental process at the NMJ is regulated, at the level of

proteins and pathways.

iTRAQ and pathway analyses in Nfasc155" mice revealed alterations to cytoskeletal
organisation and transport systems in peripheral nerve. This correlated with a
selective loss of NF-L in distal peripheral nerve and axon terminals, suggesting that
NF-L was involved in the regulation of synapse elimination. Polyinnervation

analysis in NF-L™ mice at P10 confirmed that this neurofilament subunit is essential
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for normal rates of synapse elimination, with NF-L”" mice displaying higher levels of
polyinnervation than littermate controls. These results suggest that NF-L specifically
plays a role during synapse elimination. Further support for this role was
strengthened by the finding that NF-L is the predominant neurofilament subunit at
axon terminals and axon terminal protrusions of healthy neo-natal mice, the parts of
the axon that are continuously remodelling and adapting to changes in innervation
status during competition for sole innervation of the endplate (Keller-Peck et al.,
2001; Walsh and Lichtman, 2003; Turney and Lichtman, 2012). This result
implicates NF-L in axon stability/plasticity, and provides a plausible explanation for
how loss of NF-L specifically from axon terminals of Nfasc155” mice could be

driving the delay in synapse elimination.

3. Is paranodal development/maturation compromised in a mouse model of SMA

with known Schwann cell defects? (Chapter 5)

It is becoming increasingly clear that spinal muscular atrophy (SMA) is a global
body system disorder, with reduced levels of SMN affecting a multitude of cells and
organs (Hamilton and Gillingwater, 2013). Previous to the studies outlined in
Chapter 5, Schwann cells were known to be defective in SMA mouse models,
responding abnormally to myelination cues and displaying perturbations in myelin
formation and compaction (Hunter et al., 2014). I sought to test whether
abnormalities in axon-glial interactions were present in a mouse model of SMA, with
known Schwann cell defects. This work showed that although paranodes developed,

paranodal maturation was delayed in a mouse model of SMA, with shorter paranodes
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present in the peripheral nerves of SMA mice compared to controls. This work
indicates that loss of SMN is sufficient to disrupt paranodal maturation in peripheral
nerve, providing further support for the characterisation of SMA as a multi-system

disorder.
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6.2 Insight in to the regulation of synapse elimination — an important

role for myelinating Schwann cells

The work I have presented in this thesis reveals several novel findings. Firstly, I have
discovered a novel role for Nfascl55, in the myelinating Schwann cell, in the
modulation of synapse elimination. It is clear that Nfasc155 has a specific role during
development of the mouse PNS, as it is required for normal rates of synapse
elimination to occur across a range of skeletal muscles in the mouse without
affecting other aspects of PNS development such as muscle fibre diameter or lower
motor neuron number (Chapter 3). The only known role for Nfasc155 prior to the
findings presented in this thesis was in paranodal assembly, acting in a complex with
Caspr/contactin to form paranodal junctions and restrict Na, and K, channels to the
node and juxtaparanode respectively (Charles et al., 2002; Sherman et al., 2005). I
have discovered a new role for Nfasc155 outwith its canonical paranodal duties. This
also raises the question of what axonal receptors Nfascl55 interacts with to alter
rates of synapse elimination. Future studies will hopefully provide answers to this

question.

Secondly, this work has also introduced a novel aspect to the regulation of synapse
elimination, showing a clear role for myelinating glial cells in determining the
outcome of synapse elimination at the NMJ. Although it is appreciated that
myelinating Schwann cells are not passive during synapse elimination as they
recycle/degrade unwanted axonal debris once axons have pruned away (Song et al.,

2008), a primary, regulatory role for these cells has never before been shown. The
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work presented in this thesis delivers an exciting finding and increases our
understanding and appreciation for the role that myelinating glial cells play during
developmental axonal remodelling in the PNS. This poses an interesting aspect to the
regulation of developmental processes throughout the nervous system. For example,
could myelinating oligodendrocytes be playing a similar regulatory role in
developmental pruning in the CNS? Synapse elimination takes place throughout the
CNS including in the retinogeniculate system (Chen and Regehr, 2000) and
cerebellum (Hashimoto and Kano, 2005) so it is possible that oligodendrocytes, and
possibly Nfasc155, could be playing a regulatory role during postnatal remodelling at
synapses in these areas. It is hoped that this work will open up exciting research
avenues with the goal to understand how developmental pruning in the nervous
system is regulated. It is crucial that we understand the role that myelinating glia
play during developmental synaptic remodelling of the nervous system before we
can begin to fully comprehend synaptic function in health and disease, and develop

successful treatments for nervous system disorders where the synapse is a target.

The Nfasc155" mouse model presented a unique opportunity to tease apart the
regulators of synapse elimination at the mouse NMJ. Performing iTRAQ proteomic
analysis on Nfasc155”, Caspr”™ and littermate controls allowed me to control for the
proteomic results associated with paranodal disruption in Nfascl55” mice, and
formulate a list of protein changes that directly correlated with delayed synapse
elimination. Such a dataset has never before been generated and provides us with a
window in to the complex yet tightly controlled process of synapse elimination. The

third novel finding in this thesis, is that loss of Nfasc155 in the myelinating glial cell
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leads to disruption in cytoskeletal organisation and transport, as well as a selective
reduction in NF-L levels in distal peripheral nerve and axon terminals at the NMJ,
suggesting a link between NF-L levels and rates of synapse elimination. Indeed,
analysis of synapse elimination in NF-L™" mice confirmed the importance of NF-L
for developmental pruning at the NMJ. These findings provide important insights in
to how Nfasc155 modulates synapse elimination and in to the cellular processes and
proteins that are required for this process to occur normally. For example, transport
proteins have never before been implicated in synapse elimination. Although
neurofilament dynamics have previously been linked to synapse elimination, I have

shown that NF-L specifically is important.

6.3 A novel role for NF-L in axon plasticity/stability

Such a selective role for NF-L during synapse elimination had never before been
suggested, and so, to elucidate on this role further and determine the reasons for why
NF-L specifically is important, the localisation and levels of NF-H, NF-M and NF-L
were assessed at NMJs of healthy mice. This exposed a very interesting and fourth
novel finding: that NF-L was present at higher levels than NF-H and NF-M in the
most terminal parts of axons innervating NMJs and is present at high levels in axon
terminal protrusions, the parts of the axon undergoing vast remodelling and
adaptations during synapse elimination (Keller-Peck et al., 2001; Walsh and
Lichtman, 2003; Turney and Lichtman, 2012), proposing a novel, specific role for
NF-L in axon stability/plasticity. This is not so surprising considering that NF-L has

previously been implicated in the dynamic growth and stability of motor neurons in
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vivo and neurite processes in vitro (Zhu et al., 1997; Zhang et al., 2002; Chen et al.,

2014).

Interestingly, previously published studies have implicated NF-L specifically in
motor neuron diseases. Increased expression of NF-L in lower motor neurons
resembles motor neuron disease, by resulting in axon degeneration, axon swelling
and severe skeletal muscle atrophy (Xu et al., 1993). Mutations and altered
expression of NF-L have also been implicated as causes in Charcot-Marie-Tooth
disease (Mersiyanova et al., 2000; Georgiou et al., 2002) and ALS (Bergeron et al.,
1994). In fact, antagonistic functions have been shown for NF-H/NF-M and NF-L in
shaping dendritic arborisation in spinal motor neurons (Kong et al., 1998), in support
of the view that neurofilament subunits, particularly NF-L, have specific individual
roles outwith intermediate filament assembly. This is an important point to consider
when assessing neurofilament dynamics during development, maturation,
regeneration and disease throughout the nervous system, as it must not be presumed
that the three neurofilament subunits will be playing similar roles at all stages of

health and disease.
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6.4 SMN and paranodal maturation

Paranodal abnormalities have previously been associated with neurological diseases,
in models of multiple sclerosis (Howell et al., 2006; Pomicter et al., 2010) and
Guillain Barré syndrome (Yuki and Kuwabara, 2007). SMA is now recognised as a
multi-system disorder, with lack of SMN affecting multiple cell types and systems
(Hamilton and Gillingwater, 2013). It was already known that Schwann cells are
defective in SMA (Hunter et al., 2014), and I carried out experimental analysis to
determine if this also resulted in a disruption to axon-glial interaction at the paranode.
My results show that reduced SMN levels are sufficient to delay maturation of axon-
glial interaction at the paranode, which could be a contributory factor to the reduced
conduction velocity observed in SMA patients (Krajewska and Hausmanowa-
Petrusewicz, 2002), as disrupted paranodes are known to affect the conductive
properties along the nerve (Bhat et al., 2001; Pillai et al., 2009). This result
emphasises the need to appreciate SMA as a multicellular disorder and also
highlights the importance of SMN for physical axon-glial interactions, the fifth novel

finding presented in this thesis.
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6.5 Conclusion

In summary, with the results I have obtained throughout my PhD studies, I have
furthered our understanding of how developmental synapse elimination at the mouse
NMIJ is controlled. In doing so, I have also discovered a novel role for a glial cell
protein, Nfasc155, and provided clear evidence of a modulatory role for myelinating
Schwann cells during synapse elimination. These new insights will hopefully lead on
to further studies attempting to tease apart the complex mechanisms at play during
synapse elimination, as well as further our understanding of and appreciation for the
role that glial cells play during developmental axonal remodelling. I have also shown
that paranodal maturation is delayed in a mouse model of SMA, supporting the
notion that reduced levels of SMN affect a multitude of non-neuronal cell types and
processes. This work contributes significantly to our understanding of the importance
of axon-glial interactions for development of the PNS e.g. Synapse elimination, as
well as the significance of these interactions in disease states of the PNS e.g. Spinal

muscular atrophy.
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