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Abstract

Guillain-Barré syndrome (GBS) is a peripheral neuropathy characterised by
acute flaccid paralysis. The axonal variant is associated with anti-GD1a
ganglioside antibody-dependent, complement-mediated injury to the peripheral
axon with conduction block. The blood-nerve barrier (BNB) relatively protects
axons from factors in the extra-neural environment; however, it does not extend
over the neuromuscular junction, leaving this terminal portion of the axon
unprotected. It is here that susceptibility to antibody attack in a mouse model of
GBS has previously been demonstrated. It was the aim of this thesis to
determine to what extent more proximal portions of the distal axon are at risk
from circulating antibody and what exogenous protection can be provided
therapeutically.

GD1a is expressed at the nodes of Ranvier (NoR) of intramuscular axons.
To investigate the injury caused by anti-GD1a antibodies in relation to BNB
permeability, anti-GD1a antibodies were applied to mice genetically engineered
both to over-express GD1a and to express cyan fluorescent protein (CFP) in the
cytoplasm of axons. Endogenous fluorescence allowed identification of
intramuscular nerve bundles and their terminal branches, which were
categorized depending on bundle size. Within these categories, 1gG and the final
product of the complement pathway (membrane attack complex, MAC)
deposition were quantified after an acute injury, alongside the deleterious
effects on NoR protein’s. Nerve conduction studies were also performed to
better elucidate the pathological pathway.

IgG and MAC were localized in a gradient-dependent manner, with
significantly more deposition at NoR as the bundles progressively branch to a
single terminating fibre. Furthermore, MAC deposition was associated with the
loss or disruption to immunostaining for nodal protein’s including voltage gated
sodium channel and ankyrin G. This is indicative of targeted injury to this region
of the distal axon in an acute model. The loss of nodal protein staining is
associated with the activation of complement and the Ca2*-dependent protease
calpain as determined by the protection of staining by the complement inhibitor
Eculizumab and the calpain inhibitor AK295. A similar disruption to nodal protein
staining is also shown at the proximal NoR of the desheathed phrenic nerve.

Extracellular nerve recordings demonstrate a detrimental effect on
function as there is a decrease in the peak of the compound nerve action
potential over time, which can be associated with Nav channel staining loss.

This study is suggestive of a resilient proximal barrier that becomes more
permeable towards the nerve terminal. Therefore, it is not only the axon at the
terminal that can be a target of injury, but also the distal axons at their nodes
of Ranvier, resulting in disruption at this site. Prevention of staining loss by
Eculizumab and AK295 exemplify the route of injury and identify a potential
point of therapeutic intervention in human disease.
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1 Introduction

1.1 Guillain-Barré syndrome

Guillain-Barré syndrome (GBS) is the name given to a group of disorders that
result in peripheral neuropathy and acute flaccid paralysis. Since it was first
described in the early 20" century, the clinical symptoms, mechanism of disease
process and many other factors have been the source of debate. It was not until
1978 that diagnostic criteria were laid down, and even then these were
reassessed for relevance in 1990 (Asbury & Cornblath, 1990). Thus, there is still
much to elucidate on the many aspects of GBS, but there has been great

progress in the last few decades.

1.1.1 Characterization and diagnosis

The standard feature of GBS is a progressive, predominantly ascending, motor
weakness of at least two limbs, and areflexia (Asbury & Cornblath 1990).
Symptoms can occur over a period of days to weeks, with the peak of illness at
2-4weeks. Recovery will occur over weeks to months and will not always be
complete- it is dependent on the extent of the injury in each individual. If
respiratory difficulties are encountered, which result in the need for artificial

ventilation, a poorer outcome is likely.

A rise in cerebrospinal fluid protein levels and electrophysiological features such
as prolonged distal and F-wave latencies, and reduced conduction velocities
have also been used to aid diagnosis. Electrophysiology particularly is often used
to determine variants of the general syndrome. However, depending on criteria
set, a different percentage of patients fall into specific categories (Hadden et
al. 1998). Therefore, electrophysiological diagnosis can be supportive, but not
conclusive alone. For example, it is useful as a predictor of progression

concerning the risk of respiratory failure (Durand et al. 2006).
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1.1.2 GBS subtypes

The four most common subtypes of GBS are as follows- acute inflammatory
demyelinating polyradiculoneuropathy (AIDP), acute motor axonal neuropathy
(AMAN), acute motor and sensory axonal neuropathy (AMSAN) and Miller Fisher
syndrome (MFS).

The prevalence of each subtype differs throughout the world. AIDP is the most
common variant in Europe and North America while AMAN only makes up about
5% of cases (Hadden et al, 1998). AMAN is much more common in Asia, and there
are even known yearly epidemics in some regions (McKhann et al., 1993). The
symptoms at onset can be similar for AIDP, AMAN and AMSAN, however the
pathophysiology is what sets these subtypes apart. Each subtype is described in
more detail below. These subtypes are often characterised serologically by the
antibody titres present to gangliosides (described in more detail in section
1.5.2.1).

1.1.2.1 Acute inflammatory demyelinating polyradiculoneuropathy (AIDP)

The pathological changes that occur during disease were first described as
inflammatory demyelination of roots and nerves (Asbury 1969). This ‘classical’
subtype of GBS is known as acute inflammatory demyelinating
polyradiculoneuropathy (AIDP) where the Schwann cells undergo an
inflammatory autoimmune attack resulting in degradation of the myelin (Asbury
1969). As reviewed by Hughes & Cornblath ( 2005), the inflammatory attack
could be due to macrophage denuding of the myelin sheath or complement
fixation and destruction of myelin due to bound antibodies. Secondary

‘bystander’ damage to axons can occur in severe cases (Figure 1.1).

1.1.2.2 Miller Fisher syndrome (MFS)

More closely related to AIDP, MFS is characterised by ophthalmological
abnormalities, ataxia and areflexia (Fisher 1956). It is commonly associated with
prior Campylobacter jejuni infection and anti-GQ1b antibodies are detected in

more than 90% patients. This association of anti-GQ1b antibodies in MFS patients
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was first reported by Chiba et al ( 1992), who later went on to show that the
occulomotor, trochlear and abducens cranial nerves have a relatively higher
concentration of this ganglioside at their paranodal myelin (Chiba et al. 1997),
which would explain the specificity of the symptoms. No other subtype has been

shown to so closely correlate with particular anti-ganglioside antibodies.
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Figure 1.1: Process of segmental demyelination in AIDP.

This diagram, taken from Asbury (1969), shows the sequence of events suspected to occur
in AIDP. Initially the myelin undergoes attack (B), which in severe cases can lead to damage
and severing of the axon (C,D).
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1.1.2.3 Acute motor axonal neuropathy

More recently, in an attempt to develop a method for predicting severity and
recovery outcome, another subtype that has a motor axonal neuropathy was
discovered (Feasby et al. 1986). This was controversial as GBS was considered to
have a pathophysiological mechanism that primarily involved demyelination
(Chowdhury & Arora 2001;Triggs et al. 1992). In this subtype, nhow known as
acute motor axonal neuropathy (McKhann et al. 1993), motor nerves are
inexcitable and axonal degeneration occurs at spinal roots and peripheral nerves
with no demyelination, and little or no inflammation (Feasby et al., 1986). In
distal nerve there is a conduction block not found in AIDP (Kuwabara et al.
2002). The myelin sheath remains intact as the pathological process involves
binding of antibodies to gangliosides located on the axolemma, resulting in
infiltration of macrophages at nodes of Ranvier (NoR)(Griffin et al. 1996a;Hafer-
Macko et al. 1996).

The studies by McKhann and colleagues suggest that recovery after AMAN is
rapid, but other studies indicate severity associated with this subtype (Yuki et
al. 1992). There could be other contributing factors such as preceding infection

and the immunogenic history of patients.

Figure 1.2: AMAN patient autopsy tissue.

Left: A transverse section through the ventral root of an AMAN patient shows Wallerian
degeneration of the axons and the unaffected intact myelin sheath. Right: A higher power
image details the infiltration of a macrophage (M) under the myelin sheath.
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1.1.2.4 Acute motor and sensory neuropathy (AMSAN)

This subtype is similar to AMAN, but sensory axons are also affected. It was first
proposed by Griffin et al ( 1996a) that AMAN and AMSAN could be part of a
spectrum of a subtype where the target epitope is axonal. It would seem that
they share a common immunological profile in regard to what anti-ganglioside
antibodies are found in patient sera, which differs to those common to AIDP
(Yuki et al. 1999). It is unclear why the sensory axons are only affected in a

proportion of cases.

1.1.3 Associated infections

GBS has been associated with an antecedent infection, common in patients
before onset of symptoms, for many decades, but as there is such a wide range
of implicated agents, there has been trouble elucidating a specific causative
agent. These agents include bacterial infections, viral infections, inoculations,
surgery and Mycoplasma infections. One particular bacterial infection that has
captured the interest of many is that of Campylobacter jejuni (C. jejuni, first
associated with GBS by Rhodes & Tattersfield 1982). The sub-type and severity
of GBS linked to C.jejuni infection has long been discussed mainly with the hope

that this may aid diagnosis or predict outcome.

In a study of North American and European GBS patients by Hadden et al (1998),
it was found that 60% of AMAN patients had preceding diarrhoeal illness
(indicative of some form of bacterial enteritis such as C.jejuni, although not
directly determined in this study) while only 18% of AIDP patients shared this
complaint. McKhann et al (1993) found that most of the AMAN cases under
investigation in the group of patients in China had elevated levels of antibodies
to C.jejuni. These cases showed good recovery. In addition, another Chinese
group reported that 76% of AMAN patients and 42% AIDP patients had C.jejuni
infection. These results could be indicative that C.jejuni infection is more
common in China and in AMAN cases. This is a sensible postulation as summer
epidemics in rural children have been associated with C.jejuni infection which is
more prevalent in this region, plus the fact that AMAN is more common to these

regions. However, this does not explain why there are still a large proportion of
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AIDP cases with the same prior infection. The fact that the quite different
pathophysiologies of two subtypes can be preceded by the same infection
suggests that there is not one disease causing mechanism and patients may have

differing immune responses.

1.1.4 Molecular mimicry

An interesting finding relating to the involvement of C.jejuni in GBS was that a
particular serotype (0:19) could be found in many patients. It had already been
determined that O:4 serotype showed similarities with GD1a ganglioside
(Aspinall et al. 1993). Subsequently it was shown that 0:19 also had structures
similar to GM1 and GD1a (Aspinall et al., 1994). It has long been documented
that anti-ganglioside titres can be increased during disease (Illa et al. 1995;llyas
et al. 1988), which resulted in the realisation that if molecules on the bacterial
coat mimicked self-antigens, an autoimmune response would be mounted. A
plethora of molecules can be found on the bacterial coats. Therefore, each
strain has molecules that can mimic specific human ganglioside which probably

explains the diversity of symptoms to a common preceding C.jejuni infection.

When it was recognised that plasmapheresis aided in the recovery of a number
of GBS patients (The Guillain-Barre Syndrome Study Group * 1985), it was
speculated that antibodies might play a role in pathogenesis. The link between
gangliosides and GBS was made after studies showed that some patients with
paraproteinemic neuropathies had monoclonal antibodies that reacted with
gangliosides of the peripheral nerve (as reviewed by Willison & Yuki 2002). In
addition, the injection of GM1 gangliosides to treat stroke or sciatica resulted in
some patients developing AMAN (Illa et al., 1995). All of those who developed
neuropathy had anti-GM1 antibodies, whereas patients who were similarly
injected but did not develop AMAN, had no detectable antibodies against GM1
(Ila et al., 1995).

A study that compared the titres of anti-GM1 and anti-GD1a antibodies in AMAN
and AIDP patients of Chinese and American origin found that GM1 could be
present in both sub-types, whereas in Chinese patients GD1a was only present in

4% of AIDP cases (Ho et al. 1999). The American group only had two cases of
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AMAN out of 38 patients, one of which had anti-GD1a antibodies, so it is difficult
to draw any conclusions from such a small number. However, it is interesting
that the reason the association between GD1a and GBS may have been
overlooked is because AIDP populations are more common in the west, therefore

more often studied.

1.2 Gangliosides
Gangliosides, first named by Ernst Klenk in 1942, are glycosphingolipids that

contain sialic acids. The various gangliosides and their component parts are
depicted in Figure 1.3. These molecules are found on cell membranes (Miller-
Podraza et al., 1982) throughout the body but are at particularly high levels in
nervous tissue (Ledeen 1978). More specifically gangliosides present in the
membrane are often sequestered in lipid rafts containing cholesterol (Sonnino et
al. 2007). This localisation accounts for their role in cell adhesion, growth and
motility. The most common gangliosides are GM1, GD1a, GD1b and GT1a. Since
the 1980’s it has been documented that GBS patient sera has had high titres of
anti-ganglioside antibodies (Illa et al., 1995;llyas et al., 1988). Antibodies
against the various glycosphingolipids have been associated with different
manifestations of GBS. Therefore, it has become of interest to elucidate their
expression profile and to potentially correlate this information with particular

disease phenotype.

1.2.1 Biosynthesis and nomenclature

Figure 1.3 illustrates the various gangliosides, their component parts, and the
pathways down which they are synthesised. As reviewed by Kolter et al ( 2002),
gangliosides are formed at intracellular membranes before transport to the
plasma membrane. Lactosylceramide is formed by the addition of a galactose
residue, from UDP-galactose, onto glucosylceramide by membrane bound
galactosyltransferase | in the Golgi apparatus. Sugars including sialic acids are
added in a step-wise pattern to the newly formed chains by substrate specific

sialyltranferase enzymes, i.e. GM3 is produced by a-2,3-sialyltransferase and
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GD3 by a-2,8-sialyltransferase. These derivatives (GM3 and GD3) form the basis
for the production by GalNAc transferase enzymes of the complex ganglioside a-
and b-series, respectively. The letter represents the number of sialic acids (a=1,

b=2) linked to the inner galactose moiety.

To easily identify gangliosides without writing out the entire structure, a
shorthand nomenclature was devised where G stands for ganglioside, the number
of sialic acid residues are denoted by M-, D-, T etc (mono-, di-, tri-) and the
number characterizes the order of migration in thin-layer chromatography
(Svennerholm 1994).

1.2.2 Localisation

To begin with, many researchers used indirect, non-specific methods of showing
the localization of gangliosides such as investigation of tissue homogenates and
localisation of known ligands. For example, in the human peripheral nerve, a
study of ganglioside composition showed that GD1a and GM1 were more enriched
in the axonal fractions than the myelin fractions, and the ceramide structure of
these gangliosides were different in sensory nerves compared to motor nerves
(Ogawa-Goto et al. 1990). A later study showed that motor nerve myelin had a
higher concentration of GM1 and GD1a compared to sensory nerves (Ogawa-Goto
et al. 1992). This could explain why in AMAN there is only motor involvement, as
although the gangliosides are present in sensory nerves, they are at a lower
concentration and in a different conformation meaning antibodies may not so
easily bind. However, what these studies do not elucidate is if gangliosides are
expressed homogenously or at specific sites. It was realised that this would be

invaluable in explaining the variety of phenotypes.
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Figure 1.3: Biosynthetic pathway of gangliosides.

Gangliosides are synthesised from a ceramide with an added glucose and galactose group
(known as lactosylceramide). a-sialyltransferases add sialic acids, while GalNAc
transferases result in the addition of GalNAc. The boxed area represents complex
gangliosides of the nervous system which are not expressed in GalNAcT™ mice, while the
area boxed by dashed lines represent the b-series gangliosides which are not expressed in
mice where the a-2,8-sialyltransferase enzyme has been knocked out (i.e. GD3s"'), described
in section 1.2.3 in more detail. (Willison et al., 2008)

Cholera toxin (CTx) is known to bind GM1 (Cuatrecasas 1973), and therefore it
can be used to localise this ganglioside in tissue. In this way GM1 has been
located at the node of Ranvier in sciatic nerves of the mouse Figure 1.4 (Ganser
et al., 1983). Focus was often on the GM1 ganglioside as the possible antigen of
GBS until Lugaresi et al (1997) isolated anti-GD1a antibodies from serum of
AMAN patients who had suffered a recent C. jejuni infection. GD1a was later
identified at nodes of Ranvier in human spinal root motor nerves by co-
localization with botulinum toxin B subunit that binds in this region Figure 1.4
(De Angelis et al. 2001). In the rat nerve, tetanus toxin binding was localised to
the NoR (Sheikh et al. 1999a) and as GD1a is a known ligand of this toxin (Staub
et al. 1986), the inference is that GD1a is expressed here along with GM1.

However, aside form the study by Lugaresi et al (1997), a preference for motor
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nerve binding as observed clinically has not been shown. Using various
monoclonal antibodies (mAb) raised against GM1 and GD1a, Gong et al ( 2002)
demonstrated that the specificity of binding in the rat peripheral nerve could
vary between fibre populations. One anti-GD1a antibody bound preferentially to
motor nerve, while others were not as specific and would also bind at NoR in
sensory nerve, albeit to a lesser degree than motor nerve. The authors support
the possibility that the antibodies are more partial to binding to the motor nerve
due to an altered conformation of GD1a at this site, and also suggest a
differential susceptibility of particular fibre populations. The same group later
confirmed this observation with further experiments involving the manipulation
of GD1a moieties and found that ganglioside orientation in the tissue contributed
to recognition by antibodies (Lopez et al. 2008). Another possible source of
variation is the new concept of ganglioside masking and complex formation.
Recently, the masking of GM1 epitope by GD1a ganglioside was described to
occur in the membrane (Greenshields et al. 2009). The interactions of various
molecules in the membrane could perhaps account for the differential binding

between antibodies as they can be inhibited by certain ganglioside complexes.

As sodium channels have sialic acids, it has also been suggested that anti-
ganglioside antibodies would target these molecules, thus representing a
mechanism of disruption (Waxman 1995). Consequently, there is a great interest
in determining the exact site of gangliosides in the peripheral nerve and if
antibodies directed at them could somehow interfere with ion channels and
therefore conduction. In a bid to determine the site of action of GM1, a more
detailed study was carried out to elucidate the specific site of binding at the
nodes of Ranvier (Sheikh et al., 1999a). Electron and light microscopy (EM & LM,
respectively) revealed that cholera toxin (and therefore anti-GM1) labelled the
axolemma at the node of Ranvier and the paranode in sections, and the
paranodal Schwann cell and node of Ranvier in teased sciatic nerve of mice.
Interestingly, demyelinated mice showed cholera toxin staining the entire length
of the axon, but these sites are presumably masked under physiological
circumstances. Attempts to study human tissue are hampered by the difficulty in
acquiring reasonably fresh post-mortem tissue, and even then only fatal cases

can be studied, which are presumably more severe than most cases.
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Immunoglobulin (IgG) deposits have been shown, predominantly at nodes, in
tissue from fatal cases of AMAN (Hafer-Macko et al., 1996).

Other methods can be used to investigate anti-ganglioside antibody binding in
human instead. Sera from rabbits inoculated with C.jejuni has illustrated the
possibility of cross-reactivity of anti-ganglioside antibodies, as IgG deposits at

NoR were observed on application to normal human nerve (Moran et al., 2005).

Figure 1.4: Localisation of GM1 and GD1a at the NoR.

A) GM1 is indirectly localised to the nodal gap by cholera toxin staining (arrows)(Ganser et
al., 1983). B) D’Angelis et al (2001) were the first to demonstrate anti-GD1a antibody binding
(A, green) at the NoR of motor root co-localised with botulinum toxin (B, red).

Additionally, AMAN patient sera can be applied to normal tissue to determine
ganglioside localization by its binding pattern. In this way, GM1 presence at the

nodes of Ranvier has been demonstrated in human (llla et al., 1995).
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1.2.3 Ganglioside function and animal models

The development of transgenic mice where enzymes of ganglioside biosynthesis
can be eliminated, has not only progressed the understanding of the function of
gangliosides, but also has been convenient for the study of localisation and

disease (described later in 1.5.2.1).

It was presumed that gangliosides were involved in the development of the
nervous system, therefore Takamiya et al ( 1996) sought to prove this by
creating a mouse lacking all complex gangliosides. This was achieved by
disrupting the B1,4-N-acetylgalactosamineyltransferase gene and selectively
excluding all complex gangliosides beyond GM3 and GD3 to create what is known
as the GalNACT’~ mouse. On investigation of behaviour and nerve morphology
this mouse appeared essentially normal (aside from a modest reduction in
conduction velocity between the tibial nerve and somatosensory cortex).
Therefore it was presumed that complex gangliosides were not crucial for
essentially normal development. It is possible that GM3 and GD3 can compensate
for the complex gangliosides absence as the levels of the former were elevated.
Two more groups developed a GalNACT”" mouse strain, but instead studied the
nervous system of older mice. The reasoning behind this was to investigate the
potential role of complex gangliosides as a ligand of myelin-associated
glycoprotein (MAG) considered to mediate axon-glial interactions (Fruttiger et
al. 1995). In these MAG deficient mice, they too develop normal myelin sheaths,
but this becomes disrupted with age resulting in the degeneration of both axon
and myelin. Therefore it was the intention of Sheik et al ( 1999b) to determine if
aged GalNACT”" mice developed a similar phenotype and thus reinforce the
possibility that complex gangliosides play an important role in maintaining the
axo-glial junction. Their results were markedly different from those obtained in
the study of younger GalNACT’™ mice, instead showing axonal degeneration of
the optic and sciatic nerve (Sheikh et al. 1999b). This was reinforced by
comprehensive neurobehavioural studies demonstrating a variety of progressive
behavioural neuropathies (Chiavegatto et al. 2000). To confirm that any deficits
may be associated with the role of ganglioside as a MAG ligand, the GalNACT
mouse was directly compared to the MAG”’™ mouse (Pan et al., 2005). The
similarities in central and peripheral nervous system (CNS and PNS, respectively)

axon degeneration between these transgenic mice suggest a role for complex
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gangliosides and MAG in the stabilisation, post-development, of the axo-glial

junction and myelin.

The disruption of the gene encoding the a-2.8-sialyltransferase enzyme that
synthesises GD3 (i.e. GD3s”"), was developed to examine the role of b- and c-
series gangliosides (Kawai et al. 2001). Not only did these mice develop
normally, but they also achieved a normal life span. Where Kawai et al
presumed a redundancy in ganglioside requirement, Okada et al ( 2002)
discovered an impaired regeneration of transected nerve in this transgenic
mouse suggesting a role for b-series gangliosides in repair or growth rather than

development of the nervous system.

On crossing the two transgenic mice described above to create a mouse only
expressing GM3, development to adulthood can still occur, albeit with some
defects such as fatal audiogenic seizures. This suggests that to a degree this
simple ganglioside can basically replace the function of complex gangliosides.
However, more recently Susuki and colleagues ( 2007a) have shown by EM and
immunohistochemistry that the GalNACT’* mouse does have ultrastructural
abnormalities that include the disruption of paranodal loops and nodal proteins
such as Caspr and neurofascin (NF), which become progressively worse with
time. They also found that GD3s”’~ mice did not differ significantly from wild
type (WT) in these respects, perhaps representing more specifically a role for a-
series gangliosides in axo-glial stability. It must be kept in mind however that
this is far from a natural system as this group of gangliosides are highly over-

expressed in this particular knock out (KO) mouse.

1.3 Blood-nerve barrier

If the pathology of Guillain-Barré syndrome is mediated by antibodies targeting
the axon and myelin sheath, there must be access from the blood to these sites.
The blood-nerve barrier (BNB) is a physiological barrier of axons against factors
in the external environment. However, it is known that this barrier is not as
complete as the blood-brain barrier of the CNS and that there are regions of

susceptibility.
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1.3.1 Structural protection of the nerve

The nerve is surrounded by a dense outer connective tissue coat known as the
epineurium, a layer of flattened cells called the perineurium surrounds each
fascicle within the nerve, and each fibre is surrounded by the endoneurium
(Figure 1.5), the fine structure of which were investigated in detail with the
advent of EM (Burkel 1967).

Starting from the innermost level of protection, the endoneurium, surrounds
individual fibres. Within this layer are axons, their associated Schwann cells, and
a few capillaries, and it is involved in support of the axon and ultrafiltration
(Thomas 1963).

The perineurium surrounds all the axons of one fascicle. It is a sheath formed by
concentric layers of flattened cells. The larger the fascicle, the more layers
(Thomas & Jones 1967), the number of which decreases closer to the terminal,
eventually leaving only one layer, by gradual loss or termination of the
innermost sleeves. There are predominantly tight junctions between the
perineurial cells, and not generally any connections between the layers. There
are no fenestrations and only a small number of pinocytotic vesicles. This sheath
acts as a diffusion barrier preventing access of substances to the endoneurium

from the surrounding tissue.

1.3.2 Vasculature

There are blood vessels within the fascicles alongside nerve fibres. Schwann
cells require nutrients from the blood and this is supplied by the extracellular
fluid of the PNS which communicates with these blood vessels. The vessels in the
epineurium pierce the perineurium to access the endoneurial vascular network
of capillaries. When this happens, the vessel is coated in a sleeve of perineurial
cells (as reviewed by Olsson 1990). It is the endothelial cells of these capillaries

in the endoneurium that form the barrier between blood and the axons.
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Figure 1.5: The structure of the protective barriers surrounding the nerve.

The nerve is protected by the epineurium that surrounds the fascicles coated by the
perineurium, which in turn protects the nerves surrounded by the endoneurium. The blood-
nerve barrier exists at the level of the endothelium between the endoneurial capillaries and
the axons.

1.3.3 Permeability
Three regions exist where the continuity of the BNB is breached: blood vessel

and reticular fibre entry, at the terminal, and at the nerve roots.

Injection of tracers and dyes was the primary vehicle for studying permeability
of the BNB. In the early 1900’s it was shown that water-soluble dyes injected
into the peripheral vasculature stained all of the organs of the body but did not
stain the brain or spinal cord. In the mouse a trace amount of Evans-blue
labelled albumin can be detected outwith the endoneurial vessels in the
endoneurium after intravenous injection, but some leakage can occur in
different species (Olsson 1990). Mouse sciatic nerve endoneurial vessels are also

impermeant to horse-radish peroxidase (HRP) and prevent its movement into the
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endoneurium, probably due to tight junctions (Olsson & Reese 1971). More
specific studies investigating the permeability of many compounds find that only
low molecular weight compounds such as ions and glucose can reach the
endoneurium after a delay. Additionally, Malmgren et al ( 1980) found that while
sodium fluorescein rapidly penetrated the epineurium and perineurium, it was
only after excessive time and doses it could be found in the endoneurium, and
still only at low concentrations. When compared to the penetration of Evans
blue (M.W. 69kDa), the penetration of the 376Da sodium fluorescein molecule
was markedly quicker and more extensive. As some tracers have been found in
vesicles and the basal lamina, it is possible that as the number of layers of the
perineurium are reduced, and the smaller the molecule, the more likely it is

that a compound will eventually penetrate the barrier.

How do proteins cross this barrier? Vesicular transport is a form of vascular
leakage. Serum proteins can be found in the endoneurial fluid although it was
thought that the barriers were impermeable to these compounds (as reveiwed by
Olsson 1990). The flow of endoneurial fluid is expected to be along the nerve to
the terminal. At the nerve terminal of peripheral nerve branches, the BNB is
often open-ended and lacks a perineurial sheath (Burkel 1967;Malmgren & Olsson
1980;Saito & Zacks 1969). The purpose of this open-end could be to remove the
excess endoneurial fluid as there is no lymphatic system in the nerve fascicles.
However this could also result in an access point of compounds to travel up into
the nerve. Furthermore, at small nerve terminal branches there are no
endoneurial vessels and instead the perineurial sheath is permeable to

compounds in the epineurium (Malmgren & Olsson 1980;0ldfors 1981).

Seitz et al ( 1985) studied the permeability of the mouse BNB to IgG as this could
offer a relationship of antibodies to disease processes. The concentration
injected was that which would approximately mimic physiological circulating IgG
levels. After one day post-injection, IgG was detected in the perineurium and
endoneurial blood vessel lumina, but was absent in axons and myelin sheath.
Even after four days myelinated fibres remained negative for IgG deposition but
the endoneurial space was now positive. This reflects a partial permeability of
the mouse BNB to 1gG.
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It would seem that the breakdown of the BNB can cause leakage and increased
permeability. This has been demonstrated in association with inflammatory
neuropathies (Neuen et al. 1987) and Wallerian degeneration in the frog sciatic
nerve (Weerasuriya et al., 1980). More recently, Seitz et al ( 2004), conducted a
study to investigate the effect of crush and transection on the permeability of
the mouse sciatic nerve. The authors found that the BNB had a prolonged
leakiness to IgG, complement components C3 and C5 after transection and
Wallerian degeneration and suggest the purpose of this breakdown could be to
enhance the repair process by allowing the exchange of trophic factors that

would normally be of too large a size to cross the barrier.

1.3.4 Importance to GBS

IgG permeability, small nerve branches with permeable perineurium, and open-
ended terminals all predominantly predispose distal axons to attack by
circulating pathogenic antibodies. This could explain the prevalence of injury in
the PNS as opposed to the CNS even though gangliosides are highly localised here
too. Furthermore, if Wallerian degeneration does begin distally, the breakdown
of the BNB allowing further antibodies access to nerve could further exacerbate

the pathology and continue to progress the injury proximally along the nerve.

1.4 Myelinated axons and the node of Ranvier

Vertebrates owe the evolution of a more complex nervous system to the
development of the myelin sheath. Unfortunately with this increasing complexity
also arises opportunity for damage and disruption. There are many diseases
associated with the nerve generally, and some that can more specifically target
its component parts- the axon and myelin sheath. It is therefore imperative to
understand the fine detail of the anatomy of the nerve in an attempt to
correlate structure with function and ultimately provide intervention to
pathological conditions. GBS has both been associated with disruption to the

myelin and the axon, but as the current study primarily concerns the axonal
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variant AMAN, a focus will be placed on the axon and more specifically the node

of Ranvier.

1.4.1 The axon

The axon consists of mitochondria, microtubules, neurofilaments, endoplasmic
reticula and vesicular bodies. The structural neurofilaments and microtubules
are lined up in parallel longitudinally within the axon and are essential to
maintaining cytoskeletal structure (reviewed by Peters et al., 1991).
Neurofilaments are more spaced out in the internode while at NoR they are more
compact. Interactions with the overlying myelin sheath appear to cause an
increase in phosphorylation of neurofilament which in turn leads to greater
spacing between the filaments in the internode. NoR are likely to be more
constricted as the neurofilament is not in a phosphorylated state and there are

also less filaments present (Hsieh et al. 1994).

As the axon can extend many centimetres (or even metres) they have developed
specialised modifications to enable rapid conduction, namely the myelin sheath
and NoR.

1.4.2 The myelin sheath

The myelin sheath enables a more rapid and efficient conduction of action
potentials compared to unmyelinated fibres, due to its properties of insulation.
One of the major benefits of the myelin sheath is that a larger number of
myelinated smaller calibre fibres can replace larger calibre unmyelinated fibres
with the same conduction velocity, thus saving space. Additionally, the
metabolic consumption is reduced as action potentials only need to be
generated at the node of Ranvier rather than along the entire membrane (Crotty
et al., 2006;Poliak & Peles 2003). Conduction velocity is dependent on axon

diameter and myelin sheath thickness (Waxman 1980).

Myelin, first described by Virchow in 1854, is a multilamellar membrane made up
of lipids and proteins. Myelin is formed by the glial cells closely associated with
the axon- Schwann cells in the peripheral nervous system and oligodendrocytes

in the central nervous system. These cells enwrap the axons in segments known
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as internodes, which are separated by unmyelinated regions known as NoR. It is
via these NoR that saltatory conduction can occur, where the current can ‘jump’
to the excitable membrane from node to node allowing for the increase in speed
of transmission of action potentials (Huxley & Stampfli, 1949). There are
similarities and differences between the CNS and PNS- as GBS is a peripheral

neuropathy the emphasis will be placed on the PNS.

In the PNS, axons designated to become myelinated (those over 1um) become
enveloped by what begins as a furrow in the Schwann cell surface. The edges of
the furrow join to form a mesaxon that lengthens to wrap round the axon several
times. When more than three layers are complete, the cytoplasm is lost and the
end result is what is known as compact myelin. The diameter of the axon
correlates to the number of myelin lamellae, although it is not a linear
relationship (Friede & Samorajski 1967). The myelin along the internode is
compact, which is achieved by one of the integral myelin protein P tetramers
interacting in cis and trans (Shapiro et al. 1996). The entire peripheral nerve is
covered by a basal lamina, plus the nodal axolemma is additionally covered by
Schwann cell microvilli that extend into the space filled with filamentous matrix
(Landon & Langley 1971). Each ensheathing Schwann cell is separated from other

axons by this basal lamina and its endoneurium.

1.4.3 Node of Ranvier

As mentioned above, the NoR are the gaps between the internodes formed by
myelin (Figure 1.6A). They are essential to the initiation and propagation of
action potentials and thus are highly specialised domains. The NoR is typically
1um in length or greater, becoming longer with increasing calibre (as reviewed
by Waxman 1978). During development the axons and glia communicate to
develop these highly specialised domains, which themselves consist of several
subdomains, discussed below. Nodes are found at intervals ranging from 100um
to 1mm (Jaros & Jenkison 1983). The length of internodes increases with the
length of the nerve, i.e. internode number does not increase but its length does,
therefore this will approximately correspond to about 100x the diameter of the

axon (Peters et al., 1991). Ramoén y Cajal ( 1928) was first to describe the
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extensive branching of nerves towards the terminal and the reduction in

internode length at this location:

“...internodes become shorter and shorter in proportion to the number of

divisions and proximity to the ending.”

This can be reduced to as little as 10um towards the nerve terminal (Quick et
al., 1979). The purpose of this shortening was speculated to increase the safety
factor and the number of available NoR to contribute to transmission and
facilitate conduction into unmyelinated terminals (later reviewed by Khodorov &
Timin 1975).

The NoR can be divided into three regions (node proper, paranode and
juxtaparanode) based on specialisations and expression of particular proteins,

described in more detail below (Figure 1.6).

1.4.3.1 Nodal gap

The axon remains a fairly constant calibre except for at the NoR where it
approximately halves (Reles & Friede 1991). At this narrowing in the peripheral
nervous system, the outer collars of the two adjacent internodal Schwann cell
project microvilli into the gap, which is filled with filamentous matrix (Landon &
Langley 1971).
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Figure 1.6: Schematic of the axon and its specialisations.

A) Axons of the PNS are myelinated by Schwann cells, which are separated by NoR. An
example of the basic components of the NoR is depicted in the enlargement. B) A
representative diagram of the nodal proteins and their associations at the (from left to right)
nodal gap, paranode and juxtaparnode. Modified from Poliak & Peles, 2003.

The most prominent and important protein found at the nodal gap is the voltage-
gated sodium channel (VGSC or Nav) due to its role in conduction (Chiu
1980;Hildebrand et al. 1993;Salzer 1997). It has been estimated that Nav

channels cluster here at a density of more than 1200 channels per square pm of
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axolemma (Ritchie & Rogart 1977), which enables the propagation of the action
potential. Potassium channels are also localised here, notably the KCNQ2
involved in the slowly activating current of the action potential (Devaux et al.
2004). In fact, the whole nodal zone is geared towards an increased level of
activity as there are also many more mitochondria, five times more than in the
internodes (Waxman 1978). This is not to say that sodium channels do not also

exist along the internodes, the density is simply far less (<80/pm?).

Many other important proteins are found at this region including the cell
adhesion molecules NrCAM and NF186 (Davis et al., 1996;Tait et al. 2000), and
cytoskeletal proteins ankyrin G (Kordeli et al., 1995) and BIV spectrin (Berghs et

al. 2000), which are discussed in more detail below.

1.4.3.2 Paranode

The nodal gap is flanked by the paranodal loops of the Schwann cell. These
occur when the layers of compact myelin open out, beginning with the
outermost, and become filled with cytoplasm, before forming specialised
contacts with the axolemma, known as axo-glial junctions. The formation of
periodic intracellular densities, the transverse bands, occur between the loops
and axon and have been compared to septate-like junctions in invertebrates (as
discussed by Poliak & Peles 2003). As these form after loop attachment, this is
an indicator of a mature junction (Tao-Cheng & Rosenbluth 1983). Not all
lamellae reach the axolemma, but where they do they cause depressions in the
surface. There are many more loops for larger calibre fibres, which could explain
the increased level of constriction at the nodes relative to that seen in smaller
calibre fibres. Disruption of these junctions severely interferes with the
conduction of action potential, exemplifying the importance of this structure
(see below). It was suggested that the paranode was responsible for the
concentrating effect of proteins at the NoR (Rosenbluth 1976). On recording
sodium and potassium currents after deliberate demyelination of myelinated
axons, Chiu and Ritchie ( 1981) proposed that paranodal junctions create a high
resistance barrier to the flow of ionic current. The axo-glial junction is not

completely impermeant as dyes injected into the extracellular space can cross
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into internode, but this diffusion is sufficiently slow to ensure propogation of
action potentials (Girault et al. 2003). Caspr and contactin are the major
transmembrane constituents of the junction, while NF155 is the glial component
(Charles et al. 2002;Einheber et al. 1997;Tait et al., 2000), discussed in more
detail below. In summary, the major functions of the paranodes are to anchor
myelin to the axon, create a barrier isolating the juxtaparanode from the
electrical activity at the NoR, and to act as a physical barrier to prevent

molecules moving laterally from the nodal axolemma.

1.4.3.3 Juxtaparanode

This portion of the axon is found just lateral to the innermost paranodal loop,
identified by the gradual increase in cross-sectional area from the node. There is
a higher concentration of molecules at the membrane here that then dissipate
into the internode, as first observed in the frog by Rosenbluth et al ( 1976). The
juxtaparanode is often characterised by the presence of heteromultimers of
voltage-gated potassium channels Kv1.1 and Kv1.2, plus the KvB2 subunit (Arroyo
et al. 1999;Chiu 1980;Mi et al. 1995;Rhodes et al. 1997;Wang et al. 1993). The
purpose of these channels is likely to stabilise conduction and maintain resting
potential of the internode (Chiu & Ritchie 1984;Vabnick et al. 1999;Zhou et al.
1998b). This proposed function is reinforced by the fact that while Kv1 clustering
is lost in Caspr2”’” mice, the overall amount of Kv1 channels is the same and
there is little effect on conduction (Poliak et al. 2003;Traka et al. 2003).
Although Nav channels are distributed in the correct location by the first
postnatal week, voltage-gated potassium channels (Kv1) are found aberrantly
localised in the nodal gap and paranode until they are finally redistributed to

their functional destination at the juxtaparanode (Vabnick et al., 1999).

Kv1 channels at the juxtaparanode associate with Caspr2 (Poliak et al. 1999) and
Tag1 (transient axonal glycoprotein), a glycophosphatidylinositol (GPI)-anchored
cell adhesion molecule (CAM) known to be a constituent of both Schwann cells
and axons at the juxtaparanode (Traka et al. 2002). The interaction of these

three proteins will be discussed below.
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Connexin 29 is found in the innermost layer of myelin at the border of the axon
and internode in peripheral nerve (Li et al. 2002). Connexins form intercellular
communicating channels for exchange of ions and metabolites from cell to cell
(Goodenough et al., 1996) and have been implicated in a so-called “axoglial
synapse” between axon and Schwann cell at the juxtaparanode (Fields &
Stevens-Graham 2002).

1.4.4 Nodal Proteins
1.4.4.1 Voltage-gated sodium channel

The sodium channel is an integral membrane protein that conducts sodium ions
through the membrane. Sodium channels can be classed as voltage-gated (focus
of this study) or ligand-gated, depending on what triggers their activation. In
excitable cells, depolarisation causes movement of Na* into the membrane and
is responsible for the rising phase of the action potential (Hodgkin and Huxley
1952). Three distinct functional states exhibited by the sodium channel during
action potential are as follows: resting (closed), activated (open), and
inactivated (closed). Electrophysiology highlighted many of the properties of the
sodium channel, while the molecular mechanisms behind its function were
determined subsequently. Several neurotoxins are known to bind and block the
activity of the sodium channel specifically, and thus this binding property could
be exploited to serve as a probe during purification. This was the technique used
by Barchi et al ( 1983) and Hartshorne et al ( 1984) to identify that the
mammalian sodium channel consists of a complex formed by a larger membrane
traversing a-subunit (M.W.= ~260kDa), and one or more auxiliary B-subunits
(M.W.=~39kDa and ~37kDa). Two more B-subunits have since been identified.
The significance of these B-subunits to the functioning of the channel were
initially thought to be quite minimal, as it was shown that the injection of only
the a-subunit mRNA into Xenopus oocytes was sufficient to result in a functional
sodium channel (Goldin et al. 1986;Noda et al. 1986). However, the B-subunit is
now known to contribute to regulation of channel gating, binding of other

proteins, and the modulation of channel expression.
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The B-subunits are also transmembrane proteins, but with an extracellular N-
terminus and intracellular C-terminus. All four isoforms are structurally
homologous to the Ig superfamily that includes cell adhesion molecules
(Catterall 2000). The C-terminal has a role in a-subunit affinity (Meadows et al.
2001) and possibly recruiting the cytoskeletal protein ankyrin (Malhotra et al.
2000), while the extracellular N-terminus can be involved in binding to the CAMs
NF186 and contactin, and also to extracellular matrix molecules (Kazarinova-
Noyes et al. 2001;Ratcliffe et al. 2001;Srinivasan et al., 1998;Xiao et al. 1999).

The sodium channel from the electric eel, Electrophorus electricus, electroplax
membrane was the first to have its cDNA cloned and its sequence and primary
structure determined (Noda et al. 1984a). This was followed soon after by the
cloning of rat brain cDNA by the same group (Noda et al., 1986). The electroplax
sodium channel protein a-subunit is composed of 1820 amino acids (a.a). From
the sequences, it was established that there were four homologous repeats, that
each consisted of five hydrophobic segments and one segment with strong
positive charge (Figure 1.7). It has since been confirmed that there are indeed
four identical domains (denoted I-1V) that assemble and join to form the pore of
the a-subunit (Greenblatt et al., 1986). Each one of these domains consists of six
segments (51-56) that fully traverse the membrane as alpha helices and are
connected by short extracellular loops to the next, with a re-entrant loop
between the helices of S5 and S6 (Yu & Catterall 2003). The intracellular loops
connecting each of the domains, and the amino- and carboxy-terminal tail
domains that both project into the cytoplasm, are much larger. The fourth
segment of each domain is the voltage sensor due to positive arginine
(predominantly) and lysine amino acids in every third position, with non-polar
residues in between (Guy & Seetharamulu 1986;Noda et al. 1984b;Stuhmer et al.
1989). The helix-coil transition model proposes that during depolarisation the S4
segment a-helices become unstable and expand resulting in the breakage of the
hydrogen bonds with adjacent helices (Leuchtag 1994). In addition there is a
proline near the cytoplasmic end of this segment that adds a kink in the peptide.
Stuhmer et al (1989) were the first to provide evidence that the fourth segment
is involved in voltage sensing and gating of the channel by investigating site-
directed mutations. By altering positively charged amino acids, mainly in domain

| (where there are the fewest of these residues, which would presumably result



Chapter 1 26

in the largest effect due to charge alteration), into neutral or negatively charged
residues, there was a decrease in the steepness of the voltage dependence of

activation.

Extracellular

Plasma
membrane

Intracellular

Inactivation gate

Ankyrin G binding motif

*
*

Figure 1.7: Diagrammatic representation of basic Nav channel a- and B-subunit structure.

The Nav channel alpha-subunit is made of four domains (I-IV) each of which consists of six
segments. The fourth segment of each domain is the voltage sensor (marked by +) due to
positively charged amino acids at every third position. The pink star on the third
cytoplasmic loop represents the location of the channel inactivation gate, while the green
star on the second cytoplasmic loop is the location of the ankyrin G binding motif. The B-
subunit consists of one transmembrane domain with a cytoplasmic C-terminal and
extracellular N-terminal. At the bottom of the figure is an image that represents the
conformation of the channel in its native state.
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Additionally, this study suggested the region involved in inactivation of the
channel, which had been investigated in more general terms previously. An
initial study into the effect of the proteolytic enzyme pronase after its internal
perfusion into squid axons, showed that the inactivation of the sodium channel
was destroyed, even though gating was unaffected, indicating that the site of
inactivation was in the cytoplasmic loops of the sodium channel (Armstrong et
al., 1973). This was confirmed by other studies using various proteolytic reagents
(Eaton et al. 1978;0xford et al., 1978;Rojas & Rudy 1976). In the article by
Stuhmer (1989) discussed above, it was shown that by more specifically cleaving
or deleting a portion of the cytoplasmic linker between domains Ill and IV, the
inactivation rates become much slower than those of normal sodium channels.
Interestingly, the cleavage of other cytoplasmic linkers did not affect the
functionality of the sodium channel, although all four transmembrane domains
are essential. Other methods used to examine the location responsible for
inactivation used site-directed antibodies. Vassilev et al ( 1988) used antibodies
targeting each of the intracellular domain linkers to show that only those binding
the IlI-IV linker reduced inactivation. Furthermore, the antibody against this
portion did not effect activation of the channel. Most importantly, antibody only
bound at negative potentials implying a conformational change to the area
during depolarisation as binding was diminished. It was proposed that the
cytoplasmic IlI-IV linker would move into a position to occlude the movement of
sodium ions due to conformational change. In the IlI-1V linker, there is a cluster
of three hydrophobic amino acids (isoleucine, phenylalanine and methionine)
that are essential for fast inactivation (West et al. 1992). These are adjacent to
a region of positive charges, and together form a structural motif related to
inactivation (McPhee et al. 1998). A suggested model by Miller et al ( 2000) is
that the positive charges of both the linker and 54 segment repel each other in
the closed state but when S4 moves on activation the linker can ‘relax’ towards
the opening of the pore. This was determined primarily by the removal of
positive charges in the linker that led to quicker inactivation and the weakening
of activation-inactivation coupling, which would be expected if there was no

longer such a strong electrostatic repulsion.

Use of the pore-blocking toxins tetrodotoxin and saxitoxin has helped to

elucidate the amino-acid residues in the extracelullar pore that are involved in
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ion selectivity. The outer pore is formed by the re-entrant loops of the linker
between S5 and S6 and two particular amino acids are located here in each
domain to form a negatively charged ring. These are suspected receptors to the
pore-blocking toxins. A mutation of one of these residues (glutamic acid to
glutamine- E387Q) was shown to cause insensitivity to tetrodotoxin and saxitoxin
binding (Noda et al. 1989). Other mutagenesis studies have shown the
involvement of residues in the selectivity of the channel to certain ions. These
include the discovery of certain negatively charged residues (384 and 387) that
when mutated reduced single-channel conductance (Pusch et al. 1991), followed
by transformation of a sodium channel into a calcium-selective channel by
mutating these inner ring residues to those normally found in the calcium
channel (Heinemann et al. 1992;Terlau et al. 1991). These studies identify that
the outer pore confers permeability and the sodium ion selectivity. The
conformation of the channel is expected to be bell-shaped with a narrow
extracellular portion at the top that widens towards the cytoplasmic surface
(Sato et al. 2001). It follows that the pore will be at its most narrow at the
exterior due to the overall reduction to the width at this region, and additionally
the large $5-56 re-entrant loops. The sodium ion is expected to move through
one at a time as the pore is only about 35A (3.5nm) wide. Furthermore it will not
follow a straight path as the cryo-electron microscopy of Sato et al (2001) was
suggestive of several orifices at the extracellular domain that connect to a
larger internal cavity before connecting to four narrow, peripheral regions
within the transmembrane domain. It is thought that the ions jump from one
free site to the next as the hydrogen bonds of the a-helices break in a zipper-
like motion from the exterior due to depolarisation and expansion of the S4

segment (Leuchtag 1994).

The discovery that there was more than one sodium channel isoform came
originally from a study that identified two distinct mRNAs from the rat brain
(Noda et al., 1986). It is now known that at least ten genes encode the various
a-subunits (named Scn1a-9 and x), while four genes (Scn1b-4) encode the B-
subunits (Lai & Jan 2006;Yu & Catterall 2003). The nomenclature for voltage-
gated sodium channels, e.g. Nav1.1, represents the chemical symbol (Na) of the
ion, the trigger of activation (voltage) in subscript (Na,), the gene subfamily (1)

and the specific channel isoform after the decimal (.1) (Goldin et al. 2000). Each
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of the sodium channels can not only be discriminated by their differing

sequences, but also their kinetic and expression profiles.

On the examination of distribution of Nav channels in the PNS, it has been
reported that clustering begins within the first postnatal week (Vabnick et al.
1996). Although the NoR express Nav1.2 during development, this predominantly
switches to Nav1.6 in the adult (Boiko et al. 2001;Kaplan et al. 2001). This
transition appears to be under the control of myelin formation and paranodal
junction formation, as Shiverer mice lacking compact myelin, and Caspr KO mice
with disrupted paranodes, respectively, fail to make this switch at CNS NoR, and
it is delayed in the PNS (Boiko et al., 2001;Rios et al. 2003). Nav1.6 is expressed
in various brain areas, spinal cord, dorsal root ganglia and peripheral nerve
(Tzoumaka et al. 2000). Particularly, Nav1.6 is the only isoform expressed at
adult NoR (Caldwell et al. 2000). The importance of the Nav1.6 isoform is shown
by the motor endplate disease (med) mouse that suffers from a loss of
expression of this isoform leading to severe muscle atrophy and hind limb
paralysis, ultimately resulting in death (Burgess et al. 1995;Porter et al. 1996).
This expression is particularly important to development of normal function as
shown in a study of postnatal induction of Nav1.6 expression (Garcia et al.
1998). Furthermore, in Xenopus oocytes it was shown that those expressing
Nav1.6 seemed to maintain a higher firing rate and be more resistant to
inactivation than those expressing Nav1.2 (Zhou & Goldin 2004). This would be
important for the rapid conduction of action potentials and explains the
particular expression pattern of Nav1.6 at NoR. Thus differing functional roles of

Nav channels can account for their particular expression patterns.

1.4.4.2 The cytoskeletal protein ankyrin G

Ankyrin G, also found enriched at the NoR (Kordeli et al. 1990;Kordeli et al.,
1995), is a cytoskeletal protein considered to be an adaptor as it links integral
membrane proteins to the spectrin cytoskeleton (Bennett & Baines 2001).
Ankyrin was first discovered in human erythrocytes, before other isoforms were
uncovered. There are three members of the ankyrin family: Ank1, Ank2 and Ank3
(AnkG) (Kordeli et al., 1995;Lambert et al. 1990;Lux et al., 1990;0tto et al.
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1991). It was shown that an isoform of ankyrin was localised to the NoR and axon
initial segment that was not of the erythrocyte origin by using erythrocyte
ankyrin deficient mice (Kordeli & Bennett 1991), but it was not until later that it
was identified specifically to be ankyrin G (Kordeli et al., 1995). All ankyrins are
composed of three conserved domains: a membrane-binding domain, a spectrin-
binding domain and a death domain, followed by a regulatory sequence (Figure
1.8). Additionally, specialised domains can be inserted, or regions removed in
splice variants. Ankyrin G was so named as it has a large addition of up to 2100
a.a. between the spectrin-binding domain and death domain making it a giant
ankyrin of either 270 or 480kDa (Kordeli et al., 1995). It is unknown what the
function of this extra sequence could be, but it may be involved in axonal
targeting as isoforms lacking this region are found neuronally. Also although
antibodies react to both splice variants and seem to localise to the same areas,
there could be a divergence in function as the 480kDa is expressed earlier in
development (Bennett & Lambert 1999). It is a 46kDa domain rich in
serine/threonine that distinguishes the nodal isoform from other ankyrins (Zhang
& Bennett 1996).

The membrane-binding domain consists of a 33-residue repeat, known as ANK,
copied 24 times. Each ANK repeat is organised into four subdomains of 6 repeats.
These subdomains have distinct binding properties and not only allow ankyrin to
bind many diverse proteins with unrelated primary sequences, but also to bind

several proteins simultaneously (Michaely & Bennett 1995).

Ankyrin was first associated with Nav channel binding when they were found to
co-purify on isolation of the channel (Srinivasan et al. 1988). Ankyrin G anchors
Nav channel to the NoR (Kordeli et al., 1990;Kordeli et al., 1995), and also
interacts with neurofascin and NrCAM (Davis et al., 1996;Zhang et al. 1998).
Binding to the cytoskeleton is via the protein BIV spectrin that itself is anchored
by protein 4.1B (Becker et al. 1990). A new variant of spectrin, BIV spectrin, was
found to co-localise in rat brain and sciatic nerve with ankyrin G at NoR and
axon initial segments (Berghs et al., 2000). Originally it was expected that the
binding of ankyrin G to Nav channel could be via the N-terminal membrane-
binding domain of ankyrin, to either the a- or B-subunit of Nav channels
(Malhotra et al., 2000). Recently it has been identified that it is more

specifically via a sequence of nine amino acids in loop 2 of the a-subunit, a
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sequence conserved in all Nav isoforms (Lemaillet et al., 2003). This motif was
also shown to localise neurofascin/sodium channel complexes to the initial
segment of hippocampal neurons in culture. Binding of ankyrin G to the CAM

family is through a conserved FIGQY sequence in their cytoplasmic tails.

Although ankyrin G and BIV spectrin are classically associated with the nodal
axolemma, recently Ogawa et al ( 2006) demonstrated the necessity of further
scaffolding proteins, namely ankyrin B, all spectrin and Bll spectrin to form a

cytoskeletal protein complex associated with paranodal junctions.

A GENES: ANKYRINGR, ANKYRIN-B., ANKYRIN-G

. DEATH DOMAIN CANONICAL ANKYRINS
MEMBRANE-BINDING J.._:'_ ]
ANK REPEATS iy M REGULATORY 1890-220 kD

5 A DOMAIN
e

SPECTRIN-BINDING
DOMAIN N

N GIANT ANKYRINS
270430 KD

"\“'\
TalL COMAIN ""'\\‘_'

e,

W,— 440 kD ankD

. SERTHRE DOMAIN

O ——e O 480 KD WG

O-GluchAc

(7=
Al
AT e 2700 KD ankG

L J
et

|
DeGlucNAz

o -

Figure 1.8: Structure and staining pattern of ankyrin.

A) The ankyrin family generally consists of a membrane-binding domain made of ANK
repeats, a spectrin-binding domain, a death domain and finally a C-terminal regulatory
domain. Giant ankyrins, including ankyrin G, have insertions between the spectrin-binding
and death domains. B) An example of ankyrin G localisation at the nodal gap of rat sciatic
nerve (arrow). Modified from Bennett et al, 1999.
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1.4.4.3 Cell adhesion molecules Neurofascin and NrCAM

Neurofascin (NF) and NrCAM belong to the immunoglobulin/fibronectin type 3
(Ig/FNIII) family of cell surface glycoproteins known as cell adhesion molecules
(CAMs). Together they account for 1% of total membrane protein in the mature
brain (Davis et al., 1996). These proteins both display ankyrin-binding activity in
their cytoplasmic domains and are associated with the NoR. Other adhesive and
signalling activities displayed by these proteins involve specific localisation to
regions of the membrane, which accounts for their necessity to interact with

ankyrin G and the cytoskeleton.

More specifically, neurofascin has two isoforms, NF155 and NF186, which relates
to their molecular weight and is due to alternative splicing. The configuration of
both isoforms, first established by Davis et al (1996), are represented in Figure
1.9. The molecules are characterised by an intracellular ankyrin-binding domain,
and an extracellular domain composed of six Ig domains and 3-5 FNIII domains
(Davis & Bennett 1994;Davis et al., 1996;Tait et al., 2000). The NF186 isoform
contains a 173 a.a. serine, threonine and proline rich domain, similar to mucin,
and lacks the third FNIIl domain. The NF155 isoform does not express a mucin-
like domain. Both have inserts at the amino-terminal. It has been established
that NF 186 (i.e. the mucin-like domain expressing isoform) can be co-localised
with ankyrin G and Nav channels at NoR and axon initial segments. There is a
conserved FIGQY sequence that binds to ankyring G, but this interaction can be
attenuated by phosphorylation of the tyrosine residue (Garver et al. 1997).
Therefore it is reasonable that the tyrosine-phosphorylated neurofascin is
located at the paranode, while the isoform at the NoR that associates with
ankyrin G is not. More recently it has been shown that NF186 associates with the
extracellular domains of B1 and B3 subunits of the Nav channel, resulting in
targeting and maintenance of channels at developing and mature NoR (Ratcliffe
et al., 2001). NF186 also binds other proteins to maintain nodal architecture
necessary for conduction (Sherman et al. 2005). The NF155 isoform that lacks
the mucin-like domain was originally reported to be expressed in unmyelinated
axons (Davis et al., 1996), and later found to be an important feature of the axo-
glial junction (Charles et al., 2002;Sherman et al., 2005;Tait et al., 2000). In

NFasc null mice the amount of nodal and paranodal proteins expressed are the
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same, but as they do not localise correctly, it is suggestive of a role for

neurofascin in the assembly of protein complexes (Sherman et al., 2005).
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Figure 1.9: Structure and localisation at NoR of two neurofascin isoforms.

A) NF155 (green) consists of six immunoglobulin (Ig) domains and four FNIIl domains
extracellularly and can be found co-localised with Caspr (red) at the paranodes. B) NF186
(green) shares the same structure as NF155 except for the omission of the third FNIII
domain and the insertion of a mucin-like domain. It is found to co-localise with ankyrin G
(red) at the nodal gap. Images modified from Tait et al, 1999.



Chapter 1 34

On screening a rat brain cDNA library with a neurofascin antibody, Davis et al
(1996) identified and cloned for the first time mammalian NrCAM. The neuron-
glia CAM (NgCAM) related CAM, NrCAM, was first characterised in the chicken
(Grumet et al. 1991;Kayyem et al. 1992). Its structure encompasses six Ig
domains, four FNIII domains, a transmembrane domain and a short cytoplasmic
domain (Figure 1.10). It possesses more than 70% sequence identity with the NF
cytoplasmic domains. As described for neurofascin, the cytoplasmic domain of
NrCAM binds to ankyrin G (Davis & Bennett 1994) via a FIGQY sequence that is
conserved in other members of the Ig/FNIII CAM family. Staining initially
identified NrCAM at the surface of cells in culture, but later it was localised in
the nervous system particularly at NoR (Davis et al., 1996) where in the
peripheral nerve it co-localises with Nav channels, neurofascin and ankyrin G.
Binding studies have identified the interactions of NrCAM with various other
CAMs and extracellular matrix proteins (as reviewed by Grumet 1997).
Particularly, Volkmer et al ( 1996) demonstrated the heterophilic binding
between neurofascin extracellular Ig domains and NrCAM. Contactin and NrCAM
appear to interact laterally in vivo as they can be co-precipitated from brain
extracts (Sakurai et al. 1997). The cytoplasmic tail of NrCAM is the only member
of the L1 CAM family to contain PDZ binding motifs and has been shown to
interact specifically with the PDZ domains of PSD95 proteins that can cluster

receptors and channels in specific regions (Dirks et al., 2006).

1.4.4.4 Paranodal proteins Caspr and contactin

Contactin is a member of the immunoglobulin superfamily and is a GPl-anchored
protein, which means it does not have a cytoplasmic domain. It is expressed by
neurons of the PNS and CNS (Einheber et al., 1997). Contactin has high homology
with the Nav channel B-subunit and it is likely that the interaction between
these proteins aid in the targeting of Nav channels to the NoR during
development (Kazarinova-Noyes et al., 2001). Caspr was discovered to be the
binding partner of contactin when it was postulated that contactin would likely
interact with another protein with the capacity for signalling via a cytoplasmic
domain (Peles et al, 1997).
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Figure 1.10: NrCAM structure and binding at NoR.

A) Like neurofascin, the extracellular region of NrCAM is comprised of six immunoglobulin
domains (represented by loops) and four FNIIl domains (black boxes) with a cytoplasmic
tail. The white boxes indicate possible splice variants, and P indicates a possible
phosphorylation site (modified from Grummet et al, 1991). B) NrCAM can be localised to the
nodal gap (arrows) of rat sciatic nerve NoR (modified from Davis et al, 1996).

Contactin and Caspr form a complex in cis found at the paranodal junction
(Einheber et al., 1997;Menegoz et al. 1997;Peles et al. 1997;Rios et al. 2000).
The importance of these proteins to normal paranodal formation are revealed by
deficient mice (Bhat et al. 2001;Boyle et al. 2001), described in more detail
below. NF155 also found at the paranode acts as the glial receptor for the axo-

glial junction.

Contactin-associated protein, Caspr, is a type | transmembrane proteins (i.e.
consists of one transmembrane domain) that belongs to the neurexin family
known to be involved in cell adhesion and intercellular communication. As Caspr
is a homolog of Neurexin IV found at septate junctions in Drosophila, it is
perhaps not surprising that it can be found at paranodal junctions that are
known to be septate-like (Bellen et al. 1998). As reviewed by Poilak and Peles

(2003), there are several Caspr proteins and they can bind many CAMs. A nhumber
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of domains in the extracellular region are involved in protein-protein
interactions (Figure 1.11). Furthermore a 4.1B protein binding domain can be
found in the cytoplasmic domain, which links the Caspr/Contactin complex to
the cytoskeleton. It has been shown that Caspr acts essentially as a
“transmembrane scaffold” by the internalisation of the Caspr/contactin complex

caused by the removal of this protein 4.1B binding sequence (Gollan et al. 2002).
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Figure 1.11: Caspr structure and localisation at the paranode.

A) Caspr is a homolog of Neurexin IV molecule of Drosophila and is composed of a variety
of domains extracellularly as depicted with a 4.1B-binding and SH3-binding domain in the
cytoplasmic tail (Bellen et al, 1998). B) Caspr can be localised in nerve at the paranode as
shown immunohistochemically (top) and schematically (bottom, modified from Peles et al,
1997).
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1.4.4.5 Juxtaparanodal proteins Kv1.1, Caspr 2 and Tag 1

Potassium channel a-subunits consist of only one domain (of six segments similar
to Nav channels) that assembles with other a-subunits to form heteromultimeric
channels, allowing for a great diversity in these channels. The potassium
channels Kv1.1 and Kv1.2 have been localised to the juxtaparanode (Arroyo et
al., 1999;Wang et al., 1993). Although the a subunit of Kv1 channels can
associate with 2 different B-subunits, it is specifically with the KvB2 subunit at

juxtaparanodes (Rhodes et al., 1997).

While Caspr is localised to the paranode, Caspr2 is located at the juxtaparanode
(Poliak et al., 1999). It consists of a mosaic of domains extracellularly including

discoidin, fibrogen-like domains, two epidermal growth factor repeats and four

domains similar to a region in laminin A, referred to as the G domain. Caspr2 is

co-localised with Kv1.2 immunohistochemistry at the juxtaparanode and its

presence in development parallels that of Kv1.2.
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Figure 1.12 (Previous page):Structure of Caspr2 and co-localisation with Kv1 at
juxtaparanodes.

A) The various domains of Caspr2 as compared to Caspr and Neurexins. B) Caspr2 is
similar in structure to Caspr, however staining shows that while Caspr can be identified at
the paranode (red), Caspr2 (green) is localised to the adjacent juxtaparanode (left panel).
Co-localisation occurs with Kv1.2 (red), although Caspr2 staining is more extended (right
panel). (Modified from Poliak et al, 1999).

Tag 1 is a GPl-anchoring member of the Ig superfamily. It is not only expressed
by neurons, but by glia as well, and more particularly at the juxtaparanodal

axolemma and adjacent Schwann cell membrane (Traka et al., 2002).

Figure 1.13: Localisation of Tag1 (red) at juxtaparanodes of axons compared to MAG (green)
at paranodes. (modified from Traka et al, 2002)

1.4.5 Clustering at the NoR

Although it is well known what proteins are expressed at the NoR, until recently
it was unclear exactly in what order these specific complexes form. In addition,
even though axon initial segments and NoR possess the same protein profile,
they do not assemble in the same sequence or to the same cues. An example of
this is the requirement of glial signals for NoR formation (Kaplan et al.
1997;Melendez-Vasquez et al. 2001). A specific series of events are now

considered to occur for the formation of the NoR:
1. glia initiate clustering

2. membrane domains are organised via protein-protein interactions
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3. all of the proteins present form a complex that maintains the molecules in

the correct conformation.

Interestingly this clustering does not seem to be restricted to the axon, but Nav
channels, ankyrin G and B-spectrin are also found co-localised in the post-

synaptic folds of the neuromuscular junction (NMJ)(Wood & Slater 1998).

As transgenic mice have been highly informative when investigating the
importance of ganglioside to nervous system function, the same is true for the
study of nodal proteins. Many mutant mice have been created (Table 1.1) and
will be discussed below in relation to the information provided about certain

protein interactions of the nodal subdomains.

1.4.5.1 Modelling of the nodal gap proteins

Nav channels first accumulate at the end of adjacent myelin sheaths, which on
elongation cause the two clusters to fuse and form a node (Lambert et al.,
1997;Vabnick et al., 1996;Vabnick & Shrager 1998). Originally, it was thought
that intrinsic axonal factors mobilised Nav channels to the NoR as clustering can
develop without myelination (Ellisman 1979;Wiley-Livingston & Ellisman 1980).
However, glial cells also seem to have a role as shown in several models, the
first of which involved the use of Schwann cell-sensory neuron co-cultures
developed by Joe et al ( 1992). Vabnick et al (1996) demonstrated the necessity
of Schwann cells to the development of Nav channel clustering by observing a
significant reduction in clusters associated with the attenuation of glial cell
proliferation using an antimitotic agent. Rasband et al ( 1999) show that in the
CNS, axo-glial contact is required for clustering as not only did Nav clusters
become reduced and aberrantly localised, but so did ankyrin G in the Shiverer
mouse that lack compact myelin and normal axo-glial junctions. Another
mutant, the hypomyelinating claw paw (clp) mouse, further strengthens the
argument for myelin involvement in Nav channel clustering, as in this mutant
clustering is delayed in parallel with delayed myelination (Koszowski et al.,

1998). England and colleagues ( 1996) postulate that glial cell contact could
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refine structure at the NoR and suppress expression of nodal proteins along the

axolemma it ensheaths.

Ankyrin G is also involved in the clustering of Nav channels to the NoR and initial
segment. Berghs et al ( 2000) found BIV spectrin at axon initial segments as early
as embryonic day 19, and thus proposed a role for this protein known to interact
with ankyrin G in the clustering of Nav channels at NoR. At the initial segment
Jenkins & Bennett ( 2001) showed that ankyrin G and BIV spectrin were present 7
days prior to Nav1.6 and the L1 CAMs, NrCAM and neurofascin. Further to this, in
mice lacking ankyrin G, Nav channels and neurofascin did not cluster
appropriately, and there was an impaired ability to generate action potentials
(Zhou et al. 1998a), providing evidence that ankyrin G is essential to the correct
co-ordination of this complex of molecules at the initial segment. While this is
true of the initial segment, ankyrin G presence at the NoR seems to be more
dispensable, although it is likely to promote stabilisation after formation
(Dzhashiashvili et al. 2007). It is probable that ankyrin G and BIV spectrin
mutually co-localise to form an anchor for Nav channels, as clustering of the
above mentioned nodal proteins in BIV spectrin null mice does not occur and
conduction in impaired, as is the case for an ankyrin G~ mouse (Komada &
Soriano 2002). This complex, however, is preceded by neurofascin and NrCAM at
the NoR (Lambert et al., 1997).

A study addressing the issue of whether ankyrin G or neurofascin promote
clustering demonstrated that NF is essential to establish PNS NoR as shown by
the loss of clustering of all nodal proteins in NFasc-null mice, and death less
than a week after birth, a time coincident with the commencement of saltatory
conduction in normal mice (Sherman et al., 2005). It was expected that NF186 is
the vital nodal isoform as an attempt to save the NF-null mice by expressing
NF155 in glial cells did not improve the loss of clustering at the nodal gap. A
later report confirmed that NF186 is critical for nodal assembly (driven by
Schwann cell signals as clustering did not occur in unmyelinated fibres) and
recruits ankyrin G that then localises Nav channels (Dzhashiasshvili et al., 2007).
This is in contrast to what occurs at the axon initial segment that develops
independently of neurofascin clustering, and is instead reliant on ankyrin G

accumulation.
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Transgenic name Manipulation Phenotype relat'ed to References
node of Ranvier

Ganglioside Tg mice

GalNAcT " Prevention of complex | Normal development, Takamiya 1996
gsl synthesis age-related Sheikh 1999

degeneration of Chiavegatto 2000

MAG™"” Myelin-associated myelin, breakdown of Susuki 2007
glycoprotein deficient axo-glial junction Pan 2005

GD3s™” Attenuation of b- and Normal except for Kawai 2001
c-series gsl production | impaired regeneration | Okada 2002

Nodal protein and
myelin Tg mice

Ankyrin G
BIV spectrin™”

Claw paw (clp)

Motor end-plate

disease (med)

Dystroglycan™

NrCAM”

Caspr’”
Shiverer (Shi)

Contactin™”

Neurofascin™”

Caspr2™”
Tag1”

Deficient for ankyrin G
Deficient for BIV
spectrin

Unknown mutation

Mutation of
Nav1.6/5cn8A gene

Deficient in
dystroglycan

Deficient in NrCAM

Caspr deficient
Natural mutation to
myelin gene

Contactin deficient

Deficient in neurofascin

Caspr2 deficient
Tag1 deficient

after transection

Failure for nodal
protein clustering and
impaired conduction

Delay of myelination
and appropriate nodal
clustering

Severe muscle atrophy,
hind limb paralysis,
death

Abnormal nerve

conduction, microvilli
organisation and Nav
clustering at the NoR

Delay to nodal Nav
channel clustering,
normal thereafter

Disruption/loss of axo-
glial junction.

Failure to switch nodal
Nav isoform

Disruption of transverse
bands and axo-glial
junction clustering

Loss of nodal
clustering, death by P7

Mislocalisation of Kv1
channels at
juxtaparanode

Komada & Soriano 2002
Zhou 1998

Koszowski 1998

Burgess 1995
Porter 1996

Saito 2003

Custer 2003

Rasband 1999
Rios 03
Boiko 2001

Boyle 2001

Sherman 2005

Poliak 2003
Traka 2003

Table 1.1: Transgenic mouse strains
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This study also demonstrated that the sequence responsible for initial segment
targeting of NF186 is found on the cytoplasmic domain, as omission of this
sequence or substitution with non-polarised proteins attenuated clustering.
Conversely, this effect was not repeated for NoR, which suggests that the
extracellular domain is sufficient at this location. It was confirmed that the Ig
domain specifically is required for NF186 targeting to the NoR by various
deletions to the Ig, FNIII or mucin domains. A specific FIGQY sequence found in
the cytoplasmic domain that binds ankyrin G, had previously been speculated to
affect distribution of NF186 to cell membranes (Zhang et al., 1998).
Concentration of proteins at the NoR coincides with a down-regulation along the
internode (Dzhashiashvili et al., 2007).

NrCAM is also involved in node formation (Custer et al. 2003;Lambert et al.,
1997). However, while NFasc-null mice are not viable past birth, NrCAM-null
mice have essentially normal nodes aside from a delay in clustering of Nav
channels (Custer et al., 2003). This suggests that NrCAM is not as critical for NoR
clustering and that it can not compensate for a loss of NF186 even though both
bind ankyrin G. Once it had been established that NF186 was the first axonal
protein to cluster at the NoR, attention turned to what caused this to occur.
Eshed et al ( 2005) have found a Schwann cell binding partner for NF186 in the
form of gliomedin, which could mediate the formation of proteins at the NoR.
Gliomedin was shown to be present at the edges of myelinating Schwann cells
during development, while in mature axons it is found in Schwann cell microvilli
that project into the nodal gap. When interference RNA (RNAi) was used to
attenuate gliomedin expression, myelin sheaths form but Nav channels do not
cluster. This represents the possible requirement of gliomedin and/or Schwann
cell microvilli for NF186 to cluster correctly and recruit Nav channels to the NoR
(Figure 1.14). Additionally, a dystroglycan”’~ mouse has been used to show that
this protein, also expressed by Schwann cells, is essential to normal nerve
conduction, microvilli organisation and nodal sodium channel clustering (Saito et
al. 2003). The authors propose that this is due to its role in maintaining the
nodal architecture via interactions between the SC microvilli and axolemma, re-

inforcing the importance of this structure.
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1.4.5.2 Formation of the axo-glial junction

Although Caspr’” and contactin”” mice show that these proteins and normal
transverse bands are not required for initial Nav channel clustering at the NoR,
they are essential for creating a barrier that maintains Kv1 channels at the
juxtaparanode (Boyle et al., 2001). Mice that have been modified to lack
enzymes that produce galactolipids of the myelin sheath have strikingly similar
paranodal phenotypes to the aforementioned KO mice. This can be explained by
the requirement at the paranode of cis-interactions between NF155 and
galactolipids to stabilise this junction (Schafer & Rasband 2006). Shiverer mice
that lack myelin associated glycoprotein (MAG) have abnormal paranodal
junctions, Caspr and NF155 localisation (Rasband et al. 1999;Tait et al., 2000).
NF155 extracellular domain binds to the cis interacting Caspr/contactin complex
in cells transfected with both, but doesn’t bind cells transfected with contactin
alone (Charles et al., 2002). As some NF155 has still been detected at paranodal
loops in Caspr and contactin null mice, it is possible that these proteins do not
target the neurofascin to this location, but neurofascin instead has a role in
recruiting them (Sherman et al., 2005). Recently it has been reported that Caspr
clustering occurs after myelination in the PNS and that NF155 is required for this

to occur (Eisenbach et al, 2009, Epub ahead of print).
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Figure 1.14: Schematic representing the possible role of gliomedin and NF interactions to
the initial formation and clustering of proteins at the PNS NoR (taken from Sherman et al,
2005).
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A further study highlighting the importance of myelin to the formation of the
axo-glial junction is that of Ishibashi et al ( 2004). CD9 is a membrane
glycoprotein found in myelin and appears concomitantly with Caspr at the latter
stage of myelination during development. KO mice for this protein show diffuse

labelling through internode and a disruption of axo-glial junction.

At the paranode and juxtaparanode, the protein 4.1B is likely to be responsible
for the anchoring of Caspr and Caspr 2, respectively, as it is highly enriched here
(Denisenko-Nehrbass et al. 2003). Binding, is via a common intracellular GNP

motif, as this is prevented by deletion of this sequence.

The importance of the axo-glial complex as a sieve for the prevention of
bilateral movement of ion channels and other molecules at the NoR is discussed
in more detail by Pedraza and colleagues ( 2001). All of the above studies
emphasise the importance of this complex and the reason behind such a severe
phenotype of the neurofascin knock-out mice, as without this complex, which is

initially formed by neurofascin, function is lost.

1.4.5.3 Juxtaparanodal development

Although Caspr2 and Kv1 channels are co-localised to the juxtaparanodal
membrane, their association is not direct. Caspr2 antibodies were used to detect
proteins with which it would co-immunoprecipitate and it was found that
association was with Kv1.2 and the KvB2 subunit, but not Kv2.1. However, as
these proteins did not seem to form a complex in cell culture, it was suspected
their may need to be a common binding protein. Similarly to Caspr, Caspr2
possesses a protein 4.1B binding domain in its cytoplasmic tail, therefore it
could link the potassium channel/Caspr2 complex to the juxtaparanodal
cytoskeleton (Gollan et al., 2002). Thus, Caspr2 association with the
juxtaparanode has been linked to its PDZ binding sequence in its C-terminal tail
and interaction with cytoskeletal protein 4.1B. An investigation into Kv1 channel
localisation strongly implicated binding to PDZ domains on PSD95 as well. Using
the C-terminal tail of shaker Kv1.4 channel as ‘bait’, Kim et al ( 1995) revealed

that these channels are anchored by the association of their carboxy-terminus
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with PDZ domains 1 and 2 of the PSD95 protein. Particularly, the final 4 a.a.
were essential for binding as shown by progressive deletion analysis. These
results could be repeated for Kv1.1, 1.2 and 1.3. To further confirm their
association, Kv1 channels and PSD95 were expressed individually or together in
cell culture. There was a striking difference in distribution, both were diffuse at
the membrane or through the cytoplasm when alone, but co-clustered to the cell
surface in distinct patches when together. However, more recently contradictory
studies by Rasband et al ( 2002) and Horresh et al ( 2008) have shown that
although the potassium channel and PSD95 protein can be co-localised at the
juxtaparanode, mutant mice lacking this cytoskeletal protein do not suffer a loss
of Kv1 or Caspr2 clustering. As it had been expected that PSD95 mediated the
indirect interaction of the clustering of the Kv1 channels and Caspr2 to this
particular site, instead another molecule in the form of Tag1 is required (Figure
1.15).
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Figure 1.15: Proposed mechanism of clustering of Kv1 at the juxtaparanode via a Caspr2
and Tag-1 complex (Rasband et al, 2002).

Kv1 channels require a Caspr2/Tag1 scaffold for correct localisation as
demonstrated by mislocalisation of the ion channel in Caspr2 KO and Tag1 KO
mice (Poliak et al., 2003;Traka et al., 2003). The conformation for this is

proposed to be a glial Tag1 molecule forming a juxtaparanodal complex with an
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axonal Caspr2/Tag1 heterodimer. There is no detectable interaction between
Tag1 and Kv1.2 alone, suggesting the requirement of both Tag1 and Caspr2 and
possibly other adaptor proteins to complex with Kv1 channels. Mutants for
paranodal proteins contactin and Caspr show the importance of the barrier
between paranode and juxtaparanode to the appropriate placement of Kv1
channels and Caspr2 (Bhat et al., 2001;Boyle et al., 2001).

1.4.5.4 Importance of correct nodal protein localisation

The above studies demonstrate the similar yet unique interactions between
molecules in each specific nodal domain. Mutant mice show the importance of
each of the proteins to developing and maintaining the correct nodal
architecture. Interestingly it would seem that the key structure is that of the
paranode, as disruption of this structure causes mislocalisation of proteins from
all domains, whereas transgenic mice lacking proteins from the other domains

manage to develop normally aside from their direct interactions.

1.4.6 Nodal Pathology associated with GBS

As NoR are not ensheathed they are more vulnerable to circulating antibody. As
discussed above, GM1 and GD1a have been localised to the NoR and therefore it
is of interest to determine what injury occurs at this region in response to anti-
ganglioside antibodies and if it could be linked to that observed under
pathological conditions in patients. Many electrophysiological studies were
undertaken to establish whether antibodies binding to gangliosides could directly
effect conduction by this route. Under certain conditions, anti-GM1 antibodies
appear to increase potassium current or reduce sodium current in the sciatic

nerve (Takigawa et al. 1995).

Further studies have attempted to determine the role gangliosides have in nodal
stability, and ion channel disruption at nodes in models of AMAN (Susuki et al.
2007b;Susuki et al. 2007a). There are two routes in which gangliosides can cause

conduction failure, and therefore paralysis, in AMAN patients- conduction block
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and axonal Wallerian-like degradation. Conduction block is reversible and
explains rapid recovery that is not consistent with remyelination or regeneration
(Kuwabara et al. 1998). Axonal degradation is most likely due to complement-
mediated attack of the axons (Hafer-Macko et al., 1996). It is possible that in
some cases both mechanisms are occurring. Conduction failure would be due to
distal axonal degeneration and also antibody binding and complement activation
at nodes, which would explain conduction failure and paralysis, yet rapid
recovery (Ho et al. 1997). A mouse model of GBS has been used to show that the
nerve terminal at the NMJ undergoes severe damage and massive exocytosis of
vesicles rendering it non-functional (Bullens et al. 2000;0'Hanlon et al. 2001).
This too could perhaps explain paralysis in patients that could result in rapid

recovery, or not depending on whether injury proceeds further along the axon.

1.4.6.1 Electrophysiological studies using anti-ganglioside antibodies

Electrophysiological data regarding the effect of anti-ganglioside antibodies on
conduction in animal models has been quite contradictory. Thomas et al ( 1991)
injected rabbits with GM1 or with Gal(B1-3)GalNAc-BSA, and reported the
development of antibodies to the immunizing antigens in association with a fall
in the ratio of the amplitudes of the compound muscle action potential evoked
by proximal versus distal stimulation of the sciatic nerve. Mild axonal
degeneration was also observed in the peripheral nerve and immunoglobulin
deposits were prominent at nodes of Ranvier. Therefore it was expected that

anti-ganglioside antibody binding at the NoR would result in conduction block.

Several other in vitro studies supported these results showing block of
conduction in rat sciatic nerves exposed to patient sera with high anti-
ganglioside antibody titres (Arasaki et al. 1993;Arasaki et al. 1998;Santoro et al.
1992). However, Harvey et al ( 1995) found that the intraneural injection of
patient sera into rat nerve did not cause conduction block or histological
changes even though antibody deposits could be found bound to the nodal
axolemma and sometimes the paranodes. This was also true for mouse nerve

treated in vitro with anti-ganglioside antibodies (Paparounas et al. 1999).
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1.4.6.2 Disruption to nodal proteins in response to anti-ganglioside

antibodies

The disruption to nodal proteins under GBS conditions has best been described in
a rabbit model of AMAN with high anti-GM1 antibody titres (Susuki et al., 2007b).
In this model Nav channel clustering disappeared or was disrupted, as were the
other structures (paranode, Schwann cell microvilli, nodal cytoskeleton) that
normally maintain the ion channel localisation. As this disruption was coincident
with complement product deposition (Figure 1.16), it followed that use of a

complement inhibitor prevented these effects (Phongsisay et al. 2008).

Figure 1.16: Disruption of Nav channel staining at ventral root NoR of AMAN rabbits
coincides with extended complement deposition (taken from Susuki et al, 2007).

Similarly, disruption to certain nodal proteins has been reported in models of the

demyelinating variant AIDP. Lonigro and Devaux ( 2009) recently showed that
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neurofascin and gliomedin disruption preceded demyelination, which would
explain conduction block considering that complement was not associated with

injury to the NoR.

1.5 Animal models of AMAN
1.5.1 Rabbit models of AMAN

The first animal model that resembled GBS was experimental allergic neuritis
(EAN), which was created by injecting rabbits with peripheral nerve homogenate
(Waksman & Adams 1955). Rabbits developed an inflammatory disease of the
peripheral nerves, therefore it is akin to AIDP rather than AMAN. This model will
not be further discussed due to the focus of this study on the the non-

inflammatory AMAN subtype.

Developing a model to AMAN was first successful with the repeated injection of
either bovine brain gangliosides (BBG, a mixture consisting of 21% GM1, 40%
GD1a, 16% GD1b and 19% GT1b), or GM1 ganglioside alone into Japanese White
(JW) rabbits with Freund’s adjuvant (FA) and keyhole limpet hemocyanin (KLH)
(Susuki et al. 2003;Susuki et al. 2004;Yuki et al. 2001). Rabbits showed limb
weakness and flaccid paralysis, and inspection of tissue revealed Wallerian-like
degeneration of sciatic nerves (not spinal roots), macrophage infiltration of
endoneurial-perivascular areas, and anti-GM1 antibody titres. As there was no
effect on the central nervous system, it would seem that antibodies are able to
cross the blood-nerve barrier (BNB) but not the BBB.

Other groups have not been so successful when trying to recreate rabbit models
of AMAN. When Ang et al ( 2001) immunised New Zealand white (NZW) rabbits
with LPS from three strains of C.jejuni with FA the animals produced titres high
for anti-GM1 antibody but did not develop flaccid paralysis or show signs of
neuropathy or inflammation on examination of the sciatic nerve. On the addition
of KLH to the above immunization protocol, Caporale et al ( 2006) were

successful in recreating disease in NZW rabbits as observed by Yuki et al (2001,
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2004) and Susuki et al (2003) in JW rabbits. They attribute this to the action of
KLH, which seems to play a crucial role although the specific mechanism is
unclear. KLH is usually used to enhance an immune response, but it has also
been shown to produce low titres of anti-GM1 antibodies itself, probably owing
to the fact it possesses oligosaccharides with Gal(B1-3)GalNAc groups (Wirguin et
al. 1995). Wirguin and colleagues (1997) later predicted that as gangliosides are
poor immunogens, a glycoprotein antigenic stimulus (as found in KLH) can induce
B-cells reactive to ganglioside but which were not activated. From all of the
studies mentioned above an interesting observation is that anti-ganglioside
antibodies can indeed be induced, but only under certain circumstances do they

result in pathology, by an as yet undefined mechanism.

1.5.2 Mouse model of AMAN

There have been problems in transferring the AMAN model into rats and mice, as
injection of gangliosides or antibodies does not lead to paralysis. It could be that
rodents have a less permeable BNB. However, studies performed to test the
permeability of the mouse BNB to various molecules have shown that small
molecules such as sodium fluorescein permeate with ease (Malmgren & Olsson
1980), whilst larger 1gG molecules take longer, but can still partially cross into
the endoneurium (Seitz et al. 1985). Implantation of an anti-GD1a/GT1b
antibody producing hybridoma into mice resulted in the development of a mild
peripheral neuropathy with similar features to AMAN (Sheikh et al. 2004). The
BNB became leaky and antibody could be found in the endoneurium, which was
thought to be due to a systemic inflammatory response to the hybridoma. This
led to the postulation that a good mouse model requires circulating antibodies

and access to the gangliosides.

1.5.2.1 Use of ganglioside transgenic mice in a murine GBS model

Genetic modification has also proven a useful tool in progressing an AMAN-like
lesion in mice. Injection of gangliosides or epitopes from ganglioside mimicking

strains of C. jejuni into mice may have proven unsuccessful due to the problem
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of evolutionary conservation across species, and tolerance (Bowes et al. 2002).
As gangliosides are present from birth the body develops tolerance to their
structures in order that the immune system will not attack them. In addition,
there is also a difficulty in developing mouse monoclonal antibodies against
gangliosides as their injection does not elicit a normal response and antibody
production (Kawashima et al., 1992;Kotani et al. 1992). To circumvent this
problem, mice engineered to lack complex gangliosides (see Figure 1.3) (Liu et
al. 1999;Takamiya et al. 1996) have been used to develop high affinity

antibodies against injected gangliosides (Lunn et al. 2000).

Subsequently much work has been carried out using these antibodies in mice to
establish localisation of gangliosides, and the effect of antibody binding to
nerve. High affinity antibodies against GQ1b have been used to cause a lesion of
the axon and perisynaptic Schwann cells at motor nerve terminals in the
diaphragm of mice in ex vivo preparations or after intra-peritoneal (i.p.)
immunization with normal human serum as an additional source of complement
(Halstead et al. 2004). However, antibodies against other complex gangliosides
do not have the same effect in wild-type mice. Conveniently, a mouse
developed to uncover the role of b- and c-series gangliosides by disrupting the
gene encoding a-2,8-sialyltransferase enzyme, concomitantly resulted in the
over-expression of a-series gangliosides (see Figure 1.3) (Okada et al. 2002).
This model seems to overcome the problem of tolerance, probably due to such a
high expression of antigen. Consequently this GD3s”’~ mouse has enabled the
creation of an experimental paradigm where a robust reaction develops in
response to antibodies against a-series gangliosides GM1 and GD1a Figure 1.17
(Goodfellow et al. 2005;Greenshields et al., 2009). More specifically the hemi-
diaphragm preparation has been used to study IgG and membrane attack
complex (MAC) deposition, and neurofilament loss at the nerve terminal
produced by application of anti-ganglioside antibody and complement.
Electrophysiological recordings made under the same conditions show a massive
increase in asynchronous spontaneous neurotransmitter release at the NMJ,
ultimately ending in a block to synaptic transmission. Development of the mouse
model of AMAN by injection of antibodies is yet to be achieved, although it is

possible to cause injury to the diaphragm by the i.p. injection of anti-GD1a



Chapter 1 52

antibody and complement into a transgenic mouse over-expressing gangliosides

and lacking complement inhibitors (JA Goodfellow, unpublished observation).

1.5.3 Transgenic mice expressing fluorescent proteins

Although the models described above are useful, staining requires the tissue to
be exposed to toxic agents, antibodies and permeabilising solutions. This fact,
along with general unreliability of some cell labelling, has resulted in the
production of mice engineered to have intrinsic fluorescence of certain

structures.

Green fluorescent protein (GFP) is a polypeptide chain that is intrinsically
fluorescent. Prasher and colleagues ( 1992) were the first to sequence the green
fluorescent protein found naturally in jellyfish. The possibility that transferring
this cDNA sequence into eukaryotic cells would cause GFP expression and could
be a marker of gene expression was first demonstrated by Chalfie et al (Chalfie
et al. 1994). Therefore if it is coupled to cell-specific promoters it can be
expressed in any cell type. The importance of this discovery to the advancement
of science has since been recognised by the award of the Nobel prize in

Chemistry for 2008 to the researchers involved.
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GalNAcT~-

Figure 1.17: Anti-ganglioside antibody binding at the NMJ of wild type mice compared to
those genetically modified to over-express (GD3s"') or completely lack complex
gangliosides (GaINAcT").

Alteration of ganglioside expression in mice affects the binding ability of anti-ganglioside
antibodies, and in turn the development of complement-dependent neurofilament injury at
the nerve terminal (modified from Goodfellow et al, 2003).

It is advantageous for cells to endogenously express fluorescence as no
disruption of the cell membrane is necessary to visualise the desired cell in live
or processed tissue. Furthermore, characterisation of development,
degeneration, or regeneration of the nervous system can be improved as the
same tissue can be imaged at different stages in the same live mouse as the
tissue does not need to be removed and processed. Mice have been engineered
to express a variant of GFP, CFP, in axons (coupled to the thy-1 promoter) (Feng
et al. 2000), and GFP in their Schwann cells (coupled to the S100B promoter)
(Zuo et al. 2004). These so-called CK mice, have been used to follow the
reinnervation of muscle guided by terminal Schwann cells after nerve injury, by
imaging terminals at several time-points (Kang et al., 2003). Currently much
work at the NMJ utilises the post-synaptic marker bungarotoxin that binds

acetylcholine receptors localised here. This is extremely convenient for
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identifying this region as its staining profile does not change under injurious
conditions. In the future, the fluorescent model could be put to use to better
localise and study axons proximal to the terminal during degeneration in AMAN

models.

1.6 Complement and GBS

From the previous sections it is apparent that anti-ganglioside antibodies tightly
correlate with GBS. Further to this, complement is also a key component of the
injury pathway. Where antibodies have been detected in animal models and
human tissue, complement products are also present and associated with
pathology (Goodfellow et al., 2005;Hafer-Macko et al., 1996;Halstead et al.,
2004;Koski 1990;Lu et al. 2000;Putzu et al. 2000;Sanders et al. 1986;Susuki et
al., 2007b;van Sorge et al. 2007). The work of Halstead et al ( 2004) underscored
the activation of complement via the classical pathway (i.e. antibody-dependent
pathway) to induce injury in a mouse model of anti-GQ1b antibody associated
nerve terminal degeneration. The necessity for complement in turn highlighted
the possibility of therapies that interfere with this pathway. In order to
determine potential targets it is important to first understand the components

of the complement cascade.

1.6.1 Complement cascade

The body possesses an innate and an acquired immune system that work
together to eliminate invading pathogens. The complement system was originally
named because it supported and interacted with (i.e. complemented) the
acquired immune system when an antigen was recognised by antibody. It is now
known to interact with the innate pathway as well. There are many antibody
isotypes of which the IgG1 and 3 isotypes are most effective at activating the
classical pathway, while of the I1gG subclass 1gG2 better activates the alternative
pathway (Valim et al., 1991). The density of epitope also contributes to the

activation of complement by antibody binding.
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1.6.1.1 Complement components

The complement system consists of serum glycoproteins, regulatory proteins and
complement receptors. C3 is considered to be the critical component of the
complement system, as its conversion into C3b by C3 convertase, is the point
from which many essential immunological processes occur (as reviewed by
Morgan 2000). The activation of C3 by the classical pathway begins with the
binding of C1q to antibody that produces the serine protease C1r to cleave C1s.
The complex of these three molecules splits C2 and C4 so that their component
parts make a C4b2a complex- also known as C3 convertase (Figure 1.18, shaded
area). This is where the classical pathway ends and the alternative pathway
begins, ultimately resulting in the membrane attack complex lysis of the target

cell.

1.6.1.2 Membrane attack complex

MAC is the terminal stage of the complement cascade. Five hydrophobic serum
glycoproteins (C5b, Cé6, C7, C8 and C9) associate to form the MAC pore. This
begins with the cleavage of C5 by C5 convertase to form C5b which forms a
complex with soluble Cé. This complex then binds C7 resulting the membrane-
binding capacity of this molecule to be revealed. C8 also develops the ability to
insert into the membrane on binding to the C5bC6C7 complex. The C5b-8
complex recruits ten or more C9 molecules that complete the pore. All
molecules that are of the right size can freely diffuse through the pore,
especially water courtesy of the hydrophilic inner pore surface, which disrupts

the internal milieu resulting in rapid cell lysis.
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Figure 1.18: Classical pathway of the complement cascade.

The pathway components and their step-wise addition and interactions are represented on
the right. The points of intervention of the endogenous inhibitors DAF, CD46 and CD59 (red)
and the synthetic inhibitor Eculizumab (blue) are shown. The events of the pathway
culminating in MAC pore insertion into a cell membrane are illustrated to the left (Image
taken from the National Cancer Institute website).

The complement system has a role in host defence via processes such as
phagocytosis, antibody response, inflammatory response and cell lysis. To
circumvent damage by over-activation, certain regulatory molecules are also
present, discussed below. Keeping the complement system in check is very
important as dysregulation and deficiencies can manifest themselves in the form
of many diseases. Consequently, the regulation of complement therapeutically is

a major focus of research (Morgan & Harris 2003).
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MAC pore mediated lysis was first demonstrated in sheep erythrocytes, where as
little as one could cause osmotic swelling and cell lysis. Nucleated cells are far
more resilient and require many complexes for cell lysis (Koski et al. 1983).
However these complexes are transient and are continually removed by
exocytosis and endocytosis in a partly calcium dependent manner (Carney et al.,
1986).

1.6.1.3 Role of complement

Complement can be beneficial as, for example, it is essential to the activation of
macrophages during Wallerian degeneration after peripheral nerve injury that
normally clear away the debris and promote axonal regeneration (Dailey et al.
1998). This correlates to macrophages observed in GBS patient post-mortem
tissue (Griffin et al., 1996a). A review by Morgan et al ( 1986), discusses the
concept that there is a threshold of MAC injury. Below this threshold, the Ca*
influx due to mild complement attack activates inflammatory mediators involved
in the inflammatory response allowing for recovery. However, severe
complement attack and MAC formation above this threshold overwhelms the

cell’s recovery processes resulting in death.

It was hoped by Uetz-von Allmen et al ( 1998) that a correlation could be made
between peripheral neuropathy, antibodies and complement in order to use MAC
binding of antibodies as a diagnosis. However, although some GBS patient sera
had high complement binding capacity, there were some that did not, so this

method could not be used for accurate diagnosis.

MAC pore formation is essential to pathogenesis observed in mouse injury
models, as described by Willison et al ( 2008). It is however, possible that there
is a role for the other components of the complement pathway to injury in the

long term.
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1.6.2 Complement inhibitors

The complement system is very effective at targeting and destroying invaders to
the host, however there is also the potential for damage to self cells. To prevent
this occurring, self cells are protected by the expression of a variety of
membrane regulators that can inhibit complement activation. It is debateable
whether these inhibitors are species specific or not (Morgan 1999;Rollins et al.
1991). The three membrane regulators important to complement activity
attenuation are membrane cofactor protein (MCP; CD46), decay accelerating
factor (DAF; CD55) and CD59, described in more detail below.

1.6.2.1 Endogenous complement inhibitors

CD59 is a membrane glycoprotein with a GPI anchor that specifically protects
cells from lysis by the MAC pore (Davies et al. 1989;Meri et al. 1990a;Meri et al.
1990b;Rollins & Sims 1990). CD59 regulates complement by inhibiting the
formation of MAC by binding both C8a, and C9 to prevent C9’s association with
the C5b678 complex Figure 1.18 (Davies et al., 1989;Huang et al. 2006;Ninomiya
& Sims 1992;Rollins & Sims 1990). Initially described on erythrocytes and
lymphocytes, it is present on a variety of self cells to prevent their damage by
MAC (Meri et al., 1991). CD59 present on compact myelin lipid rafts in peripheral
nerve (Erne et al. 2002).

DAF regulates complement by preventing the assembly of C3 convertase, or
accelerates the disassembly of already formed C3 convertase, and thus blocks
the development of MAC (Fujita et al. 1987). Similarly, CD46, a type |
transmembrane protein, regulates complement by inactivating the C3b and C4b
components of the complement pathway (Liszewski et al., 1991). Both are

depicted in Figure 1.18.

As discussed by Chrast et al ( 2004), mouse peripheral nerve not only has the
potential to activate the classical pathway by expressing C3 one of the initial
components, but also to attenuate the reaction by the expression of
complement inhibitors DAF, CD59. KO mice for these regulators have been very

informative as to their function (Turnberg & Botto 2003). Particularly to GBS,
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the use of CD59 KO mice in a mouse model of anti-ganglioside antibody
mediated injury at the NMJ demonstrated the importance of this regulator in the
control of MAC (Halstead et al., 2004). This transgenic mouse has also shown
exacerbation of neuronal cell death in a mouse model of traumatic brain injury
further illustrating a role for this inhibitor in protection against injury (Stahel et
al. 2009).

1.6.2.2 Synthetic complement inhibitors in animal models

In the murine nerve terminal disease model of GBS, great success has been
achieved in attenuating injury by way of various complement inhibitors (as
reviewed by Willison et al. 2008). Recently similar results in the rabbit model of
AMAN have been reported (Phongsisay et al., 2008).

APTO070 is a C3/C5 convertase inhibitor modelled on the endogenous CR1
regulator and is effective at abolishing MAC deposition at the nerve terminal in a
model of MFS (Halstead et al. 2005). More recently, Eculizumab a humanised
mAb which neutralises the C5 component (Figure 1.18), and rEV576 a C5
inhibiting recombinant protein form tick saliva have also been used to prevent
MAC pore formation in this model (Halstead et al. 2008a;Halstead et al. 2008b).

A confounding issue with the mouse model is the requirement for an exogenous
source of complement to induce pathology. Antibodies used are capable of fixing
mouse complement, therefore it was suspected that inhibitory factors must be
present. Mouse complement regulators include complement receptor-1 related
gene/protein Y (Crry), CD59a, decay accelerating factor 1 (DAF1, CD55) and
Factor H. CD59a has been detected at the nerve terminal, but as the regulation
of human complement by murine regulators has not been established, the
significance of this is unclear (Willison et al., 2008). However, there is a benefit
of using a human source of complement- inhibitors intervening with complement
activation that would be applied to human cases can be directly tested for their

efficacy in the mouse (e.g. Eculizumab, a humanised mAb).
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1.7 Calpain

It was suspected that MAC pores and the influx of calcium ions would activate
calpains resulting in injury to the terminal via this route (O'Hanlon et al. 2003).
Therefore, it is of interest to know more about calpains and possible blocking

agents.

Calcium plays a vital role in mediating complement and in cell death. Calcium
ionophores when inserted into the cell membrane cause an influx of calcium that
results in cell death. It is known that calcium and not the ionophore is
responsible as insertion in a calcium free media does not result in death. One of

the routes of calcium mediated injury is likely via calpain.

Calpains are ubiquitously expressed Ca”*-activated neutral cysteine proteases
first described in the rat brain by Guroff ( 1964). There are two major isoforms
of calpain that in vitro require either micromolar (u-calpain/calpain I) or
millimolar (m-calpain, calpain IlI) concentrations of calcium to be activated.
They are best associated with regulatory processes. Calpains are ubiquitously
expressed, largely cytosolically, and are regulated by the endogenous inhibitor

calpastatin.

1.7.1 Structure and activity of calpain

As summarised by Goll et al ( 2003), both p- and m-calpain consist of two
subunits (28kDa and 80kDa), of which the large proteolytic subunit differs
between the two calpains, while the small regulatory subunit is the same. The
active site cysteine is found in the large subunit in domain Il and domain IV is
the region responsible for Ca?* binding. The small subunit consists of an N-
terminal and C-terminal domain linked by a proline rich sequence, which are
involved in membrane association and calcium ion binding, respectively. Both
calpains are widely distributed, but their abundance differs from tissue to
tissue. Calpain undergoes autolysis of the small subunit in the presence of
calcium ions, but only large subunit of p-calpain and not m-calpain is autolysed
(Saido et al. 1994). In fact, the subunits are resistant to any kind of proteolysis

until they are activated, at which time they are quickly degraded.
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As the first calpain studies showed that m-calpain required 400-600uM
concentrations of calcium ions to be activated, which well exceeds the natural
concentration found in cells, it was expected that a molecule existed that would
reduce the required activating concentration. One study by Thompson et al (
2000) proposed that p-calpain could fill this role on account of the fact that it is
able to self-autolyse and the large subunits share 50% homogeneity. However,
the conformation must be sufficiently different as p-calpain was unable to
activate m-calpain. It is still unclear what the mechanism for altering calcium
ion activation properties of calpain is. Hyperactivation of calpain associated with
altered Ca** homeostasis is now considered to contribute to a number of
pathologies, including ischaemia, and traumatic brain injury. However it is
important to clarify that it is not an increase in calpain activity that is the
injurious factor per se, but an unregulated influx of calcium ions that causes

proteolysis of intracellular proteins, mediated through calpain.

1.7.2 Axonal proteins as calpain substrates

Calpain targets many different proteins, and this property can be very useful for
indirectly determining calpain activation. For example, spectrin is targeted by
calpain and therefore the detection of spectrin breakdown products is useful as
a marker for calpain activity in the absence of suitable antibodies (Roberts-Lewis
et al. 1994). This method has been used to demonstrate the activity of m-

calpain in the peripheral nerve during neuropathy (Castejon et al., 1999)

There is functional significance to the breakdown of certain proteins. Ca*'-
dependent breakdown of neurofilament leading to Wallerian degeneration has

been linked to m-calpain activity (Glass et al. 2002;Kamakura et al. 1983).

Other integral cytoskeletal proteins known to be degraded by calpain include
ankyrin, protein 4.1 and PSD95 (Boivin et al., 1990;Doctor et al., 1993;Harada et
al. 1997;Lu et al., 2000;Yoshida & Harada 1997). This is significant as these
proteins have roles in anchoring and positioning other proteins and ion channels
at specific locations (refer to section 1.4.5). More recently sodium channels
themselves have been described to undergo proteolysis under models of

traumatic brain injury in vitro (Ilwata et al. 2004;von Reyn et al. 2009).
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The desire to uncover an optimal calpain cleavage sequence is to create a
calpain substrate that can be used to identify calpain activity. This would also
presumably be extremely useful to the identification of susceptible proteins.
Cleavage specificity to particular a.a. sequences has not been elucidated,
however, it seems that elements of tertiary structure of protein substrates may
influence activity. According to a study on p-calpain cleavage specificity, most
often small, hydrophobic a.a. such as leucine, valine and isoleucine are targeted
when adjacent to a large hydrohphobic a.a. like phenylalanine and tyrosine
(Cuerrier et al., 2005). However, another study by Tompa et al ( 2004) suggests
the position adjacent to the prime position, P2, is commonly filled by leucine,
threonine and valine, while P1 is usually a lysine, tyrosine and arginine. The
latter study reinforced previous findings by Sasaki and colleagues ( 1984) that
tyrosine, methionine or arginine at the prime position were often preceded by
Leu or Val, and also suggested there was no real difference in specificity

between p- and m-calpain cleavage sites.

1.7.3 Calpain inhibitors

Similar to complement, calpain is very closely regulated so as not to have
detrimental effects. Calpastatin is the endogenous inhibitor of both p- and m-
calpain once they have been activated by calcium (Murachi 1989). As calpain
mediates the proteolysis found in many degenerative diseases, the production of
calpain inhibitors for therapeutic use could be very beneficial. In vivo models of
brain injury and nerve transection have shown encouraging neuroprotective
effects by the administration of calpain inhibitors (Bartus et al. 1994;Saatman et
al. 1996). Synthetic cell-permeable calpain inhibitors, calpeptin and calpain
inhibitor V, were the first used to show protection at the nerve terminal in the
mouse model of GBS (O'Hanlon et al., 2003). ALLM is a calpain Il inhibitor that
protects against nerve terminal degeneration in vitro (Gylys et al., 2002). More
recently the synthetic reversible calpain inhibitor AK295 (Li et al. 1996) has
shown effective protection of sensory nerves against neuropathy in vivo (Wang
et al. 2004) and protection in models of ischaemia (Bartus et al., 1994;Saatman

et al., 1996). If nodal proteins do indeed undergo calpain cleavage during
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antibody-dependent, complement-mediated pathology of the nerve, calpain

inhibitors such as AK295 may well be a useful therapeutic tool.

1.8 Aims

Data from animal models and human studies point towards a disturbance of
architecture at the node of Ranvier in the axonal variant of GBS, AMAN. This in
turn is likely to interfere with conduction and play a role in resulting paralysis.
Although the route of injury almost certainly involves anti-ganglioside antibody
activation of complement initially, it is unclear what follows. It would also seem
that accessibility may play a role in sites targeted during neuropathy. The
hypothesis of the following study is that calpain is activated and cleaves proteins
at the NoR resulting in reduced conduction due to the disruption of the Nav

channel clusters and the axo-glial junction.

Therefore the broad aim of my thesis is to characterise the axonal injury, and
the route by which it occurs, in a mouse model of AMAN with a particular focus
on distal fibres and nodes of Ranvier. Antibodies to GD1a were chosen as high
titres of antibodies against this ganglioside have been found in AMAN patients,
GD1a is localised at the NoR, and antibodies against this ganglioside has been

shown to initiate a complement-mediated lesion at the mouse nerve terminal.

To achieve these aims | will investigate;

1. Binding of anti-GD1a ganglioside at NoR and the effect of accessibility due
to the BNB

2. Complement activation and resulting effect on various axonal and nodal

proteins

3. The consequence of complement and calpain inhibition

4. Functional outcome of any disturbances
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2 Materials and Methods

2.1 Reagents & Buffers

2.1.1Reagents
2.1.1.1 Antibodies

Table 2.1 provides the details of the primary antibodies used throughout this

work.

Goat anti-lgG2a and 2b, FITC and Rhodamine labelled were all purchased from
Southern Biotech, (Birmingham, AL, supplied at 1mg/ml). Donkey anti-Rabbit
IgG-Cy5 was purchased from Jackson ImmunoResearch Labs (Baltimore Pike, PA,
supplied at 1.5mg/ml). All secondary antibodies were used at a dilution of 1:200

for whole-mount muscle, and 1:300 for sections and teased nerve.

Donkey anti-rabbit IgG-HRP (Santa Cruz, Europe) and goat anti-mouse IgG-HRP
(Sigma, Aldrich) for western blot (WB) were used at 1:4000.

2.1.1.2 Labelling reagents

a-bungarotoxin (BTx) Alexa Fluor 488 and 647 conjugates (Molecular Probes),
1mg/ml stock used at dilutions of 1:500 for whole-mount muscle and 1:750 for

sectioned tissue to label postsynaptic ACh receptors.

FluoroMyelin Green (Molecular Probes), 1ml stock diluted to 1:300 for

identification of myelin.

Rhod 2-AM and Fluo-4 (Molecular Probes), cell-permeant calcium indicators,

effective concentration- 1-5uM.

Pluronic acid (Molecular Probes) assists in dispersion of Ca** indicator.
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Antigen Host Isotype Dilution Acetone? | Source
IHC WB

Ankyrin G Ms 18G1 1:100 Y Zymed Labs

San Francisco, CA
Caspr Rbt IgG 1:1000 N Kind gift from

E. Peles, Israel
B actin Rbt IgG 1:1000 Novocastra

Newcastle, UK
Dystrophin Ms 1gG1 1:200 N Sigma

Missouri, USA
Fodrin Ms 1gG1 1:1000 BIOMOL Int

Europe
FluoroMyelin 1:300 N Molecular Probes
green Paisley, UK
Kv1.1 Rbt IgG 1:200 Y Alomone Labs

Israel
MAC (C5b-9) Hu lgG2a 1:50 N Dako

Glostrup, Denmark
MAG Ms 1gG1 1:40 Y Chemicon Int

Europe
Moesin Ms 1gG1 1:100 Y BIOMOL Int

Europe
Nav1.6 Rbt lgG 1:100 1:100 N Sigma

Missouri, USA
pan Nav Ms 1gG1 1:100 1:100 N Sigma

Missouri, USA
pan Rbt IgG 1:1000 | 1:2000 N Kind gift from
Neurofascin P. Brophy, Edinburgh
Neurofilament | Rbt IgG 1:200 Y Chemicon Int

Temecula, CA
Nf186 (MNF2) Rbt IgG 1:100 N Kind gift from

P. Brophy, Edinburgh
NrCAM Ms 1gG1 1:100 N Abcam

No Triton | Cambridge, UK

NrCAM Rbt IgG 1:100 N Kind gift from

P. Brophy, Edinburgh
Radixin Rbt IsG 1:400 N Kind gift from

D. Sherman, Edinburgh
Tetrodotoxin Rbt I1gG 1:200 Advanced Targeting

Systems, San Diego, CA

65
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Table 2.1 (previous page): Primary antibody dilutions. Abbreviations as follows: Ms, Mouse;
Rbt, Rabbit.

2.1.1.3 Toxins

a-Latrotoxin (LTx, Alomone Labs, Israel), used at 12nM to cause huge increase in
spontaneous neurotransmitter release that is mimicked by anti-ganglioside

antibodies injurious to the terminal.

Tetrodotoxin (TTX) with citrate (Biotium Inc, USA)

2.1.1.4 Miscellaneous reagents
AK295 (Georgia Institute of Technology), calpain inhibitor used at 100uM

Eculizumab and ALXN3300 (Alexion Pharmaceuricals, USA), humanised anti-
human C5 mAb and non-specific isotype-matched control, respectively, used at
100ug/ml

Calpeptin (Calbiochem, UK), calpain inhibitor used at 100ug/ml
Normal human serum (NHS), from a single donor stock

lonomycin (Alomone Labs), an antibiotic acting as a Ca** ionophore used at 0.1-
2uM

Araldite for EM embedding was made up in the fume-hood as follows:

CY 212 10ml
DDSA 10ml
D. Butyl phthalate 1ml

DMP 30 0.5ml

For staining of EM grids:
Uranyl acetate- add to 50% ethanol until saturated, filter

Lead citrate- Dissolve 1.33g lead citrate in ~30ml water then add 1.76g
sodium citrate. Allow to stand for 30mins with occasional
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agitation. Add 8ml 1N sodium hydroxide and water up to 50ml

2.1.2 Buffers

For all ex vivo preparations and electrophysiology, the tissue was sustained in

pre-gassed Ringer’s, recipe as follows:

Ringer’s (10X stock solution)

NaCl 66g (1.13M)
KCl 3.36g (0.045M)
NaHCO3 21g (0.25M)
NaH,PO4.2H,0 1.56g (0.01M)
Glucose 21.86g (0.12M)
1M MgCl, 10ml (0.01M)

Made up to 1L with distilled water (dH,0). Diluted 1 in 10 for use followed by

addition of 1M CaCl; to a final concentration of 2mM.

Phosphate buffered saline (PBS, 10X stock solution)

NaCl 80g (1.4M)

KH,PO. 2g (0.015M)
KCL 2g (0.027M)
NaZHPO4,2H20 29g (0.19M)

Made up to 1L with dH;0, diluted 1 in 10 for use.

Lysis buffer

Tris 1.211g (10mM)
NaCl 5.844¢g (100mM)
EDTA 0.29g (1mM)
10% glycerol

2% SDS

Made up to 1L in dH;0. One Roche protease inhibitor cocktail tablet added to

every 10ml before homogenisation.

Blocking solution

1% Lysine 3.62g (0.025M)
0.5 or 1% Triton

1% Normal goat serum (NGS)

Made up to 50ml in PBS
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2.2 Animals

2.2.1Transgenic mice
All mice used were of the GD3s”’~ background, unless otherwise stated. Male or
female mice (15-30g) were killed by a rising concentration of carbon dioxide

following UK laws and Glasgow University guidelines.

A new variety of GD3s”" transgenic mouse that has endogenously fluorescent
axons was developed for the purposes of this study by breeding GD3s”" mice with
B6/Cg-TgNxDBA mice (also known as CK mice). Although the parent CK strain has
fluorescence to axons and Schwann cells, only the fluorescence to axons was
selected. The reasoning for this is that CFP and GFP have very similar excitation
spectra and thus CFP can bleed-through into the GFP channel on imaging. To
avoid this occurring and possibly interfering with results, | chose the axonal
fluorescence as it is more useful to this study. Interestingly, the more
appropriate partner for CFP would ideally be YFP as discussed by Lippincott-
Schwartz and Patterson ( 2003). This new strain would be termed GD3s”" x
B6.Cg-TgN(Thy1-CFP) by the international naming nomenclature, but for
simplicity will be referred to as GD3/CFP throughout this study. The CK strain
will be considered the WT partner to the GD3/CFP strain as it is assumed to
possess a ganglioside expression akin to WT. PCR was used to genotype the mice
for GD3 synthase expression. However, as fluorescent proteins are fused to Thy1
protein, which retains normal expression, it was necessary to phenotype rather
than genotype the mice to monitor fluorescence. This consisted of splitting an
ear punch and using a Zeiss Axio Imager Z1 with ApoTome attachment and
appropriate filters to identify an emission wavelength of 474nm for CFP positive

axons in the skin.

2.2.2Genotyping

DNA extraction was performed on ear punches taken from transgenic mice using
a Puregene kit from Flowgen Bioscience (Ruddington, UK). Ear punches were
added to 300pl of the kit cell lysis solution plus 0.1mg/ml proteinase K for a
minimum of 1h at 55°C. After the samples were cooled to room temperature

(R.T.), 100ul protein precipitation solution was added before vortexing. Samples
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were spun at 12,500rpm for 3mins to pellet the protein. Supernatant was added
to 100% isopropanol (2-propanol) to precipitate the DNA before repeating
centrifugation. 70% ethanol was added to the DNA pellet before a final
centrifugation. The pellet was left to dry after removal of the alcohol before
rehydration in 50ul DNA hydration solution. This was stored at -20°C or used
immediately for PCR.

Specific primers were created to identify the wild-type (490bp), heterozygous
(380 & 490bp) and knock-out (380bp) GD3 synthase transcripts produced from
PCR.

2.2.3Ultrastructure

To ensure that the genetic modifications did not have an adverse affect on nerve
ultrastructure, electron microscopy was employed. See section 2.7.3 for

protocol.

Ultrastructural examination was not suggestive of any consistent abnormalities
between WT and KO strains at the NoR (Figure 2.1). Generally, the cytoskeletal
integrity looked unaffected, there was no unnatural accumulation of organelles,
and the paranodal loops appeared to be intact. Along the internode the compact

myelin appeared normal, as did many Schmidt-Lanterman incisures.
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Figure 2.1: Ultrastructural comparison of wild type and GD3/CFP mouse nerve.

Montages of several electron micrographs assembled to illustrate comparable axonal
integrity and normal paranodal loop formation between wild type (A) and GD3/CFP (B) hemi-
nodes. Scale bar=200nm.

2.3 Antibody production
2.3.1Anti-GD1a antibody cell-lines

The GD1a mimicking lipooligosaccharide (LOS) strain O:19 was previously

injected into ganglioside deficient GalNACT’™ mice to create high affinity anti-
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GD1a antibodies. MOG35 is the established anti-GD1a antibody producing cell-

line of which stocks are kept in liquid nitrogen.

To produce antibody, cells were suspended in flasks of RPMI 1640 media with
10% foetal calf serum (FCS) and 5% L-glutamine and maintained in an incubator
at 37°C. Media was removed twice weekly and spun down at 1000rpm for 5mins.
Cells were resuspended in fresh media while supernatant was collected and

stored at -20°C until there was a large enough volume for purification.

When the flasks reached a high confluence, it was possible to transfer the cells
to an Integra Cell line (Integra Bioscience, Zizers, Switzerland) that allowed for
a more efficient production of antibody. In this instance, cells were maintained
in RPMI 1640 media plus 20% FCS, were passaged once a week, and supernatant

collected once weekly as above.

2.3.2Antibody purification

To purify monoclonal antibodies, the supernatant was centrifuged in a Sorvall
RC5C centrifuge at 10 000rpm for approximately 30mins before filtration through
a 0.22pum membrane. Overnight dialysis at 4°C allowed supernatant to adjust to
1:10 binding buffer (20mM sodium phosphate). Ten column volumes of binding
buffer were applied to a HiTrap Protein G affinity column (Amersham Pharmacia
Biotech, UK), followed by supernatant. Flow-through was collected and stored at
-20°C. IgG that was eluted off the column with glycine (pH2.8) was neutralized
with 1M Tris-HCl at pH9. Eluted fractions and flow-through were assayed by
ELISA for IgG. Antibody was concentrated to 0.5mg/ml for ex vivo preparations
and 1.5mg/ml for passive transfer, desalted using PD10 columns (Amersham
Pharmacia Biotech, UK) and stored at -70°C. Concentration of the sample in
mg/ml was calculated by dividing the absorbance measured at A280nm by 1.43,

which represents 1mg/ml of protein.
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2.3.3Enzyme-linked immunosorbent assay (ELISA)

ELISA’s were used to either confirm that cell-lines were producing antibody, or
to ensure that antibody was administered to and was present in treated

tissue/animals. The following protocol can be used for both purposes.

Alternate rows in a ninety-six well plate were coated with 100pl methanol (from
which background optical density at 492nm [OD] readings were subtracted) and
2pg/ml GD1a (Sigma, Missouri, USA) and allowed to dry for 2-3h. After storage at
4°C for at least 1h, plates were blocked with 200ul 2% bovine serum albumin
(BSA) in PBS for 1h at 4°C. A dilution series for each supernatant was generated,
ranging from 1 in 10 to 1 in 10 240 with appropriate controls, and incubated for
4h at 4°C. Plates were thoroughly washed in PBS and dried before addition of
100ul 1:3000 HRP-conjugated anti-mouse IgG antibody (Sigma) in 0.1% BSA in PBS
to every well for 1h at 4°C. Plates were washed as before and dried, then
incubated in 100ul of substrate buffer (14ml 0.1M citrate, 16ml 0.2M Na;HPOy,
30ml d.H;0, one OPD tablet [Sigma] and 20ul H;0,) in the dark for 20mins. The
reaction is terminated by the addition of 50ul 4N H,SO4 (54ml to 500ml d.H,0) to

each well before reading plates on a Labsystem Multiskan for OD (492nm).

2.4 Muscle and nerve preparations

2.4.1Triangularis sterni ex vivo preparation

The triangularis sterni (TS) is a thin muscle, only a few fibres thick, which is
located on the inner surface of the ribs. It is innervated by branches of the 3™,
4™ and 5" intercostal nerves. Innervation occurs in a well defined region, with
the endplate band running parallel to the sternum, and the nerves lying in plane
with the muscle. Both the thickness and the innervation pattern make the TS
ideal for following axons to their termination in whole-mount preparations and

sections.

To dissect the TS, the entire ribcage is first removed and pinned out into a
Sylgard (Dow Corning, Michigan, USA) lined dish containing Ringer’s, ventral side
up. The intercostal muscles between the ribs 3 to 6 are carefully cut to reveal

the TS underneath. The ribs are then removed to create a window (depicted in
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diagram 2.2). To separate the two sides the sternum is divided leaving half on
the lateral edge of each window, which allows the muscle to be more easily kept
under a natural tension. The rest of the unwanted ribcage is removed, only
leaving the adjacent ribs on the rostral and caudal edges of the TS and a border

of muscle on the distal edge.

Figure 2.2: Schematic of the triangularis sterni (TS) muscle in the right hemithorax of the
mouse. Black dashed lines depict the branches of the intercostal nerves innervating the TS
(shaded grey). The region surrounded by the red dotted line illustrates the area removed for
ex vivo preparations. (Modified from McCardle, 1981)

At this stage, the whole-mount is maintained in Ringer’s and is considered an ‘ex
vivo’ preparation as, although it has been removed from the animal, it is
maintained in a viable state for up to 8h. As described in more detail below, this
preparation was used to study blood-nerve barrier permeability, antibody-
mediated pathology to nodes of Ranvier, and the prevention of this pathology by

various inhibitors.
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2.4.2Phrenic, sciatic and sural nerve
The phrenic nerve was an ideal candidate for many experiments as it consists
entirely of motor axons, whereas the sciatic nerve is mixed and the sural purely

sensory.

In order to isolate the phrenic nerve, the ribcage was carefully removed by first
making an incision along the line of the sternum from the neck to the final rib,
before cutting laterally and finally down either side to create a cavity. The
nerves can be identified on either side of the heart. Fine forceps were used to
separate the nerve from surrounding connective tissue before it could be tied off
with thread as close to both the apex of the thorax and the insertion into the
diaphragm as possible. The nerve was removed and transferred to a Sylgard dish
where it was kept taught by pins through the knots. At this stage it was useful to
desheath the nerve using a 0.3ml insulin syringe to drag away excess fat cells
and the outer epineurium. The success of desheathment could be determined by
the ability to visualise axons bulging out behind the path of the syringe. From
this stage, nerve could now be used for experiments on nodal disruption,

electrophysiology and ultrastructural studies, as described below.

Similarly, sciatic nerve was located by removal of the overlying leg muscles, tied
off distally before the branch point, and proximally as close to the sciatic notch
as possible, pinned out, and desheathed ready for experimental use. The sural
nerve had to be dissected with extreme care as it is very delicate and inserts
into the muscle normally removed to reveal the sciatic nerve. The sural nerve
branches from the sciatic nerve a short distance proximally to the bifurcation
into tibial and peroneal nerves. Once identified it is similarly tied off and
desheathed (often it was easier to tie off the proximal end of the entire sciatic

nerve before carefully separating the distinctive fascicle of the sural nerve).

2.4.3Muscle sectioning
The TS and diaphragm were routinely sectioned to optimise the number of
staining protocols possible and thus data collected, and for use in dilution series,

respectively. When using muscle from endogenously fluorescent mice it was
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essential to fix in 4% paraformaldehyde (4% PFA) before sectioning in order to

retain fluorescent signal, otherwise tissue could be snap-frozen.

10pm sections were cut using a freezing cryostat (Bright Instruments,
Cambridgeshire, England) and collected on 3-aminopropyltriethoxysilane-coated
(APES) slides. Slides could be stored at -20°C until required, or immunostained

once air-dried.

2.5 Permeability studies
2.5.1GD1a localisation and binding-gradient

To investigate the localisation of the GD1a ganglioside and the permeability of
the blood-nerve barrier in intramuscular nerve bundles to antibody, TS from
GD3/CFP and WT mice (i.e. CK mice, as discussed above) were incubated ex vivo
with the anti-GD1a antibody MOG35. For each treatment group, three TS
preparations were examined and 20-40 NoR per bundle category, per mouse,

analysed. The exact protocol was as follows:

1. Incubation of TS with 100ug/ml MOG35 in Ringer’s (or Ringer control) plus
1:500 BTx-FITC for 2h at 32°C, 30mins at 4°C, 10mins at R.T.

2. Rinse in Ringer’s, fix in 4% PFA for 20min at R.T.
3. 10min washes in PBS, 0.1M glycine, and PBS

4. 1:200 goat a-mouse IgG2b-TRITC plus 1:1000 rabbit a-NFC2 in blocking

serum with 1% Triton overnight at 4°C
5. Rinse in PBS, 1:200 donkey a-rabbit IgG-Cy5 in PBS for 3h at R.T.
6. Rinse in PBS, mount in Citifluor (Citifluor, Canterbury, UK)

Images of sectioned or whole-mount tissue were captured using a Zeiss Pascal

confocal laser scanning microscope with a 40x oil-immersion Plan NeoFluor
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objective lens, or under epi-fluorescence on a Zeiss Axio Imager Z1 with
ApoTome attachment with a 63x oil-immersion Plan Fluor Apochromat objective
lens, using Zeiss LSM and AxioVision LE version 4.5 software, respectively. Slides
were imaged blind and with set levels throughout the analysis. Measurements
were made using ImageJ analysis software.

Initially binding of antibody over the endplate was investigated. NMJ were
identified by FITC-labelled BTx that binds post-synaptic acetylcholine receptors,
and the fluorescence intensity of TRITC-labelled IgG was measured over this
region.

The intramuscular bundle was categorized into single fibres, small (<15um),
medium (15-35um), and large bundles (>35um). For each bundle size IgG2b
fluorescence intensity was measured at NoR, identified by NFC2 and CFP, using
ImageJ software. Background fluorescence intensity due to the excess scatter of
light often found in epi-fluorescent imaging was always subtracted during
quantification.

Statistical analysis was carried out using Minitab software, with data considered
significant when p< 0.05 using the Mann-Whitney U test (used due to the non-
parametric nature of the data). Measurements were plotted as box and whisker

plots to represent the spread of data.

This was repeated in vivo by passive transfer of antibody. 3mg MOG35 was
injected i.p into three mice (also three PBS i.p. injected controls) and animals
left overnight. The TS was removed and the above protocol was followed from
step 2. To assay the level of antibody found in the serum, blood was removed
and clotted at R.T. for 1-2h. Centrifugation at 10 000rpm for 10mins resulted in

cells forming the pellet so that serum could be removed and frozen for ELISA.

2.5.2Ubiquitous GD1a expression

Diaphragm sections were incubated with 50ug/ml MOG35 for 4h at 4°C, rinsed
then treated as from step 4 above. Images were taken as superficially as possible
to ensure that only MOG35 intensity at NoR that had been sectioned through,

and thus would not have an intact barrier to the antibody, was measured.
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2.5.3Sheath permeability

Phrenic nerve (n=6) was pinned out and the sheath was either left intact or
removed prior to incubation with 100ug/ml MOG35 to study the necessity of
desheathment for antibody binding. The nerve was then fixed, stained and

analysed as above.

2.5.4 Specific GD1a localisation at NoR

To determine the sub-regional expression of GD1a at the NoR, co-localisation
studies were prepared using the Schwann cell microvilli marker radixin, and the
paranodal marker myelin associated glycoprotein (MAG). Z-stacks of distal
intramuscular axons and phrenic nerve were captured using the Zeiss Axio

Imager Z1 with ApoTome attachment.

2.6 Complement mediated injury to NoR

2.6.1Ex vivo complement deposition

To elucidate the terminal complement complex, MAC (C5b-9), activation at NoR
associated with MOG35 deposition, the same protocol as for GD1a localisation

was used with some additions as follows:
1. TS from GD3/CFP mice only

2. From step 1, rinse in Ringer’s, incubate with 40% normal human serum

(NHS) as a source of complement for 3h at R.T.
3. Rinse in Ringer’s, fix in 4% PFA for 20min at R.T.
4. 10min washes in PBS, 0.1M glycine, and PBS
5. Cryosection at 10um

6. 1:50 mouse a-human MAC plus 0.5% Triton in blocking solution overnight
at4°C
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7. Rinse in PBS, 1:150 a-mouse IgG2a-TRITC in PBS for 3h at R.T.
8. Rinse, 1:300 fluoromyelin-green for 20min at R.T.
9. Rinse thoroughly in PBS, mount in Citiflour

Fluoromyelin green is a stain that is selective for myelin due to its lipophilic
nature. It is therefore useful in identifying NoR in different bundle categories as
it is most apparent in the lipid-rich paranodal loops. As there is often
background fluorescence due to the labelling of all lipids to a degree,
localisation of NoR was confirmed by immunostaining for dystrophin, which
labels the Schwann cell sheath and appears strongly at the NoR. The MAC

intensity was measured and quantified as for MOG35.

2.6.2Complement mediated effect on neurofilament and CFP

The fluorescence intensity of labelled antibody binding to the structural protein
neurofilament was measured along the distal axon after MOG35 antibody and
complement-mediated injury. The axon was divided into the first two internodes
and NoR for measurements. ImageJ software was utilised and background

fluorescence was subtracted from the epifluorescent images taken of the nerves.

The TS was imaged live using a 40x water-immersion Achroplan objective lens on
the Zeiss epifluorescent microscope to investigate loss of CFP after a
complement lesion. Muscle was incubated ex vivo with antibody as normal. Ideal
areas of endplates for live imaging were located and then NHS serum was added
(at 10% so as not to interfere with the image quality). The area was reimaged at
set time-points with set-levels in an attempt to identify an alteration to CFP
fluorescence. Ideally NoR should have been identified by primary labelled CTx,

but this was quite irregular and thus not very useful.
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2.6.3Complement-mediated effect on nodal proteins/ion channels

The staining patterns of several proteins and ion channels were studied after
antibody-mediated injury to determine pathology at specific sites of the node of
Ranvier. Proteins specific to the nodal axolemma (Nav1.6, Ankyrin G, NrCAM),
Schwann cell microvilli (moesin), paranode (Caspr, NF155) and juxtaparanode
(Kv1.1) were identified in TS sections and/or teased phrenic nerve. The protocol
for complement-mediated injury was followed with the addition of primary
antibodies overnight (specific dilutions of antibodies shown in table 2.1).
Secondaries were Cy5 labelled as a further means of blinding the sections due to

this particular fluorohpore not being visible by eye.

To quantify the presence of the immunostaining of a protein- and where
necessary the normality of the staining motif- positive/negative counts were
made and statistically analysed using the Chi-squared test of independence,
when df= 1 and the level of significance was 0.5% when chi sqd > 7.87. NoR were
identified by IgG deposition, which also showed there had been successful

desheathment, and/or fluoromyelin-green or dystrophin.

2.6.4a-latrotoxin effect on nodal proteins

To ensure that the loss of nodal protein immunostaining and endogenous CFP
signal was due to targeted injury to the node and not a progression of injury
from the terminal proximally up the nerve, the terminal specific toxin a-

latrotoxin (a-LTx) was employed.

The TS was exposed to MOG35 and complement (n=3), or 12nM a-LTx (n=3),
fixed and incubated with a-Nav1.6 antibody. Nav1.6 was identified at NoR in
blinded samples while CFP fluorescence at the terminal and 100uM along axons
was measured and plotted. CFP intensity after antibody and complement

treatment or a-LTx treatment was then compared to control levels.
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2.7 Route of injury

2.7.1Use of calcium indicators in PC12 cells

To investigate the movement of calcium, PC12 cells were used initially. These

cells were grown and made ready for use in the following way:

1.

Poly-L-Lysine (PLL) is added to flasks at 13.3pg/ml in dH,0 and left for

10min, before removal and washes with PBS

. After air-drying, incubate flasks at 37°C O/N and store at R.T.

. PC12 cells are grown in DMEM with 7.5% foetal calf serum (FCS) and 7.5%

horse serum (HS)

To remove cells for transfer onto coverslips, medium is removed and cells
washed with PBS

. Add 2.5mg/ml trypsin in PBS and flick to dissociate cells (check under

microscope)

. Add cell solution to Falcon tube containing medium with 10% serum to

neutralise trypsin

Centrifuge at 1000rpm for 5mins

. At this point cells can be resuspended in media and transferred to PLL

coated coverslips located in 12 well tissue culture plates. After 12h at

37°C, coverslips were ready for experimental use.

PC12 coated coverslips were incubated with antibody and the calcium indicators
Fluo 4-AM or Rhod 2-AM. Fluo 4-AM was the initial choice for use with the Zeiss

Axio Imager epifluorescent microscope. However, distinguishing specific areas

with a high amount of scattered light was not possible. Therefore Rhod 2-AM was

more convenient for use with a confocal laser scanning microscope whose lasers

diminish high background.
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The protocol for measuring fluorescence from calcium indicator activation in

cells was as follows:

1. Incubate PC12 cells with 1pM Rhod 2-AM in Ringer’s plus 100nM Ca?*Cl" for
5min in dark at R.T. (Cells may have been incubated with 20ug/ml MOG35

for one hour at R.T prior to this)

2. Rinse thoroughly, find cells with phase contrast, image with a 40x

objective water immersion lens and set levels

3. Add 1uM ionomycin or 5% NHS to well and image cells at set time-points

(i.e. every five minutes for 60 minutes)

Quantification was not performed as cells were used chiefly to establish a
working protocol for calcium indicators before transferring the experiment to
tissue to examine the movement of calcium at NoR after injury. Unfortunately,
Rhod 2-AM was never successfully imaged in ex vivo muscle preparations for

reasons discussed in chapter 5.

2.7.2Protection by complement and calpain inhibition
The above protocol to identify the effect of antibody and complement on nodal
proteins was used to study the protective effects of complement and calpain

inhibitors (n=3 per treatment group and counts performed as above).

10mins prior to the stage at which complement is added to the ex vivo
preparations, the complement inhibitor Eculizumab (100mg/ml) or its non-
specific isotype-matched control antibody ALXN3300 (100mg/ml) were incubated
with the NHS at R.T. This concentration was utilised as it has successfully
prevented MAC deposition and neurofilament loss at the nerve terminal in

similar ex vivo preparation (Halstead et al., 2008b).

In other experiments the calpain inhibitor AK295 was added to the NHS at 100uM
(DMSO control). This was determined to be the optimal concentration by

quantifying the level of protection of Nav1.6 in single fibres at AK295
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concentrations of 200uM, 100pM and 50uM compared to control and unprotected
nerve. The level of protection afforded to the nodal proteins affected by
antibody and complement injury were quantified in a similar way to the control

versus antibody studies.

2.7.3Ultrastructure

2.7.3.1 Ultrastructural comparison of transgenic mice NoR to wild-type

For electron microscopy (EM), mice (3xWT, 3xGD3/CFP) were vascularly
perfused with 2% paraformaldehyde plus 2.5% glutaraldehyde in PBS. Perfusion
was followed by the removal and immersion of desired tissue in the same
fixative overnight at 4°C. Fixed tissue was cut into squares, no larger than
5mm?, rinsed several times with PBS and stored at 4°C until embedding. Samples
were post-fixed with Osmium tetroxide (0OsO4), which doubles as an electron
stain, dehydrated and embedded in araldite for sectioning. The specific protocol

was as follows:
1. Post-fixation in fume-hood with 1% OsO4 for 45min
2. 3x 10min PBS washes
3. 10min in 25% ethanol, then drain
4. 10min in 50% ethanol, then drain
5. 10min in 75% ethanol, then drain
6. 2x 15min in 100% ethanol, then drain
7. 2x 15min propylene oxide, then drain
8. 2-4h on rotating mixer immersed in propylene oxide/araldite 1:1

9. Overnight on rotating mixer immersed in propylene oxide/araldite 1:3
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10.Block out in fresh araldite in moulds for several hours at R.T.
11. Cure overnight at 60°C

Semi-thin (~500nm) and ultra-thin (~90nm) sections were cut on an
ultramicrotome using glass knives. Semi-thin sections were stained with
toluidine blue and used to determine areas of interest. Ultra-thin sections were
mounted on copper grids and stained with uranyl acetate for 10mins and
Reynolds lead citrate solution for 2min prior to viewing with the electron

microscope.

Negatives of images captured using a Phillips C10 electron microscope were
scanned and digitised for processing with Adobe photoshop software.

Appropriate levels were set and applied to subsequent images.

2.7.3.2 Ultrastructural study of experimental tissue

Preparations were prepared as per normal experimental conditions before
following the above protocol. As the experimental protocol required tissue to be
ex vivo for over four hours, the ultrastructure suffered severely and it was
difficult to identify any particular structures or indeed make a comparison
between treatment groups. Therefore the decision was made that EM was not

possible under these conditions.

2.8 Fate of nodal proteins
2.8.1Electrophysiology

Electrophysiology was carried out on desheathed nerve following treatment with
antibody, as per normal experimental procedures. The nerve was mounted in a
custom made Perspex recording chamber consisting of 3 chambers (Figure 2.3)
for non-invasive extracellular recordings of nerve potential changes along the

nerve.
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The chambers were isolated by vacuum grease and were supplied by a

stimulating electrode, earth, and recording electrode, respectively.

1. Nerves (sciatic, sural or phrenic) were removed, desheathed and
incubated for 2h in 100pg/ml MOG35 at 32°C, before removal to 4°C for

30mins

2. The nerve was mounted traversing all three wells of the recording

chamber before the middle chamber was sealed off with grease

3. Ringer’s was added to each chamber as were the electrodes

4. A steady baseline compound action potential (CAP) was recorded before
the addition of 40% NHS to the middle chamber for 2h.

5. 100puM AK295 could be added with NHS if desired

On the completion of the experiment, tetrodotxin (TTX, 5uM) was added to the
middle chamber to block sodium channels and confirm that the nerve was

indeed functional.

Figure 2.3: Electrophysiological recording chamber.

Photograph of recording block with three chambers (outlined by dashed lines) supplied by
various electrodes. The nerve traverses the three chambers (solid pink line) before being
sealed in with vacuum grease.
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It was expected that reagents could be added to the middle chamber holding the
experimental nerve segment. This was suitable for finer calibre phrenic and
sural nerve, but unfortunately for sciatic nerve there was no MAC deposition (as
determined by subsequent immunohistochemistry, section 6.2.4). Therefore,
the following amendments were made to establish the effect of complement on
sciatic nerve conduction. A steady baseline was recorded before the nerve was
removed from the chamber and placed in a well of NHS. It was then returned to
the recording chamber to record for the final half an hour. It was determined by
immunohistochemistry that 3h of NHS incubation was sufficient to cause MAC

activation in the nerve.

Although for studies assessing loss of Nav staining due to injury only those NoR
with good IgG deposition were included, for electrophysiology every NoR
identified in differential interference contrast microscopy (DIC) was counted, as

all would contribute to conduction.

Nerve stimulation was performed with a Grass S88 stimulator, delivering pulses
at a frequency of 1Hz through a CED 1902 amplifier. Recordings were captured
and analysed using WinWCP version 4.1.0 software. A representative graph of
the positive peak value of CAP over time was plotted to convey conduction. 200
peak values from the beginning of the final half an hour of recording in the case
of sciatic nerve, and from the point of addition of NHS to phrenic and sural
nerve preparations, were averaged and acted as the starting value from which
the final averaged 200 recorded peak values before tetrodotoxin addition could
be compared. Absolute values were not used as these were extremely varied, so
instead the percentage of the starting peak value was calculated for each
preparation then averaged for each group. A paired t-test was used to identify
significant differences between sciatic nerve treatment groups (n=6 per
treatment group), and a straight-forward 2-sample t-test for comparison of

phrenic and sural nerve (n=3-5 per nerve group). Significance was set at p< 0.05.

Post-experiment, the nerve was fixed and stained for I1gG, MAC and Nav1.6.
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2.8.2Tetrodotoxin labelling

Staining for tetrodotoxin (TTX) was carried out in an attempt to determine the
structural integrity of the extracellular portion of the Nav1.6 channel after

antibody-dependent complement-mediated injury. The protocol was as follows:

e Phrenic nerve/sciatic nerve treated as per electrophysiological recording

experimental procedures
e TTX added at 5pM

e Nerve was fixed for 12mins in 2.5% glutaraldehyde plus 4% PF in PBS at
4°C

e Transfer into 4% PFA O/N at 4°C

e Rinse in PBS 3x 10mins, block in 10% NGS plus 0.3% Triton X-100 for

20mins
e Primary antibody 1:100 O/N at 4°C
e Rinse in PBS 3x 10mins
e 1h 1:200 a-Rbt IgG-biotinylated in PBS at R.T
e Rinse in PBS 3x 10min
e 1h 1:1000 avidin-biotin-peroxidase complex (Sigma)
e Rinse in PBS 3x 10min

e Add H;0; to 3,3’diaminobenzadine (DAB) at 0.025M to react with the HRP
conjugated antibody

e Rinse in PBS 3x 10min
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e Dehydrate through alcohol series and clear in Histoclear before mounting

using Histomount (both from Flowgen Bioscience, Ruddington, UK)

2.8.3Nav Western blots

Nerves were collected after completion of experimental procedures and snap-
frozen. Nerves (at least ten) were pooled and homogenised for 3mins at RT using
a mortar and pestle in a 1.5ml eppendorf in 100ul lysis buffer containing a Roche
proteinase inhibitor cocktail tablet (1 per 10ml). The protein was spun at
13,000rpm for 20mins at RT. The Western blot protocol was as follows and used

the Invitrogen Novex XCell SureLock Mini-cell gel tank and NUPAGE reagents:

e 20ug protein (as determined by BCA assay) was added to 1x LDS Sample
buffer with 1x sample reducing agent to a final volume of 10ul and heated
at 50°C for 10mins

e Load 20ug protein in a 3-8% Tris-Acetate gel (1Tmm x 12well) and run at
200V for 50mins in 1X Tris-Acetate SDS Running Buffer with 1X sample
reducing agent. Novex sharp prestained markers (Invitrogen, Paisley, UK)

were loaded for identification of molecular weights.

e Transfer protein onto PYDF membranes overnight at 100mA at 4°C. Retain
a portion of the gel and stain with SimplyBlue safe stain (Invitrogen) for
1h before destaining O/N on a rocker in several changes of dH,0 to reveal

protein bands.

e Block membrane in 2% Marvel + 0.1% Tween-20, 3x 10mins.

¢ Incubate membrane with primary antibody (for dilutions see Table 2.1) for
1h at R.T.

e Rinse membrane in 2% Marvel + 0.1% Tween-20, 3x 10mins

e Incubate membrane in secondary for 1h at R.T.
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e Rinse membrane in 2% Marvel + 0.1% Tween-20, 3x 10mins

e ECL Western blotting detection system (Amersham) for 5mins in dark,

following manufacture’s instructions

¢ In a light-proof cassette, expose membrane to Kodak medical X-ray film

for appropriate length of time to reveal bands

The optical density of the band in each lane was measured five times for each of
three runs using ImageJ software. These values were averaged and the

background subtracted, before analysis by ANOVA. Significance was set at <0.05.
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3 Permeability of peripheral nerve to circulating

antibody

3.1 Introduction

The purpose of this chapter is to discuss the experiments employed to assess the
localisation of GD1a in a suitable mouse model, prior to experiments described
in subsequent chapters that characterise injury related to antibody raised
against this ganglioside. This target was chosen as it has been associated with

acute motor axonal neuropathy in humans.

The monoclonal antibody MOG35 has high affinity for GD1a (Boffey et al. 2002)
and consequently has been used to demonstrate abundant GD1a expression at
the nerve terminating in the neuromuscular junction of GD3s”’" mice
(Goodfellow et al., 2005), which have been modified to over-express a-series
gangliosides (Okada et al., 2002). Binding of MOG35 at the nerve terminal could
also be associated with MAC pore formation and loss of neurofilament in the
presence of an external source of complement (Goodfellow et al., 2005). This is
likely a consequence of the NMJ being exposed to circulating factors since it
resides outwith the BNB. Ventral roots are also minimally protected by the BNB.
Therefore, it is perhaps unsurprising that the ventral roots of AMAN patients had
disrupted myelinated axons, specifically at the gaps in the myelin sheath known
as NoR (Griffin et al. 1996b;Hafer-Macko et al., 1996). As the perineurial sheath
becomes thinner towards the terminal of the axon it ensheaths, it is highly likely
that the distal axon, particularly at the NoR, will also be susceptible to damage
from circulating antibody. Therefore | sought to demonstrate MOG35 binding
upstream from the NMJ at the NoR of intramuscular axons, with a view to
creating a model and investigating injury targeted at this site. | focused on
identifying binding of MOG35 in intramuscular nerve bundles of the Triangularis
Sterni (TS) muscle, and also used diaphragm sections and phrenic nerve (all

preparations outlined in more detail in section 2.4).

Primarily, it was important to be able to unequivocally locate NoR. The GD3/CFP
strain was developed by crossing the GD3s™'" strain (Okada et al., 2002) with the

CK strain, which has endogenously fluorescent axons and Schwann cells (Zuo et
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al., 2004). The reason for this cross was to create a mouse that not only would
bind MOG35, but would also allow for easy identification of NoR. Axons could be
followed from the terminal by the expression of endogenous cytoplasmic CFP,
just as BTx was utilised to identify NMJ in previous studies. To ensure the cross
did not diminish the effect of antibody binding, measurements of the intensity of
deposition at endplates were compared between strains. The GD3s”’~ mice are on
a C57BL/6-CBA background, while the CK mice have a C57BL/6-DBA background.
As the ganglioside profile of CK mice has not previously been investigated, it was
important to verify MOG35 binding in this strain as unpublished observations
have shown that there can be variations between strains, as there can be for
other anti-ganglioside antibodies (Halstead et al., 2004;Halstead et al., 2005).
To confirm transgenic modifications did not alter normal nodal architecture,
ultrastructural comparisons were carried out (section 2.2.3) before use of the

GD3/CFP strain in experiments.

In some experiments it was necessary to use phrenic nerve as opposed to TS,
therefore a study of permeability was necessary to determine under what
conditions MOG35 would bind. This is important as previously it has been shown
that anti-ganglioside antibodies cannot penetrate the intact perineurial sheath
(Arasaki et al., 1993;Arasaki et al., 1998;Paparounas et al., 1999). Intraneural
injection of antibodies has successfully resulted in deposition of antibody and
would thus circumvent the necessity to desheath (Harvey et al. 1995;0rtiz et al.
2009;Santoro et al., 1992), but | felt desheathment was adequate for the

purpose of my experiments.

Finally, as permeability of antibody is known to be an issue in nerve, | had to
consider the possibility that the blood-nerve barrier would be detrimental to

antibody binding in intramuscular bundles as well.
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3.2 Results

3.2.1 Mouse strain dependent GD1a localisation
3.2.1.1 Wild type versus GD3/CFP: MOG35 binding

IgG deposition at the nerve terminal of GD3/CFP and WT mice was determined
by measuring fluorescence intensity over the endplate, outlined by the post-
synaptic binding of BTx. In the TS, deposition was significantly increased in
GD3/CFP mice compare to WT (Figure 3.1A&C, p< 0.001).

Phrenic nerve showed a similar pattern with significantly greater levels of 1gG
deposition at NoR after desheathment compared to WT (Figure 3.1B, p=0.001).

Nerve with an intact sheath had deposition comparable to WT.

3.2.1.2 GD1a localisation

The localisation of GD1a was first qualitively assessed in the TS and SN of
GD3/CFP mice by incubating the tissue with MOG35. The antibody binding was
selective to the nerve terminal and at the NoR (Figure 3.2A) as seen previously
for GD3s”" mice. NoR were easily identified in the GD3/CFP mouse due to the
indicative narrowing of endogenous cytoplasmic CFP, followed by a central bulge
(Figure 3.2C, top right).

The distribution of GM1 and GD1a across the NoR was compared by measuring
the spread of CTx and MOG35 immunostaining, respectively. The length of
staining was significantly longer for CTx (Figure 3.2B, p<0.001). CTx deposition
was on average more than double the length, measuring 3.5um, while MOG35
deposition showed an average length of 1.5um. MOG35 antibody seemed to be
more focused to the nodal gap, while CTx appeared to bind more strongly at the
paranodes (Figure 3.2C). This is indicative of a specificity of GD1a to the

axolemma.
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Figure 3.1: MOG35 binding at the NMJ of wild type (CK) and GD3/CFP mouse TS whole-
mount and phrenic nerve.

A) Quantitative analysis of the TS demonstrates that there is minimal binding of MOG35 at
the NMJ of the WT CK mouse, whereas binding is very strong in the GD3/CFP mouse. B)
Quantitative analysis of phrenic nerve MOG35 binding indicates the requirement for the
nerve to be desheathed before MOG35 binding is possible. C) lllustrative examples of
confocal images of MOG35 (red) binding at the NMJ delineated by BTx (green). * indicates
significance where p<0.05 compared to CK wild type using the Mann-Whitney U test scale

bar= 50um.
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Figure 3.2: GD1a localisation in GD3/CFP mice.

A) GD1a (purple) is located on the nerve terminal and at the NoR (arrows) which can be
identified by a narrowing in the CFP axon (white) and antibody against the nodal protein
neurofascin (green). B) The length of staining measured along the NoR is significantly more
extensive for CTx, a marker of GM1 ganglioside, than MOG35 the antibody against GD1a. C)
The expression of GD1a appears to be more specific to the axolemma as intensity of
fluorescence to MOG35 (purple) is greater at the nodal gap than fluorescently labelled CTx
(green) that identifies the GM1 ganglioside. This ganglioside is more prominent at the
paranodal loops than GD1a. * indicates significance where p<0.05 compared to the length of
MOG35 staining using the Mann-Whitney U test, scale bar= 5pm.
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3.2.1.3 Nodal sub-region localisation of GD1a

In order to further elucidate the specific location of GD1a at the NoR, co-
localisation studies were carried out using the Schwann cell microvilli marker

radixin, and the paranodal loop marker myelin associated glycoprotein (MAG).

It emerged that GD1a immunostaining does not strongly co-localise with radixin,
but there can be a partial overlap on occasion (Figure 3.3A and 3.3B,
repectively). Anti-GD1a antibody deposition was strongest at regions flanking
radixin staining, possibly at the paranodes. Co-localisation studies were then
performed with MAG and this marker plus anti-GD1a staining did appear to
overlap. Thus anti-GD1a antibody does not only bind to the axolemma at NoR,

but also at the innermost paranodal loops.

Radixin

Figure 3.3: anti-GD1a localisation at sub-domains of the NoR.

Anti-GD1a antibody binds most strongly at regions flanking radixin (indicated by single
arrow) expressed at the Schwann cell microvilli (A), although overlap can occur (B). Co-
localisation of anti-GD1a antibody with MAG (indicated by arrows) is suggestive of a GD1a
expression in the paranodal loops as well as the axon. Scale bars= 5um.
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3.2.2 BNB permeability
3.2.2.1 Ex vivo gradient dependent binding of MOG35

Whole-mount TS was used to study the BNB gradient dependent binding effect of
MOG35 as intramuscular nerves could be followed with no interruptions caused
by sectioning. Nerve bundles were arbitrarily categorised as follows (example
illustrated in Figure 3.4A);

1. Single fibre

2. Small bundle <15um
3. Medium bundle 15-35um
4. Large bundle >35um

Using this categorisation, NoR were identified for each group and the
fluorescence intensity of antibody binding to MOG35 measured (Figure 3.4B).
Single fibres have a significantly increased IgG deposition in comparison to all
other bundle categories (p<0.001). In turn, small bundles had a significantly
higher IgG deposition than medium and large bundles (p<0.001), and medium
bundles compared to large (p=0.0023). Large bundles showed a level of 1gG
deposition comparable to untreated control, suggesting no permeability to

antibody for this specific period of incubation or antibody concentration.
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Figure 3.4: Categorisation of intramuscular nerve bundles to aid the quantification of
MOG35 binding at NoR.

A) Epifluorescent image illustrating a portion of the intramuscular nerve bundle (cyan
axons) of the TS branching from a medium sized bundle, to a small bundle and ultimately a
single fibre that terminates at an NMJ. B) Fluorescence intensity of antibody deposited at
NoR in single fibres is significantly greater than small bundles, and in small and medium
bundles compared to large bundles and control. This demonstrates a reduction in
permeability of the BNB to MOG35 ex vivo. C) The same pattern of permeability occurs in
vivo. * signifies significance where p<0.05 compared to the fluorescence at small, medium
and large bundle and control NoR, # compared to medium and large bundles and control
NoR, and + compared to large bundle and control NoR, using the Mann-Whitney U test,
scale bar= 20pum.
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3.2.2.2 In vivo gradient dependent binding of MOG35

To clarify that this gradient dependent binding was caused by the permeability
of the BNB in a natural system and not merely the result of topical antibody
application, GD3/CFP mice were injected i.p with MOG35 antibody and left for

16h. A similar effect was demonstrated (Figure 3.4C).
3.2.2.3 Uniform GD1a expression

Sectioned diaphragm was incubated with MOG35 and IgG deposition measured
for all bundle categories. This was intended to rule out the possibility that a
change in intensity was due to a decrease in expression further upstream from
the terminal, and was indeed an issue of BNB permeability. Antibody deposition

was not significantly altered between the different bundle sizes (Figure 3.5).
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Figure 3.5: Quantification of antibody deposition at NoR in sectioned diaphragm.

When images of sectioned nerve are taken superficially to ensure the BNB no longer effects
permeability, there is no significant difference in fluorescence intensity at NoR when
comparing single fibres, small, medium and large bundles. This suggests that gangliosides
are expressed ubiquitously and the binding gradient shown in the previous figure is indeed
due to the permeability of the BNB.
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3.3 Discussion
Taken together, the results of the WT versus GD3/CFP MOG35 binding assay and

the ultrastructural examination are both supportive for use of this new
transgenic mouse strain to create a model of injury concerning the GD1a
ganglioside. It is preferable to have high expression of GD1a ganglioside for the
MOG35 antibody to bind. This is true of the GD3s”" strain and the new GD3/CFP
strain as crossing the former with the CK strain did not affect MOG35 binding.
However, previously it has been shown that alterations to the ganglioside profile
can have adverse effects. A decrease in complex ganglioside expression can
cause disassembly of the nodal ultrastructure (Susuki et al., 2007a), axonal
degeneration and myelination defects (Sheikh et al., 1999b), and reduced
central conduction velocity (Takamiya et al., 1996) so it was important to
determine whether over-expression would also unfavourably affect
ultrastructural organisation of the NoR. GD3s”’~ mice have no complex b-series
gangliosides, therefore this may have interfered with the development of the
nervous system. However, it has already been shown that these animals are
virtually behaviourally and morphologically normal (Okada et al., 2002).
Fortunately, this change in ganglioside profile does not appear to be detrimental

to the composition of the nerve, specifically the NoR, either.

As WT nerve demonstrated minimal antibody binding, it could be argued that the
development of this transgenic mouse shows a bias towards positive results and
may not be relevant to normal animals, or indeed humans. However, as it is the
purpose of this study to assess the disease process as a result of anti-ganglioside
antibody binding it was essential to produce a model where this occurred.
Furthermore, the development of the GD3/CFP strain has proven indispensable
to the identification of NoR. Axons are extremely difficult to track using external
markers that can be unreliable- endogenous fluorescence overcomes this

obstacle.

The localisation of anti-GD1a antibodies to the nodal gap, Schwann cell
microvilli and first paranodal loops in distal axons, and the shorter spread of
staining compared to CTx described in this study, has not been shown before.
Furthermore, a possible difference in GD1a expression between distal and

proximal nerves has not previously been examined. GM1 has been localised in
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human nerve to the nodal gap and the surface of the paranodal myelin sheath
(Ila et al., 1995). Similar staining has also been reported for mouse and rat
nerve (Ganser et al., 1983;Sheikh et al., 1999a). GD1a has also apparently been
localised to both of these regions in human motor root (De Angelis et al., 2001),
but as there was no double-staining for a nodal gap protein, or for paranodal
myelin in this study, it is difficult to be certain. In the study by Sheikh et al (
1999a), tetanus toxin was reported to bind specifically to the axolemma. GD1a is
a known ligand of tetanus toxin (Staub et al., 1986), therefore this would
correspond to the axolemmal binding described here. However, spread of
staining across the NoR with tetanus toxin does look wider than the axon itself,
and although this was not investigated further, this could well have been
microvilli staining as recognised here. The co-localisation of GD1a with MAG at
the paranodal loops demonstrated in this study is possibly associated with the
role of these two molecules in the stabilisation of the axo-glial junction (as
discussed in section 1.2.3). Use of monoclonal antibodies to GD1a showed axonal
binding in both human and rodent nerve (Gong et al. 2002), but this was in nerve
cross-section and not specifically at the NoR itself. It is important to investigate
specific antibody binding patterns when considering new experiments as
antibodies seemingly raised to the same ganglioside can have very varied points
of deposition (O'Hanlon et al. 1996).

Given that MOG35 binds to NoR, just as it was previously shown to bind the
nerve at the NMJ, then presumably a similar injury will be identified further
upstream on the addition of a source of complement. However, antibody binding
at the NoR is more complicated than at the nerve terminal as there is an issue
concerning the permeability of the BNB. As the branches of the intramuscular
nerve move proximally and become wider in diameter and thus more protected
by the increasing number of layers of the perineurial sheath (Olsson 1990),
antibody binding diminishes. On following the nerve from the terminal
proximally into the bundles | realised that it became more difficult to identify
staining at NoR and decided it would be important to quantify this effect. By
measuring MOG35 binding at NoR in superficial bundles that had been sectioned
through we confirmed this to be an effect of permeability and not differing
expression levels. As there is a distinct and significant difference to antibody

binding as bundle size changes according to the categorisation used here, it is
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important in all studies involving the TS preparation to consider results using the

categorisation discussed above.

In some ways the use of the TS, where categorisation is required, over the
sciatic or phrenic nerve, is questionable. However, these nerves require to be
desheathed before the antibody is able to bind at NoR, and this did not present
itself as such a natural model of injury. Having performed a passive
immunisation of antibody to achieve similar antibody binding results to that of
the ex vivo preparation, it is easy to justify use of the TS ex vivo preparation in
most subsequent experiments. This does not completely invalidate the use of SN

and PN and | found these nerves useful for several experiments described later.
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4 Characterisation of antibody-mediated axonal
injury

4.1 Introduction

Previous mouse models of GBS show that anti-ganglioside antibodies can cause
antibody-mediated, complement-dependent injury to the motor terminals of the
diaphragm (Halstead et al., 2004;0'Hanlon et al., 2001). This has also been
shown using an ex vivo hemi-diaphragm preparation (Goodfellow et al., 2005).
Injury at this site involves activation of complement, the formation of MAC
pores, and loss of the integral axonal structural protein neurofilament. Injury to
nerve can also be produced to a lesser degree after the implantation of an anti-
ganglioside antibody-secreting hybridoma into mice (Sheikh et al., 2004). More
recently, the disruption of nodes of Ranvier in ventral roots, characterised by a
lengthening of the NoR and MAC deposition, has been demonstrated in a rabbit
model of AMAN (Susuki et al., 2007b). As this study in rabbits mirrors pathology
identified in human GBS patient spinal roots at autopsy (Griffin et al.,
1996b;Hafer-Macko et al., 1996), it is clear that nodal injury specifically needs

further investigation.

Initially | wanted to characterise the injury caused to the distal motor axon
proximal to the nerve terminal. Injury could potentially migrate up the axon due
to the damage caused to the nerve-ending, or be exacerbated due to an
additional injury caused elsewhere, namely the NoR. Investigation of
neurofilament integrity can be used to characterise injury as before. The
characterisation of Wallerian degeneration has been enhanced using mice with
endogenously fluorescent axons (Beirowski et al. 2004), and thus | could similarly

investigate axonal injury by utilising the GD3/CFP mice.

Once this was established, | wished to determine if there was complement
deposition and a more targeted injury at the NoR as this is where | have
specifically found anti-GD1a antibody to be localised. Primarily, determining the
specific localisation of MAC could be informative in that this would show if the
injury is targeted at the NoR through a complement pathway, or merely a result

of injury spreading from the terminal.
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The NoR are found at intervals along myelinated axons where the myelin sheath
forms an axo-glial junction with the axon (more detail section 1.4). This region
has a very specific pattern of organisation due to its relationship with the myelin
sheath and the importance of its role in conduction (Poliak & Peles 2003;Scherer
1996). As a result, discerning any alterations to the arrangement of various nodal
proteins after antibody and complement treatment could reveal more about the
injury found in AMAN, as has been similarly shown for various other peripheral

neuropathies (Scherer & Arroyo 2002).

4.2 Results
4.2.1 Injury to the distal axon

To establish how injury develops in the distal axon due to antibody and
complement-mediated attack, neurofilament loss and endogenous CFP loss were

investigated. All of the experiments were carried out using GD3/CFP mice.

4.2.1.1 Neurofilament loss

After incubating the whole-mount TS preparation with complement for 3h, the
intramuscular nerve bundles were examined for neurofilament immunostaining
along the length of the distal axons. The axon was divided into four portions-
from the terminal to the first NoR (up to 30um), the first NoR itself, the next
internode (up to 80pm) and the second NoR. Measurements were not made
further along as axons would enter bundles and the additive affect of many

fluorescent axons would interfere with the true intensity.

Figure 4.1 shows an example of the measurements along every axon from one
muscle preparation, and then a graph of their average. Control axons (Figure
4.1A) had comparable levels of neurofilament along the first and second
internode, and similarly across the first and second NoR. The levels of
neurofilament immunofluorescence between internode and NoR was different
presumably due to the finer calibre of the axon at this latter portion. Treated
nerve showed a significant decrease in all four portions compared to the

equivalent section in control nerve (Figure 4.1C, t-test p<0.001). Furthermore,



Chapter 4 103

there was an increased loss of neurofilament in the first internode and NoR

compared to the second internode and NoR, respectively.
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Figure 4.1: Antibody and complement mediated loss of neurofilament along the distal axons
of TS intramuscular nerve.

Measurement of immunoreactivity to neurofilament along the distal axons from the NMJ
was divided into four sections encompassing two internodes (broken arrows) and two NoR
(solid arrows). Control axons (A) appear to have a higher level of neurofilament integrity
than treated tissue (B) at both internodes and NoR. C) Average immunofluorescence along
all axons from one preparation comparing treated and control. Scale bar=20um

4.2.1.2 Real-time loss of CFP in distal axon

| attempted to show loss of CFP along the distal axon in real-time by imaging live

TS muscle from a GD3/CFP mouse. | used BTx to delineate the nerve terminal,
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which was useful both to prevent twitching by paralysis, and to easily reimage
the same endplates. CFP was lost from the teriminal within 15mins of
complement addition however, it was more difficult to determine CFP loss along
the distal axon. Figure 4.2 shows one of the best examples | was able to achieve

of intact CFP in control tissue (Figure 4.2A) compared to loss of CFP in treated

tissue (Figure 4.2B).

CFP axons

Figure 4.2 (previous page): Use of live imaging of TS preparation to determine CFP loss
along distal axon in real-time as a result of antibody and complement mediated injury.

A) There is no loss of CFP (white) from axons in control tissue 60min (bottom panel) after 1
imaging. B) 60 mins after complement addition to treated tissue there is a loss of CFP along
distal axon. BTx delinates nerve terminal (purple). Images captured with a 40x objective
water immersion lens. Scale= 20pm.
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4.2.1.3 Comparison of a-latrotoxin induced loss of CFP compared to

antibody-mediated injury

To determine whether the damage to the distal axon was due to the injury
ascending from the NMJ, or if antibody targeted to the NoR caused additional
injury, | studied CFP loss/leakage after antibody treatment. This was compared
to CFP loss after a-latrotoxin treatment that exclusively injures the nerve
terminal (Rosenthal & Meldolesi 1989). There was no significant reduction to CFP
intensity along the distal axon a length of 50um after a-LTx treatment compared
to control (Figure 4.3A,B & D, p=0.9458). However, after antibody treatment
there was a small yet significant reduction in CFP intensity along lengths of axon
up to 100pm from the nerve terminal compared to a-LTx treatment and control
(Figure 4.3A&C, p<0.001). This is indicative of an additional injury at the NoR

causing further CFP leakage.

4.2.2 Complement deposition at NoR

| felt it was important to show a deposition of MAC at NoR to correlate with
antibody binding at this site in the TS, and to establish if this was the route of
injury. However, despite following the protocol previously used to achieve MAC
deposition at the nerve terminal (Goodfellow et al., 2005), | found none at the
NoR. As | had established that the blood-nerve barrier could interfere with
antibody binding, | presumed that this could affect exogenous complement
penetration too and therefore decided to incubate the whole-mount TS
preparation for 3h instead of 1h. At this time point the tissue was sectioned and
stained, as it was easier to identify MAC immunoreactivity than in intact whole-

mount muscle.
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Figure 4.3: Comparison of loss of endogenous CFP along the distal axon in antibody treated
and a-LTx treated intramuscular nerve from the TS compared to control.

A) Boxplot illustrating a significantly greater loss of CFP along the length of the distal axon
after antibody treatment rather than the terminal specific injurious agent a-LTx. Treatment
with a-LTx does not reduce CFP levels along the distal axon compared to control. B)
Example of loss of CFP (cyan) at terminals (delineated by BTx, purple) alone after a-LTx
injury, C) loss of CFP along axons in addition to terminals after antibody treatment, and D)
control tissue with normal CFP fluorescent axons. * indicates significantly reduced levels of
CFP compared to control or an a-LTx treated counterpart where p<0.05, using the Mann-
Whitney U test . Scale bar= 20pum.

After treatment there was a significant increase in MAC deposition at NoR in

single fibres compared to all other bundle categories, and small bundle NoR

compared to those in medium and large bundles (Figure 4.4A, p<0.001). Medium
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and large bundle NoR had MAC deposition comparable to control. If the
complement incubation time was extended to 6h, the medium bundle NoR also
became more significantly enveloped with MAC depositions (Figure 4.4B, p=
0.0018). For subsequent experiments, the time of complement exposure was 3h,
unless otherwise stated, as | felt the integrity of the tissue might be
compromised if it were extended. Antibody alone had no effect on nerve, and
thus the appropriate control to the antibody plus complement treatment was

Ringer’s alone prior to complement incubation.
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Figure 4.4: MAC deposition at the NoR of intramuscular nerve bundles of the ex vivo TS
muscle preparation in GD3/CFP mice after treatment with antibody and complement.

A) Boxplot demonstrating that MAC deposits in treated TS are significantly higher at NoR in
single fibres compared to small bundles, and small bundles compared to medium bundles,
large bundles and control after 3h NHS incubation. B) Extending the NHS incubation to 6h
also results in a significant increase to the level of MAC deposition at medium bundle NoR
compared to large bundles and untreated control tissue. * indicates significance where p<
0.05 compared to small, medium and large bundles and control, # compared to medium and
large bundles and control, and + compared to large bundles and control, using the Mann-
Whitney U test.
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4.2.3 Nodal protein disruption

To establish region-specificity of disruption to intramuscular NoR in the ex vivo
TS preparation, | chose to look at an assortment of antibodies to different sites
along the node. Essentially the NoR can be divided into three regions- the nodal

gap, the paranodes and the juxtaparanodes, as outlined in section 1.4.3.

Initially | investigated the presence or absence of immunostaining to the voltage
gated sodium channel, Nav1.6, which is known to form a tight cluster on the
axolemma of the nodal gap of myelinated axons (Caldwell et al., 2000), and
ankyrin-G the cytoskeletal protein also located at this region (Kordeli et al.,
1995). Attempts were made to study another nodal gap protein, neurofascin 186,
however staining was not reproducible in the whole-mount muscle preparation

so | discontinued the use of this antibody for distal nerve immunohistochemistry.

At the paranode, the contactin-associated protein Caspr, is associated with the
axon cytoskeleton aligning with the paranodal loops (Einheber et al., 1997).
Antibody raised against this protein recognises two neat bands at the NoR, with
a space inbetween staining that represents the nodal gap. The 155kDa isoform of
neurofascin, Nf155, can also be found at this region (Tait et al., 2000), but it is
linked to the paranodal loops rather than the axon and forms part of the axo-
glial junction (Charles et al., 2002). Unlike the basic presence/absence
quantification used for Nav1.6 and ankyrin-G, immunostaining to Caspr and
Nf155 had to be classed as normal or abnormal/absent. This was owing to the
fact that often there was still staining present after treatment, but it did not
necessarily make up two neat bands delineating the paranode, as under normal
circumstances. Furthermore, the antibody identifying Nf155, is a pan
neurofascin antibody and therefore also recognises the Nf186 isoform found at
the nodal gap (Tait et al., 2000). This made quantification quite difficult in
axons of such fine calibre, and thus this antibody was not used in further studies

to ensure that the quantification was accurate.

Finally, the potassium channel Kv1.1 can be found on the axolemma at the
juxtaparanode flanking Caspr staining at the paranodes (Arroyo et al., 1999).
Again, its disruption was less extreme than for proteins at the nodal gap and

therefore classification was similar to the paranodal proteins.
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4.2.3.1 Nodal gap

After antibody and complement treatment, Nav1.6 immunoreactivity at NoR in
single fibres and small bundles was significantly reduced compared to their
control counterparts, with only 10.3% and 10.5% positively stained, respectively
(Figure 4.5A, X*-test, p< 0.001). A similar pattern was identified for ankyrin G
with only 16.7% of single fibre and 32.3% of small bundle NoR possessing positive
staining (Figure 4.6A, X?-test, p< 0.001). Immunoreactivity for these two
proteins was not significantly reduced after treatment in medium and large

bundle NoR compared to control.

Figures for legends below on following pages

Figure 4.5: Effect of anti-ganglioside antibody plus complement treatment on the Nav1.6
channel at NoR in the TS intramuscular nerve bundle of GD3/CFP mice.

A) Single fibres and small bundles had significantly less NoR (as identified by dystrophin)
with Nav1.6 channel staining compared to control counterparts. Medium and large bundle
Nav1.6 staining at NoR was unaffected by treatment. B) Image showing a neat band of
staining at the nodal gap representing Nav1.6 channel clustering (arrows). C) Nav1.6
channel staining is no longer present at the NoR after treatment (arrows). * indicates
significance where p<0.05 compared to control bundle size counterpart, using the Chi-
squared test of independence. Scale bar= 20um.

Figure 4.6: Effect of anti-ganglioside antibody plus complement treatment on ankyrin G at
NoR in the TS intramuscular nerve bundle of GD3/CFP mice.

A) The percentage of ankyrin G positive NoR in single fibres and small bundles is
significantly reduced after treatment compared to control. There is no significant change to
nodal staining of medium and large bundles between treatment groups. B) Image of normal
ankyrin G immunostaining at a NoR (boxed region) in control tissue. C) Example of loss of
ankyrin G staining at a NoR (boxed region), depicted by fluoromyelin green. * indicates
significance where p<0.05 compared to control bundle size counterpart, using the Chi-
squared test of independence. Scale bar= 20pm on large image, 10pm boxed region.
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4.2.3.2 Paranode

Figure 4.7B and 4.8B show the normal staining configuration of Caspr and
neurofascin, respectively. Antibody against Caspr forms two neat bands on either
side of the nodal gap, while neurofascin staining forms a solid band due to the
inclusion of staining of both the 155 and 186kDa isoforms. At the NoR in single
fibres there was a significant decrease in the percent of those with normal
immunoreactivity to Caspr and Nf155 after treatment compared to control fibres
(83.3% and 62% reduction respectively, Figure 4.7A and 4.8A, X*-test p< 0.001).
This was also true for small bundle NoR (67.7% and 35.8% reduction,
respectively), although the loss was clearly greater for single fibre NoR. Control
levels of positively stained NoR for Caspr and Nf155 were the same in medium

and large bundles with or without treatment.

Figures for legends below on following pages

Figure 4.7: Effect of anti-ganglioside antibody plus complement treatment on the paranodal
protein Caspr in the TS intramuscular nerve bundle of GD3/CFP mice.

A) Caspr immunoreactivity at NoR was significantly reduced in single and small bundles
after treatment compared to control. Medium and large bundle NoR had a similar level of
positively stained NoR in both treated and control groups. B) Example of normal Caspr
staining forming two neat bands on either side of the nodal gap (arrows). C) A NoR
identified by fluoromyelin-green staining has no apparent Caspr staining after treatment. *
indicates significance where p<0.05 compared to control bundle size counterpart, using the
Chi-squared test of independence. Scale bar= 20um.

Figure 4.8: Effect of anti-ganglioside antibody plus complement treatment on the paranodal
glial protein neurofascin in the TS intramuscular nerve bundle of GD3/CFP mice.

A) The percentage of NoR with undisrupted neurofascin immunostaining is significantly
reduced in single fibres and small bundles after treatment compared with control. There is
no reduction to neurofascin positive NoR in medium and large bundles after treatment. B)
Example of normal neurofascin staining stretching across the nodal gap and paranodes
(arrows). C) A NoR identified by fluoromyelin-green staining has disrupted neurofascin
staining after treatment, although it is not completely absent * indicates significance where
p< 0.05 compared to control bundle size counterpart, using the Chi-squared test of
independence. Scale bar= 20um.
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4.2.3.3 Juxtaparanode

The staining pattern for Kv1.1 looked the same in all bundle sizes of both
treated and control tissue, therefore there was no significant difference to Kv1.1
at NoR for any bundle category between control and treated tissue (Figure
4.9A). Figure 4.9B is an example of Kv1.1 immunostaining. This was true at 3h

and even when the NHS incubation was increased to 6h.
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Figure 4.9: Effect of anti-ganglioside antibody plus complement treatment on the Kv1.1
channel at NoR in the TS intramuscular nerve bundle of GD3/CFP mice.

A) There is no significant change to Kv1.1 immunostaining at NoR for any bundle category
between treatment and control groups. B) An example of normal Kv1.1 juxtaparanodal
staining (green) at a node downstream from the terminal (shown by BTx, purple). Scale bar=
20pm.



Chapter 4 116

4.2.3.4 Targeted nodal disruption

To ensure that the antibody-mediated, complement-dependent injury is indeed
directed to the NoR and not merely a product of injury travelling up from the
NMJ, the Nav1.6 presence/absence staining model was used after nerve terminal
specific injury induced by a-LTx treatment. Figure 4.10 corroborates the data

collected that shows a targeted injury to the NoR, by illustrating that Nav1.6

channel staining is still intact after an a-LTx directed insult to the nerve
terminal at the NMJ.

Figure 4.10: lllustration of intact Nav1.6 channel immunostaining at the NoR after an alpha-
latrotoxin induced injury to the nerve terminal. Arrow indicates Nav1.6 staining at a NoR
while the asterisk identifes where the nerve terminal would be. Scale bar= 20pm.

4.2.3.5 Phrenic nerve protein disruption

The targeting of injury specifically to the node was further explored by
desheathing the purely motor phrenic nerve to expose the fibres to antibody and

complement before determining nodal protein disruption.

Presence and absence of Nav1.6 and ankyrin G immunostaining was investigated
and there was a significant reduction to positively stained NoR in treated nerve
compared to control (Figure 4.11A, X?-test p< 0.001). This was also true for

Caspr staining disruption (Figure 4.11A, X*-test p= 0.05). Interestingly, the
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number of positively stained NoR after treatment for these markers was higher
than observed for TS single fibres. Also, it was observed in differential
interference contrast microscopy (DIC) images that the nerve fibre appeared
swollen and rather bulbous at the regions flanking the nodal gap after treatment
(Figure 4.10B).

In addition to the above proteins, immunostaining to the Schwann cell microvilli
protein moesin, and the extracellular axonal protein NrCAM was also
investigated. Staining to these proteins was similarly affected by treatment with
antibody and complement, however unlike Nav1.6 and ankyrin G staining, was on
the most part present, although disrupted (Figure 4.12). As the staining for
NrCAM is ‘spread’ in such an unusual manner along what appear to be the myelin
sheath, an additional antibody was tested. The results for this antibody were
similar to the initial NrCAM antibody. This was further confirmed by ‘spread’ of

NFasc 186 staining also targeted to the extracellular domain.
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Figure 4.11: Quantification of positive staining for various proteins at the phrenic nerve NoR

after anti-ganglioside antibody and complement treatment, compared to control.

A) There is a significant reduction in Nav1.6, ankyrin G, Caspr, moesin and NrCAM

positively stained NoR after treatment compared to control. B) Images depict normal Nav1.6,
ankyrin G and Caspr staining at NoR in control tissue (purple, left panel) compared to loss
or disruption after treatment (right panel). The right panel also demonstrates the zzzswollen

conformation of the NoR in response to complement treatment as visualised by DIC. *
indicates significance where p< 0.05 and ** where p< 0.01 compared to control, using the
Chi-squared test of independence. Scale bar= 5um.
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Figure 4.12: Reclassification of presence and normality of NrCAM and moesin staining at

phrenic nerve NoR after anti-ganglioside antibody induced injury.

A) NrCAM staining could be classified as present or absent before further categorised into a
normal or abnormal staining category. Although staining presence was not significantly
reduced after treatment, the pattern became significantly disrupted compared to control. B)
This phenomenon is illustrated with normal NrCAM at NoR (as identified by DIC) depicted in
the top row of images, with an example of present but altered staining below. IgG (orange)
staining is also altered around the NoR. C) A similar observation was made for moesin. *
indicates significance where p<0.05 compared to control, using the Chi-squared test of
independence. Scale bar= 5um
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4.3 Discussion

Previously MAC deposition and neurofilament loss have been used as indicators
of injury to the nerve terminal in models of anti-ganglioside antibody-dependent
complement-mediated attack (Goodfellow et al., 2005;Halstead et al.,
2004;0'Hanlon et al., 2001). MAC pore formation results in the influx of many
jons, including Ca* that can activate the protease m-calpain (Goll et al. 2003).
This results in the breakdown of, among other substrates, the essential
cytoskeletal component neurofilament, demonstrated in our model by use of
calpain inhibitors for protection (O'Hanlon et al., 2003). Recent studies also
show targeted disruption to the NoR by anti-ganglioside antibody and
complement (Susuki et al., 2007b). As there was no effect of antibody alone on
protein immunoreactivity, it appears that complement activation plays a critical
role in the injury to the nerve. Therefore in the present study | found it crucial
to determine MAC deposition at the NoR followed by the investigation of specific

nodal injury.

Although the loss of neurofilament along the distal axon and across NoR was
shown to be significant after treatment compared to control, this did not
elucidate whether injury was targeted to the NoR. It does represent an injury
that is more extreme distally and becomes less apparent with proximal
movement along the nerve. It is feasible that the loss of neurofilament becomes
less prominent more proximally as IgG deposition decreases in a gradient-
dependent manner due to the blood-nerve barrier becoming less permeable
(section 3.2.2.1). This in turn results in a reduced level of MAC deposition and

injury where axons are less vulnerable.

As YFP labelled axons have been utilised to investigate the progress of Wallerian
degeneration along nerves, | postulated that | could use the exogenous CFP in
GD3/CFP in a similar manner. To follow CFP loss in real-time, | imaged live
whole-mount TS preparations after the addition of NHS. Unfortunately, there

were a number of caveats to this technique-

1. Bleaching. CFP is quite susceptible to photo-bleaching as the tissue was

not fixed.
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2. Lack of fixation also results in contortion of muscle due to injurious effect
of fluorescence light. To prevent this as much as possible, only snaps

were taken instead of z-stacks, however this is not as informative.

3. Small sample number. As the NHS was added to the entire preparation,
only a couple of areas could be imaged to maintain a comparable injury

time.

4. Difficulty in identifying NoR specifically.

5. Interference of clear optics by complement.

Ultimately, | did not find live-imaging to be a useful tool in determining injury

and moved on to using fixed tissue at set time-points.

From live imaging it seemed that CFP was lost along the distal axon in a
ubiquitous manner. In an attempt to separate the level of injury between the
axon generally and the node itself, | compared CFP loss in the distal axon after
antibody plus complement treatment, and a-LTx treatment. a-LTx targets and
injures the presynaptic membrane at the nerve terminal specifically (Duchen et
al., 1981) and thus extra loss of CFP in antibody treated tissue demonstrates
that there must be injury elsewhere. It has previously been shown that MAC
pores allow proteins of up to 35kDa to pass through (Simone & Henkart 1982) and
as CFP is approximately 27kDa it is plausible that CFP from the targeted areas of
injury could leak out. Alternatively it too could be a calpain substrate (discussed

further in section 5.3).

Therefore, as with the neurofilament study, this could not be shown to be
specific to the NoR. As neither neurofilament or CFP loss were good indicators of
targeted injury to the NoR, | began to investigate the disruption to specific
proteins and ion channels found in this region. Focus was placed on the ex vivo
TS preparation as it is a more natural paradigm of injury. However, the phrenic
nerve preparation was also useful to show loss of nodal protein immunostaining
was not an affect of terminal damage, reinforcing the results from a-LTx

experiments.
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When characterising distal axonal injury, | discovered that antibodies to nodal
proteins could not help me identify NoR after treatment. It was at this stage |
realised staining must be disrupted due to the protein itself undergoing
degradation. | tried a number of other methods to identify NoR and found
success with fluoromyelin-green which labels lipids and thus not only outlines
the myelin sheath along the internode, but is particularly intense at the
paranodal loops of NoR. Using this marker | could follow axons to their terminals
and identify whether there was antibody staining at the NoR. Localisation of
nodal regions was later confirmed with anti-dystrophin antibody that also labels
the myelin sheath and stains the nodal gap intensely. Loss of immunostaining to
proteins at the nodal gap observed in this study may be intuitive due to the
localisation of antibody and MAC deposition. The fact that there is always a
more significant loss of protein immunoreactivity at single and small bundles is
also in accordance with the increased level of IgG and MAC depositions at these
sites. It was convenient that medium and large fibre NoR largely maintained
normal staining as this was the ideal internal control to confirm staining was
successful and that distal NoR truly were disrupted. On occasion staining for
proteins in the medium and large bundles were not at as high a level as control
single and small bundle NoR. However the treated and control levels were not

different and thus | put this down to a penetration issue in very large bundles.

The fact that disruption not only occurs to proteins localised to the axon, but
also those on the glial membrane, indicates a general disorder to the area rather
than specific axonal damage. To explore this concept, | investigated the post-
injury staining pattern of two proteins expressed at the nodal gap but whose
antigenic targets are in the extracellular matrix. The first, NrCAM, is a cell
adhesion molecule with a short cytoplasmic domain while the bulk of the protein
extends into the extracellular matrix (Grumet et al., 1991;Kayyem et al., 1992)
at the NoR (Davis et al., 1996). As the antibody to this protein binds the
extracellular domain at the NoR, using Triton X-100 interfered with the staining.
The result of this was that NrCAM could not be detected in the TS, presumably
due to the blood-nerve barrier which would normally have been permeabilised
by the Triton in most staining protocols. However, there was detectable
immunostaining in the phrenic nerve and thus analysis was only carried out in

this preparation for NrCAM. A similar scenario was true for the Schwann cell
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microvilli protein moesin that also projects into the extracellular matrix at the
nodal gap from the Schwann cell microvilli (Scherer et al. 2001). Intriguingly,
unlike the axonal transmembrane protein Nav1.6 and axonal cytoskeletal protein
ankyrin G whose staining ‘disappeared’ after treatment with anti-ganglioside
antibody and a source of complement, NrCAM and moesin staining was still
present. However, although it was present it was not in its normal configuration
of a neat band, but instead more spread out along the Schwann cell outer
surface. NoR with this abnormal staining pattern frequently displayed very
swollen axons, as illustrated in DIC. As this staining was so unusual, another
NrCAM antibody and an antibody to the extracellular portion of NF186 were
investigated. The same pattern of spread appeared to occur in all cases. This
could be suggestive that proteins within the axon are degraded, while other
proteins in the immediate area are disrupted due to disorganisation of the axo-
glial junction. It has not previously been shown that Nav1.6 is a calpain substrate

in vivo, therefore this requires further investigation.

The argument for disruption specific to the axo-glial junction is strengthened
due to the fact that Kv1.1 channel staining did not seem to be affected. To
ensure that the Kv1.1 would not become damaged given more time for the injury
to progress laterally from the nodal gap, the incubation time was increased to
6h. Kv1.1 still appeared to remain intact, which could mean it is too distant
from the site of injury, or the length of incubation is still not sufficient to allow
it to be affected. Paranodal protein KO mice have often shown a translocation of
Kv1 from the juxtaparanodes to the paranodes (Boyle et al., 2001), but there
may not have been sufficient time in this acute model for this to occur. Even in
the chronic model of AMAN, Kv1 redistribution into the region of the paranode
was not exceptional (Susuki et al., 2007b). As there was no apparent change |
felt there was no need to use this as a marker in further experiments. Nav1.6,
ankyrin G and Caspr were the preferable choices for future immunofluorescence

experiments.

Susuki et al (2007) recognised the damage to NoR of ventral roots in a chronic
rabbit model of AMAN as a lengthening and disruption to nodal proteins,
followed by the reemergence of Nav channel positive heminodes that later fused
to reform NoR. In my acute model, | found there was a complete loss of Nav1.6

channel and ankyrin G immunostaining at distal NoR rather than a lengthening
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and separation. This could possibly explain early paralysis and the first stages of
the disease process. However, it is not known that the channel and proteins are
not still present or functional, it is merely known that the antigen the antibody

is directed to has either been degraded or changed conformation.

In fact, as the sodium channel can undergo cleavage of its cytoplasmic loops and
remain functional aside from loss of the inactivation gate (Armstrong et al.,
1973;Stuhmer et al., 1989), another mechanism entirely may be at work. This

will be addressed in a subsequent chapter.
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5 Complement and calpain mediated injury to

distal axons

5.1 Introduction

In the previous chapter it was demonstrated that immunoreactivity to several
proteins and sodium ion channels was lost or disrupted at the NoR of distal axons
in mouse TS intramuscular nerve after an anti-ganglioside antibody-dependent
complement-mediated injury. It is the purpose of this chapter to determine

what the cause of this loss and disruption might be.

The most plausible explanation is that MAC pores allow the influx of Ca** that
activates the Ca?*-dependent protease calpain. Prior studies at the mouse
endplate have shown that MAC pore deposition and injury to neurofilament can
be attenuated by complement (Halstead et al., 2005;Halstead et al., 2008b) and

calpain inhibition (O'Hanlon et al., 2003), respectively.

As MAC pores form at the NoR after the aforementioned injury (section 4.2.2), it
would follow that injury at this location will be similar to that described at the
nerve terminal. Calpain includes ankyrin-G and neurofilament as a couple of its
many substrates (Chan & Mattson 1999). In addition, several proteins that anchor
other nodal molecules are also calpain substrates (more detail section 1.4.5),
and could in turn result in a disruption to the protein of interest. Thus it seemed
appropriate to investigate the influx of calcium and the protective effects of
complement and calpain inhibitors on the staining of nodal proteins in an ex vivo

mouse model.

Eculizumab is a humanised monoclonal antibody that binds the terminal
complement component C5 to block its cleavage, and thus acts as a complement
inhibitor by preventing MAC pore formation (Thomas et al. 1996). It is used
clinically to treat paroxysmal nocturnal haemoglobinuria (Hillmen et al. 2006).
Recently Eculizumab has been used to prevent in vivo injury at the nerve
terminal of mice treated with anti-ganglioside antibodies in a model of Miller
Fisher Syndrome (Halstead et al., 2008b). If protection is afforded to the

terminal it is likely this will also apply to the NoR. If staining to nodal proteins
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previously lost or disrupted are protected by this complement inhibitor then MAC
pore formation is directly related to the course of injury. ALXN3300 is the non-
specific isotype matched antibody that could be used as a control in all
experiments. Other complement inhibitors exist but this one is so specific to
human complement it seemed the most appropriate for use in this study where a

source of exogenous human complement is applied to preparations.

AK295 is a synthetic reversible peptide that interferes with the activation of
calpain (Li et al., 1996). Neuropathy of axons due to various injury models have
all benefited from AK295 treatment (Bartus et al., 1994;Saatman et al.,
1996;Wang et al., 2004). Consequently, it seemed appropriate to utilise this

inhibitor to attempt to protect proteins from cleavage in our mouse model.

5.2 Results
5.2.1 Calcium influx due to MAC deposition

To begin with | used calcium indicators in PC12 cells to explore calcium influx. |
first investigated the changes in calcium after treatment of the cells with the
Ca’" ionophore, ionomycin. This was achieved using the calcium indicator Rhod
2-AM.

10min after the addition of 1um ionomycin, PC12 cells became brightly
fluorescent, which was sustained for another 50min at least, indicating the
influx and binding of calcium to Rhod 2-AM (Figure 5.1A).

| then wanted to demonstrate a similar response in cells incubated with MOG35
antibody to treatment with 10% NHS. Figure 5.1B illustrates the increased

fluorescence in cells after 10mins of treatment with complement.

Unfortunately, the success witnessed in cells was not consistently replicated in
whole-mount muscle preparations. Rhod 2-AM is a convenient indicator since it
should be visible from the start so that you can ensure uptake has occurred, and
becomes brighter with calcium ion binding. In tissue, uptake was not always a
success, even with the addition of pluronic acid, which is supposed to aid

movement into cells. Initially | wanted to show a change in nerve terminal
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fluorescence after ionomycin treatment as the terminal are easier to identify
than the NoR. Figure 5.2A and 5.2B show some examples of endplates that
appeared to have an increase in Rhod 2-AM fluorescence, and some that did not,
respectively. NoR were even more difficult to identify as Rhod 2-AM penetration

into axons was not very successful (Figure 5.2C).

10mins

Rhod 2-AM

Rhod 2-AM

Figure 5.1: Rhod 2-AM activation by calcium ion influx into PC12 cells after treatment with
the ionophore ionomycin, or anti-ganglioside antibody and a source of complement.

A) PC12 cells imaged 10mins after a treatment with 1uM ionomycin showed an increase in
the fluorescence of the calcium indicator Rhod 2-AM signifying an influx of calcium. B)
There was also an influx of calcium ions 10mins after the addition of complement to cells
pre-incubated with anti-GD1a antibody. Scale bar= 10pm
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A Omin

Figure 5.2: Assessment of alteration to Rhod 2-AM fluorescence at the NMJ of ex vivo TS
preparations after treatment with ionomycin.

A) CFP axons (green) were used to identify endplates in which Rhod 2-AM (red) was also
visible at a low level. After ionomycin treatment NMJ were reimaged and a stronger signal
indicates an influx of calcium ions (yellow in merged image). B) This increase in
fluorescence was not always identifiable and more often than not, the signal used to detect
the endplates was lost or suffered bleaching. C) NoR were virtually impossible to recognise
and the Rhod 2-AM did not seem to be taken up by axons. Scale bar= 50um.
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5.2.2 Complement inhibition protects ex vivo preparations

The complement inhibitor Eculizumab was added at 100ug/ml to normal human
serum 10min before application to an ex vivo TS preparation from a GD3/CFP
mouse. The non-specific isotype-matched mAb ALXN3300 was used as control.
For examples of normal nodal protein staining patterns please refer back to

Figure 4.5, 4.6 and 4.7 for Nav1.6, ankyrin G, and Caspr, respectively.

5.2.2.1 CFP

CFP was the first feature to be assessed for protection by Eculizumab. Intact
cytosolic CFP distribution in intramuscular nerve bundles was observed and is
illustrated in a montage of apoTome images (Figure 5.3). ALXN3300 did not offer
the same protection and as shown in Figure 5.3B, CFP became weaker in larger

bundles and unapparent in terminals over the endplates (discriminated by BT,

purple).
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CFP axons
BTx

CFP axons

BTx

Figure 5.3: Eculizumab protection of endogenous CFP in intramuscular nerve bundles of
GD3/CFP mice after exposure to antibody and complement.

A) Montage of apoTome images illustrating intact endogenous axonal CFP (white) of the
intramuscular nerve bundle of the TS from GD3/CFP mice terminating at NMJ (BTx, purple)
after protection from complement injury by the inhibitor Eculizumab. Right panel shows
CFP axons with no BTx staining to emphasise intact CFP at nerve terminals. B) The nerve
shows a reduction in fluorescence, especially in distal axons and at nerve terminals (clear
in right panel with no BTx staining), when treated with the non-specific isotype-matched
control mAb of Eculizumab, ALXN3300. Enlargements of boxed regions show distal axons
in more detail.Scale bar= 100pm
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5.2.2.2 Nav1.6

After 3h, the effect of ALXN300 was the same as that seen previously after
addition of complement. An 87% loss of Nav1.6 positively stained NoR in single
fibres and 70% reduction in small bundles was recorded (Figure 5.4A). There was
a significant protection of Nav1.6 staining at NoR in these bundle categories
after Eculizumab treatment (X*-test, p< 0.001). These levels were similar to
what has previously been shown in control tissue. Additionally, the comparable
staining in medium and large bundles mirrors what has previously been shown in

control versus complement treated tissue.
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Figure 5.4 (previous page): Protection of immunofluorescence to Nav1.6 with Eculizumab in
intramuscular nerve bundles of the GD3/CFP mouse.

A) Single fibres and small bundles have a significantly higher percentage of NoR with
Nav1.6 staining after Eculizumab protection, compared to the non-protective isotype
matched control ALXN3300, when muscle has been treated with MOG35 and complement.
B) Example of protected Nav1.6 staining at a NoR (arrow) downstream from the nerve
terminal (BTx, purple). * indicates significance where p< 0.05 compared to ALXN3300
control of the same bundle category, using the Chi-squared test of independence. Scale
bar=20um.

5.2.2.3 Ankyrin G

Ankyrin G staining at NoR was similarly protected by Eculizumab compared to
ALXN3300. 89% of NoR in single fibres had normal ankyrin G staining after
Eculizumab treatment, while only 6% were positive after ALXN3300 treatment
(Figure 5.5A, X*-test, p< 0.001). A similar result was found for small bundle NoR,
with 95% ankyrin G positive after Eculizumab, and only 39% positivity post-
ALXN3300. Once again there was no significant difference in nodal staining at
NoR in medium and large bundles between treatment groups (X*-test, p= 0.88

and 0.93, respectively).

5.2.2.4 Caspr

Caspr staining was also significantly protected by Eculizumab at single fibre and
small bundle NoR (84% and 92% normal staining, respectively). Only 9.8% and 48%
of NoR in single fibre and small bundles had normal undisrupted Caspr staining
after ALXN3300 treatment.

5.2.2.5 Antibody and MAC

Importantly, MAC levels at NoR in all preparations were significantly increased in
ALXN3300 treated tissue at single fibres and small bundles compared to
Eculizumab treated (Figure 5.6A, p<0.001). This demonstrates the inhibitors
protective effect to complement. To ensure that lack of MAC deposition was not

caused by the absence of antibody from the preparation, an ELISA was
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performed that confirmed the equivalent level of antibody applied to both

protected and unprotected tissue (Figure 5.7).
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Figure 5.5: Eculizumab protects ankyrin G immunostaining at NoR in GD3/CFP mouse TS
intramuscular nerve after treatment with antibody and complement.

A) Graph showing the significant protective effect of Eculizumab on ankyrin G staining at
NoR in single fibres and small bundles after injury. B) An example of normal ankyrin G
staining due to Eculizumab protection at NoR (arrows in enlarged region). Refer to Figure
4.6 for example of normal ankyrin G staining for comparison. * indicates significance where
p< 0.05 compared to ALXN3300 incubated tissue, using the Chi-squared test of
independence. Scale bar= 10pm.
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5.2.3 Calpain inhibition protects ex vivo preparations
5.2.3.1 Calpeptin

The first calpain inhibitor assessed for protection of nodal protein staining was
calpeptin. Results were not very reproducible, and so | elected to discontinue
use of this inhibitor and instead use AK295.
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Figure 5.6 (previous page): Caspr staining is protected by Eculizumab at NoR of GD3/CFP
TS intramuscular nerve bundles after MOG35 and complement treatment.

A) The percentage of NoR with a normal Caspr staining pattern is significantly higher after
Eculizumab protection compared to ALXN3300. B) Normal Caspr staining motif at NoR
(purple, double arrows) due to tissue protected by the complement inhibitor Eculizumab.
Refer to Figure 4.7 for example of normal Caspr staining for comparison. * indicates
significance where p< 0.05 compared to ALXN3300 incubated tissue, using the Chi-squared
test of independence. Scale bar=20um.
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Figure 5.7: MAC pore formation is prevented by Eculizumab even in presence of antibody
and complement. A) Boxplot showing that MAC deposition was not present at NoR in tissue
protected by Eculizumab, compared to its isotype-matched control, ALXN3300, after
antibody and complement treatment. * and # indicates significance where p< 0.05 compared
to single and small bundle size counterpart respectively, using the Mann-Whitney U test. B)
ELISA results prove that anti-GD1a antibody was applied to all TS preparations and was
therefore not the reason for attenuation of MAC pore formation.
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5.2.3.2 Protective effects of AK295

A dilution series of suitable concentrations of the calpain inhibitor AK295
demonstrated that 100pM provided a similar protection of Nav1.6 staining to
200uM, which was also comparable to uninjured control tissue, and significantly
more protection than 50uM (Figure 5.8, p=0.028). Therefore, 100uM was the

chosen concentration of AK295 added to TS preparations.
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Figure 5.8: Determination of the optimal concentration of the calpain inhibitor AK295 for ex
vivo preparations.

A dilution series of AK295 was performed to determine that 100uM was the optimal
concentration as it had the same protective effect on Nav1.6 immunoreactivity as 200uM,
but a significantly larger protective capacity than 50uM. * signifies significant reduction to
Nav1.6 immunostaining where p<0.05 compared to control (no complement), 200uM AK295
and 100uM AK295, while # indicates significance where p<0.05 compared to all other
categories.

5.2.3.3 MAC and neurofilament

Unlike Eculizumab, MAC pore formation was unaffected by AK295. There was no
significant difference in deposition at NoR of inhibitor or non inhibitor incubated
tissue for each bundle category after antibody and complement treatment
(Figure 5.9).

Initially | noticed that CFP in AK295 treated nerve looked similarly weakened and

disrupted as for treated tissue i.e. it was not protected as with Eculizumab.
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Therefore, as neurofilament is a known calpain substrate, its protection was the
first parameter investigated. A montage of confocal images show the level of
protection to neurofilament provided by AK295 compared to tissue treated with
no inhibitor (Figure 5.10). For quantification, the neurofilament of both AK295
and unprotected nerve was measured over the endplates and compared to
control neurofilament levels. There was a significant protection to

neurofilament by AK295 compared to no inhibitor (Figure 5.10C, p<0.001).
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Figure 5.9: No effect of AK295 on MAC deposition at NoR of TS intramuscular nerve after
antibody and complement treatment.

AK295 does not inhibit the formation of MAC pores at NoR and therefore there is no
significant difference in MAC deposition between bundle categories of AK295 treated (A)
and no inhibitor treated control (C) tissue.

5.2.3.4 Nav1.6

AK295 incubation resulted in 84% of single fibre NoR having normal Nav1.6
staining after antibody and complement treatment compared to a significantly
reduced 9% in non-protected counterpart fibres (Figure 5.11A, X*-test p<0.001).
This discrepancy in Nav1.6 staining also occurred at small bundle NoR with 90%
positively stained after AK295 treatment, and only 37% without. The boxed
region in Figure 5.11B illustrates the protection of Nav1.6 staining at a single
fibre NoR with AK295 inhibition of calpain.
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Figure 5.10: AK295 protects neurofilament at nerve terminals of GD3/CFP mouse TS treated
with antibody and complement.

A) Confocal images illustrate intact neurofilament (red) at nerve terminals (appear yellow
when overlaying BTx, green) after AK295 protection (left panel), compared to unprotected
treated tissue (right panel). B) Neurofilament at the nerve terminal and along distal axons is
lost after antibody and treatment when no calpain inhibitor is administered. C) Boxplot of
neurofilament immunostaining over the endplate shows the significant reduction in
unprotected tissue compared to that protected with AK295. * signifies significance when
p<0.05 compared to AK295 treated tissue, using the Mann-Whitney U test. Scale bar= 50um.
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Figure 5.11: Nav1.6 immunostaining at the distal NoR in TS muscle is protected from
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antibody and complement disruption by AK295.

A) Single fibre and small bundle NoR have significantly more NoR with positive Nav1.6
immunoreactivity after AK295 treatment than their unprotected counterparts. B) Arrows
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indicate NoR (as identified by dystrophin) downstream from the terminal with normal Nav1.6
staining after AK295 protection. * signifies significance where p<0.05 compared to matching
bundle category with no inhibitor, using the Chi-squared test of independence. Scale bar=

10um.
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5.2.3.5 Ankyrin G

Ankyrin G exhibits a similar pattern of protection with AK295 incubation as
Nav1.6. Specifically, 78.3% of single fibre NoR had normal ankyrin G staining
compared to 11.3% when the tissue was not treated with a calpain inhibitor
(Figure 5.12A, X?-test p<0.001). This was also the case for small bundle NoR- 86%
were protected by AK295 to have normal ankyrin G staining, while only 27%,
significantly less, had normal staining with no inhibitor (Figure 5.12A, X*-test
p<0.001).

5.2.3.6 Caspr

77% of NoR at single fibres had normal Caspr staining after AK295 treatment,
which is significantly greater than 26% normally stained nodes in treated tissue
with no inhibitor (Figure 5.13A, X?-test p<0.001). Similarly in small bundles, 84%
of NoR had normal staining with AK295 protection compared to the significantly
reduced level of 56% with no inhibitor (Figure 5.13A X?-test p=0.001). There was
no significant difference between Caspr staining at medium and large bundle

fibre NoR for treatment groups.
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Figure 5.12: AK295 protects ankyrin G immunostaining at NoR of TS intramuscular nerves
treated with antibody and complement.

A) Graph depicting the significant protection to ankyrin G at NoR of single fibres and small
bundles compared to their unprotected bundle size partners. B) An image of normal ankyrin

G staining (arrows) at single fibre NoR as identified by fluoromyelin green, downstream
from the nerve terminal (BTx, purple) due to protection by AK295. *signifies significance
where p<0.05 compared to bundle size counterpart without protection from an inhibitor.

Scale bar= 10pm.
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Figure 5.13: Caspr staining is protected by AK295 in TS treated with antibody and
complement.

A) Single fibre and small bundle NoR have significantly more normal Caspr staining at NoR
after AK295 protection compared to unprotected nerve. B) lllustration of normal Caspr
staining at NoR (arrows) after antibody and complement treatment when protected by
AK295. * signifies significance when p<0.05 compared to bundle category matched no
inhibitor control, using the Chi-squared test of independence. Scale bar= 20um.
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5.2.4 AK295 protection in Phrenic nerve

Although Nav1.6, ankyrin G and Caspr immunostaining was convincingly
preserved by AK295 treatment at the distal axon NoR, the same trend was not so
impressive for phrenic nerve NoR. Figure 5.14 shows a plot of these three
proteins comparing AK295 treatment to no inhibitor. Ankyrin G staining is not
significantly protected by AK295 (p=0.14), while Nav1.6 and Caspr staining can
be described as protected (p=0.011 and p=0.009, respectively). None reach a
level higher than 40% of NoR with normal staining. On closer inspection of
staining it is sometimes possible to see what looks like regions of Nav1.6 and
Caspr staining that are not in a neat or normal conformation. However this is not
to be confused with what was noticed for NrCAM and moesin (refer back to Fig
4.11 & 4.12). The latter proteins are labelled by antibodies to extracellular
antigens and they too are not protected by AK295. The staining as before is still
present, merely not of a normal configuration, but much more prominent than

residual staining for the Nav1.6, ankyrin G and Caspr proteins (Figure 5.14).
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Figure 5.14 (previous page): Effect of AK295 on nodal proteins in phrenic nerve after
treatment with antibody and complement.

A) Nav1.6, ankyrin G and Caspr staining is not protected by AK295. B) As previously shown,
NrCAM and moesin staining is present at NoR after antibody and complement treatment but
the configuration is not normal, not even on application of AK295. * signifies significance

where p<0.05 compared to no inhibitor control, using the Chi-squared test of independence.

5.3 Discussion

To clarify the mechanism behind loss of nodal protein staining after anti-GD1a
ganglioside and complement treatment as described in the previous chapter, the
route of injury was investigated. The movement of calcium through MAC pores
resulting in the activation of calpain was suspected as this was the cause of loss
of neurofilament at the nerve terminal in mouse model (Goodfellow et al.,
2005;Halstead et al., 2004;0'Hanlon et al., 2001). Additionally, complement
activation has been recognised in other models and tissue from patients (Hafer-
Macko et al., 1996;Susuki et al., 2007b;van Sorge et al., 2007). Excessive calpain
activation can be extremely injurious and is associated with many disease states
(see section 1.7 for more detail). To prove the involvement of these processes in
my model, calcium indicators were used to study calcium influx, while
complement and calpain inhibitors were utilised to study their effect on protein

staining at the NoR.

| initially evaluated the calcium indicator Fluo 4-AM for use in calcium influx
studies. However, this indicator is only visible with FITC filters. Ultimately | felt
it would be more appropriate to visualise the endogenously fluorescent axons in
the FITC channel, while the calcium indicator Rhod 2-AM could be detected in
the rhodamine channel. This allowed for imaging using the confocal microscope,
rather than with epifluorescence, which enhances the exclusion of unwanted
signal. Though the indicator was useful for studies in cells, it did not translate to
whole-mount tissue preparations. This was chiefly due to what seemed to be an
issue of penetration into the axon. Calcium indicators with acetoxymethyl (AM)
ester groups have been developed to avoid the necessity of microinjections of
calcium indicators into the desired tissue. It facilitates the permeation of the
indicator into membranes due to its uncharged nature (masking of negatively

charged carboxyl groups), before this portion is cleaved by non specific
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esterases, resulting in its entrapment and exposure of Ca®* sensing region
(Molecular probes handbook). As uptake seemed unsuccessful even with the use
of an AM ester derivative, | also tested the dispersing agent pluronic acid to

encourage movement through the BNB. Unfortunately, this too was ineffective.

As it is likely that the route of injury at the NoR is similar to that seen at the
terminal, and MAC pore formation has been established (section 4.2.2), even
without evidence of calcium influx in tissue, it seemed appropriate to confirm
the route of injury by ascertaining what effect complement and calpain

inhibition would have on nodal protein staining.

Eculizumab proved very successful at preventing MAC pore formation.
Accordingly, CFP loss did not occur and nodal protein staining was normal. The
deposition of MAC is therefore directly related to the loss of staining for proteins
at the NoR, which is consistent with the increase in intensity of MAC at single
fibres and small bundles when this phenomenon occurs. The successful
protection of protein’s by Eculizumab was not such a surprising result as
Halstead et al (2008) have shown it to be effective at inhibiting damage to the
nerve terminal in a mouse model of GBS. This study provided the appropriate
concentration for use in mice, but it is yet to be determined whether this drug
can be as effective in human GBS patients. It could be reasoned that Eculizumab
may not have much effect when administered to patients as MAC has already
been activated so unlike the mouse model the damage will have already been
done. However, Nishimoto et al (Nishimoto et al. 2004) found that intravenous
immunoglobulin (IVIg) treatment improves the disease course in a rabbit model
of AMAN, which suggests that complement block can also still be useful after
initial injury. Furthermore, another study where the synthetic serine protease
inhibitor Nafamostat mesilate was injected at disease onset to inhibit
complement in a rabbit model of AMAN also demonstrated the protective effects
after the initiation of the disease process (Phongsisay et al., 2008), which
further justifies the interest in Eculizumab as a contender for therapy in newly

diagnosed patients.

To study calpain activation | initially considered using a fluorogenic calpain

substrate that could be used to reveal calpain activation. As | had encountered
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several problems with live imaging as discussed above, | felt this might not be as

suitable a candidate as using calpain inhibitors.

| decided to try the calpain inhibitor, calpastatin (Murachi 1989) to begin with,
as this was tested in a nerve terminal injury model, previously (O'Hanlon et al.,
2003). Unfortunately, the protective effects on nodal proteins were fairly
inconsistent. For this reason, | began to work with the very specific calpain
inhibitor AK295 which has been developed to bind calpain I, Il and cathepsin B
(Li et al., 1996). Once the appropriate concentration for use in TS preparations
was determined, | found great success with this synthetic inhibitor. Significant
protection for the known calpain substrate neurofilament was exhibited with
AK295 treatment compared to non-inhibitor treated intramuscular nerve
bundles, which was an excellent indicator of its efficacy. Further to this,
another known substrate, ankyrin G, was protected. Nav1.6 and Caspr staining
also remained intact, which is fascinating as to my knowledge Caspr has not
previously been identified as a calpain substrate, while cleavage of Nav channels
have only recently been described in vitro (Iwata et al., 2004;von Reyn et al.,
2009). It is also possible of course that the substrate could be an anchoring
protein (section 1.4.5 for more detail). Another intriguing discovery was that
CFP was not protected suggesting that its route of loss is indeed due to
increased permeability and it is not a calpain substrate itself. MAC deposition
was not interfered with at all, confirming the necessity of calcium influx through

these pores to activate calpain as the injurious agent.

The cause of staining loss at phrenic nerve NoR may be somewhat different to
that seen at distal nerve NoR. As described in the previous chapter, staining at
phrenic nerve NoR does indeed disappear after treatment. In spite of the
protection provided by AK295 in distal nerve, the same level of protection of
Nav1.6, ankyrin G and Caspr does not occur in phrenic nerve. As described in
Chapter 3 (Figure 3.2.1.3), GD1a expression could extend to the paranodes in
larger calibre phrenic nerve, and thus these extra targets could exacerbate
injury. It is interesting that the level of protection by AK295 does seem to
increase with lateral movement from the nodal gap, or if the protein is not
purely intracellular like ankyrin G. Conversely it could be said that the level of
disruption decreases with lateral movement and extracellular portions. Non-

calpain associated damage described here is analogous to that detailed in the
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study of calpeptin protection at the mouse nerve terminal exposed to a-LTx or
anti-ganglioside antibody performed by O’Hanlon et al (2003). The authors
demonstrated that although a calpain inhibitor protected neurofilament from
injury, the ultrastructure showed much of the same damage as unprotected

tissue.

When staining is not present after AK295 treatment in phrenic nerve, this is
often coincident with an extension of 1IgG and MAC deposition, and swollen
regions flanking the NoR as identified in DIC (described section 4.2.3.5). This
might represent that a threshold of MAC deposition is required before enough
calium influx occurs for unmanageable calpain activation. It could also follow
that at larger calibre axon NoR, the damage is caused by both calpain mediated
degradation and a general disruption to the region due to an ionic and osmotic
imbalance due to excess movement of water. There is no discernible change in
protection of staining to the extracellularly labelled proteins NrCAM and moesin
by AK295 either. The swelling described could then account for the observation
that NrCAM and moesin staining are disrupted, although still present unlike the
protein’s with intracellular antigens, and not protected by AK295 because it is
not calpain that is causing their specific disruption. It would be intriguing to
stain for the Nav1.6 channel extracellularly to see if it too would still be present
but disrupted. As this bulbous nodal condition has been observed in large
diameter axons that are found more proximally, it is possible that such an
extreme phenotype occurs in the rabbit model of AMAN where ventral nerve NoR
have been studied and disruption confirmed by EM (Susuki et al., 2007b).

Only complement and not calpain inhibition has been tested in models of AMAN
so far, therefore the effects in vivo could be very interesting. As MAC will have
already been activated in a real human case of GBS injury, AK295 could be very
beneficial to prevent further damage. If there is a gradient dependent effect on
protection to axons, it may be more useful when the disease has not yet reached

a severe level of injury and paralysis.

As effective conduction requires functional sodium channels, particular attention
will subsequently focus on this proteins fate at the NoR after injury. It is unclear
whether Nav channel is being fully degraded, internalised, shed from the

membrane, or the antigen site alone has been damaged/changed conformation.
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6 Fate of the sodium channel at NoR after injury

6.1 Introduction

Sodium channel clustering at the NoR is essential for conduction of action
potentials along myelinated axons (section 1.4.3). In the previous chapters, the
loss of sodium channel staining at NoR has been described in response to anti-
GD1a antibody-mediated complement dependent injury of the mouse distal
intramuscular axons and desheathed phrenic nerve (Figures 4.5 & 4.11
respectively). Similarly, disruption of sodium channel staining at the ventral
roots in a rabbit model of AMAN has been associated with GM1 pathogenicity and
corresponds to my results with anti-GD1a antibody (Susuki et al., 2007b). As it
has been shown in the present study that calpain inhibition strongly protects
staining at distal axons of the TS muscle, and is partially protective at the
phrenic nerve NoR, damage is likely to be linked to calpain-mediated injury

although it is unknown if Nav1.6 specifically is a calpain substrate in vivo.

Two important lines of investigation concerning the fate of the sodium channel

are:
1. Is the sodium channel still present although staining is not?
2. Is the sodium channel still functional?

There are several possible options to investigate the fate of the sodium channel
associated with loss of staining. Firstly, using another antibody directed to a
different antigenic site, the specificity of loss or cleavage of the channel could
be explored. | suspected that the alpha subunit may be cleaved at the sites of
antibody binding, i.e. the intracellular loops, as these are exposed to cytosolic
calpain and could explain the loss of staining without establishing if the channel
was still present. It has previously been shown that the intracellular loops are
susceptible to cleavage due to intra-axonal injection of proteolytic compounds
(Armstrong et al., 1973;Eaton et al., 1978;0xford et al., 1978;Rojas & Rudy
1976). This proposed cleavage could result in the breakdown of the a-subunit
into several fragments of protein that could later potentially be identified by

Western blot analysis, as shown previously in vitro (Iwata et al., 2004;von Reyn
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et al., 2009). In addition, proteolysis of the intracellular loops as described in
the above studies only disturbed inactivation of the action potential as the
inactivation gate is situated intracellularly, but no change was reported for the
activation of the channel. This suggests that even if sodium channel is cleaved,

it may retain its functionality.

As discussed earlier (section 1.4.6.1), many conduction studies have been
carried out with contradictory results. Some studies have reported a block in
conduction associated with anti-ganglioside antibodies (Arasaki et al.,
1993;Arasaki et al., 1998;Santoro et al., 1992;Susuki et al., 2007b;Thomas et al.
1991), while others have reported no change (Harvey et al., 1995;Hirota et al.,
1997;Paparounas, O'Hanlon, O'Leary, Rowan, & Willison 1999). Therefore it was
also of interest to determine whether the channel was still functional by way of
electrophysiological recordings. This could equally resolve the issue of presence.
As staining to extracellular domains of proteins at the NoR has shown disruption
but not loss (NrCAM section 4.2.3.5), it seemed appropriate to consider a
method for labelling the portion of the Nav channel on the extracellular

membrane to further prove or disprove if it remains after injury.

6.2 Results
6.2.1 Effect of injury to binding of alternative Nav antibody

The pan sodium channel (pNav) antibody has the same staining pattern (i.e. a
neat band) at NoR of intramuscular nerve bundles as the anti-Nav1.6 channel
specific antibody (Figure 6.1C). The binding sites of the two antibodies are
illustrated in Figure 6.1A (black circles). In addition, it showed a similar pattern
of loss at distal axons after treatment with antibody and complement (Figure
6.1B, D). The reduction to pan Nav channel staining at single fibre NoR after
pathology compared to control is significant (15% and 87% positive, respectively,
X2-test p<0.001), as is the case for small bundle NoR (63% and 90% positive,
respectively, p=0.002). An example of normal and absent staining at NoR, as
identified by fluoromyelin green and dystrophin, are shown in figure 6.1C and

6.1D, respectively.
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Figure 6.1 (previous page): Possible calpain cleavage sites of Nav channel and pan Nav
staining at distal NoR of intramuscular nerve bundles after antibody and complement injury.

A) lllustration depicting cleavage sites of Nav channel as described by von Reyn et al
(2009)(white circles), and sites of binding of antibodies used in this study (black circles). B)
Graphical representation of significant reduction in pNav staining at single fibre and small
bundle NoR after treatment compared to control. B) lllustration of normal pNav staining at
distal axon NoR as determined by fluoromyelin green and CFP axons (white). C) pNav
staining no longer forms a neat band when the axon undergoes injury. Boxed area is
magnification of NoR (identified by dystrophin, green) downstream from terminal (BTx-
FITC). * signifies significance where p<0.05 compared to bundle size partner, using the Chi-
squared test of independence. Scale bar= 5um.

6.2.2 Alteration to Nav channel staining at early time-points

As it has been shown that Nav channel staining is lost, it is desirable to
determine the possible stages preceding this disappearance. At the distal nerve
an incubation of 3h with NHS is required for loss of staining in the TS due to
issues involving the BNB, and there are only two identifiable phenotypes:
present or absent. Therefore this tissue was not an ideal candidate for the study
of progressive channel loss. However, in the phrenic nerve it was possible to
recognise what seemed like intermediary stages of Nav channel loss, probably

owing to the larger calibre of the fibre.

The alteration to sodium channel staining was investigated at NoR as little as
15min and 30mins after the addition of NHS. Although the majority of NoR had
intact neatly clustered Nav1.6 channel staining at these time-points, some NoR
showed what appeared to be a slight spread of the neat band or the
development of punctuate-like clusters around the region after 30mins.
Quantification was not possible due to the differing susceptibilities of fibres, but

some of these intermediate phenotypes are illustrated in Figure 6.2.

6.2.3 Western blotting
Western blotting was used primarily to attempt to ascertain presence of protein,

and then to determine if cleavage fragments could also be identified.
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6.2.3.1 Suitability of nerve

It was hoped that phrenic nerve could be used for Western blot preparations to
correlate the findings with the immunohistochemical results. However, PN does
not yield a great deal of protein. Sciatic nerve is the next suitable choice as not
only is it subsequently used in electrophysiological studies, it has often been
used for Western blots of various proteins in other research. Optic nerve was
valuable for developing the western blot protocol for Nav channel. A small
number of nerves generated good staining (Figure 6.3A), however it was not
used for actual experiments comparing injury to nodal proteins as the anti-
ganglioside antibody used did not bind at this location, and it is part of the CNS

therefore results would not be directly applicable to this work.

Figure 6.2: Possible preliminary stages in the injury induced loss of Nav1.6 channel
staining. Unusual speckles of spread of Nav1.6 channel staining (as indicated by arrows) at
the NoR of phrenic nerve (as identified by DIC) after 30mins of NHS treatment.
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6.2.3.2 Fodrin/all spectrin as a marker of calpain activity

An anti-fodrin/all-spectrin antibody can not only detect this protein in its intact
state at 240/280kDa on a membrane, but also its breakdown products once it has
been cleaved by calpain over time. Therefore it is an excellent marker of calpain
activity. Regrettably this antibody detected several bands representing calpain

activity in all samples including controls, thus it was not of use in this study.

6.2.3.3 Nav channel immunoblots

Several different staining protocols were attempted before the appropriate one
was discovered to identify Nav channels by western blot. Staining for this protein

was problematic because:

1. Itis a large protein and thus is difficult to transfer

2. It is highly embedded in the membrane so is difficult to separate

3. Itis susceptible to high temperatures

4. A great deal of sciatic nerve tissue is required to produce enough protein

5. Often non-specific bands were identified by the antibodies against sodium

channel.

Ultimately in sciatic nerve it was not possible to detect a difference in band
intensity between control, treated and AK295 ‘protected’ tissue (Figure 6.3B,
ANOVA, p= 0.284). There was however a significant reduction in band optical
density of these experimental groups compared to the intensity of staining from
nerve immediately snap-frozen (Figure 6.3B, ANOVA, p< 0.001). Rather
unexpectedly, the appearance of staining at about 200kDa occurred in the lane
of treated nerve, which could be a cleavage product. However as the intensity
of the band at the correct size was not greatly reduced, it is perhaps an unlikely

suggestion.
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6.2.4 Extracellular nerve recordings

6.2.4.1 Conduction of the sciatic nerve after 1h NHS incubation

Prior to electrophysiological recordings, immunohistochemistry for MAC
activation and deposition at sciatic nerve NoR was carried out when complement
was added directly to the middle chamber (described in methods). As no
complement activation was identified, the decision was made to apply NHS to
the entire nerve in a petri dish, and subsequently return the nerve to the
chamber after one hour to record for the final 30mins. 1h and 30mins was an
appropriate incubation period as loss of sodium channel staining had been
significant in phrenic nerve after this time. There was a reduction to conduction
(as a measure of the peak amplitude of recorded compound action potentials
(CAP) to 73.85% +/- 3.6% of the starting value within the final half hour after
treatment (Figure 6.4). This was significant compared to control which was
reduced to 98.25% +/- 4% of the starting value (paired t-test, p= 0.01). As this
was not very dramatic the incubation time was reconsidered to perhaps improve

the severity of the conduction block.
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Figure 6.3 (previous page): Western blotting for Nav channel protein.

A) Western blot protocol was developed using various nerved. Staining at the correct
molecular weight of 260kDa is shown for sciatic nerve (1), optic nerve (2) and PLP mice
optic nerve that lack myelin (3). Samples heated at 37°C were better preserved than those
heated to 60°C, and non-myelinated nerve showed the best level of staining. B) Lanes 1-4
were loaded with 20ug sciatic nerve that had either been immediately snap frozen (1),
antibody treated no complement (2), antibody and complement treated (3), or AK295 treated
(4), respectively. There was no significant loss of staining intensity of the protein at 260kDa
between experimental samples, however there was a significant reduction compared to
sciatic nerve sample immediately snap-frozen. * indicates significance where p< 0.05 when
compared to control, treated and AK295 treated, using ANOVA statistical test.

It was shown that the reduction of sodium channel staining after 3h of NHS
incubation was the most significant compared to Oh (Figure 6.4B, x’-test,
p<0.001), and therefore nerve was treated for 2.5h and extra-cellular recordings

made for the last 30min.

6.2.4.2 Conduction of the sciatic nerve after 3h NHS incubation

The peak amplitudes of recorded CAP from sciatic nerve did not decrease
significantly from the starting value over the course of the final 30min following
2.5h of NHS incubation (Figure 6.5A & B, 87.24% +/- 16% reduction from starting
value, paired t-test, p= 0.2) compared to control (109% +/- 5.3%).

Nerves from both protocols were stained for Nav1.6 and the results between
treated and control for 1h and 3h incubations compared. There was a significant
loss of staining down to 54% and 53% positive NoR in treated nerve compared to
control nerve for both the 1h and 3h incubations, respectively (Figure 6.5C, x*-
test, p= 0.021 and p<0.001, respectively). The difference between tissue treated

for 1h and 3h was not significant.
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Figure 6.4: Sciatic nerve electrophysiological recordings and associated immunostaining.

A) Representative graphs of peak value of CAP over time (left) and overlay of single CAP
traces from the beginning and end of the experiment (right) for sciatic nerve over the final
half hour of a 1.5h injury model. Treated nerve shows a slight decline, which is significantly
different to control (p< 0.05). Arrow indicates addition of 5uM TTX to ensure recordings are
genuine. B) Graph showing loss of Nav1.6 staining over time in response to complement
addition (0h) following antibody incubation. Loss of staining is most significant at 3h,
therefore electrophysiological recordings were made to encompass these results. *
indicates significance where p< 0.001 compared to control, while ** signifies significance
where p<0.05, using the Chi-squared test of independence. Note: the axes for all graphs are
of different scales and are not comparable: vertical bar=1mV; horizontal bar=1ms.
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6.2.4.3 Differential IgG deposition and injury at sensory and motor nerves

Immunostaining for sciatic nerve could be quite varied regarding I1gG and MAC
deposition. Initially it was speculated that this could be related to fibre
diameter. However, as sciatic nerve is a mixed motor and sensory nerve, this
could also explain the discrepancy. Therefore, IgG deposits at NoR of the purely

motor phrenic and purely sensory sural nerve were compared.

The length of 1gG deposition along the NoR was compared and the staining
extended significantly further across phrenic nerve NoR compared to sural nerve
(Figure 6.6, p= 0.0008). The intensity of the staining between the two nerves on
the other hand was not significantly altered (p= 0.38).

IgG deposition at sural nerve was distinct from phrenic nerve NoR, as was the
loss of Nav channel staining. Although IgG and MAC deposition can be associated
with loss of Nav channel staining for phrenic nerve, at the sural nerve NoR the
Nav channel staining remains intact even when coincident with MAC deposition
(Figure 6.7A). The graph in Figure 6.7B exemplifies the maintenance of Nav1.6
channel staining after treatment in sural nerve, even though the percentage of

NoR with MAC deposition is significantly greater than control (X*-test, p< 0.001).

Figure 6.5 (following page): Comparison of electrophysiological and immunohistochemical
data from sciatic nerve treated for 1h or 3h.

A) Representative examples of sciatic nerve recordings after treatment for 3h with NHS (left
panel) compared to control (right panel). Arrow indicates addition of 5uM tetrodotoxin to
ensure recordings are genuine. B) Graph depicting the average peak of CAP as a
percentage of the value from the start of recording from control and treated preparations at
1 and 3h. Although there was no significant difference there was a trend towards a
decreasing CAP in treated nerve for both time-points. C) Immunostaining to Nav1.6 from
both 1h and 3h groups showed a significant loss after treatment compared to control. *
signifies significance where p<0.05 compared to control time-point counterpart, using the
Chi-squared test of independence. Note: the axes for all graphs are of different scales and
are not comparable: vertical bar=1mV; horizontal bar=1ms.
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Figure 6.6: Comparison of IgG deposition between motor and sensory nerve NoR.

A) Length of IgG staining across the NoR was significantly greater for phrenic nerve
compared to sural nerve. The same was not true for IgG intensity. Example of phrenic nerve
(B) and sural nerve (C) IgG staining compared to CFP axon. * indicates significance where
p< 0.05, scale bar= 5um.



Chapter 6 160

A
B Sural nerve

100
Dé *
=z 80
[H]
> @ O Control
"ﬁ 40 M Treated
3

20
=S

0

Nav1.6 MAC
Phrenic nerve
*

100
[v'4
o 80
=
.g 60 O Control
o
= M Treated
8 40 reate
o
2 20 *

0

Nav1.6 MAC

Figure 6.7: Comparison of Nav1.6 channel staining loss between motor and sensory nerve.

A) These images illustrate intact Nav1.6 channel staining at a sural nerve NoR, even though
there is IgG and MAC deposition at this site. B) Graph depict loss of Nav1.6 channel staining
is only significant in treated phrenic nerve, while the percentage NoR with MAC deposition
is significantly increased in both sural and phrenic nerve after treatment. * indicates
significance where p< 0.05 compared to control, using the Chi-squared test of
independence. Scale bar= 10um.
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6.2.4.4 Effect of pathology on phrenic nerve versus sural nerve conduction

Unlike sciatic nerve, phrenic nerve and sural nerve could remain in the recording
chamber and readings taken throughout the entire experiment on the direct
addition of NHS to the middle chamber.

Phrenic nerve conduction was reduced by a 2h NHS incubation to an average of
40.53 +/- 10.7% of the starting peak value of CAP (Figure 6.8A & B). Where
phrenic nerve would respond quite rapidly to NHS treatment, sural nerve often
maintained a fairly steady CAP that would latterly begin to gradually decrease
(Figure 6.8A & B). Due to this fact, although sural nerve CAP was only reduced
on average to 76.3% +/- 9.6% of the starting peak value, this was not a
significant difference compared to phrenic nerve due to experimental variation
(t-test, p= 0.067). An interesting observation nearing the end of the experiment
was that all of the fibres appeared to ‘fail’ and no action potential was
recorded. These records were omitted from the analysis of peak value as this
would unfairly reduce the average. Furthermore, on occasion two peaks could be

observed towards the conclusion of the experiment.

On treating phrenic nerve with the AK295 calpain inhibitor, there was no
prevention of loss of current, and the peak value of CAP was reduced to 15% +/-
8.7% of the starting value, which was not significantly different compared to
non-inhibitor treated phrenic nerve (Figure 6.8A & B, t-test, p= 0.298).

Nav1.6 staining loss associated with electrophysiological results showed a
significant reduction to 38.8% positive NoR in phrenic nerve compared to 64%
Nav1.6 positive NoR in sural nerve (Figure 6.8C, X*-test, p<0.001). Phrenic nerve
treated with AK295 also had significantly less Nav1.6 positive NoR compared to
sural nerve (48.1%, X*-test, p=0.008). There was no significant rescue of Nav1.6

channel staining by AK295 under these experimental conditions (p =0.11).
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Figure 6.8 (previous page): Extracellular recordings from phrenic nerve and sural nerve
treated with antibody and complement.

A) Left: Representative graphs plotting the peak amplitude of CAP over time demonstrates a
rapid reduction for phrenic nerve compared to sural nerve. Arrows represent the addition of
TTX to conclude the experiment. Right: Representative traces from the beginning (blue) and
end (black) of the recording for each nerve. B) Data illustrating the reduction in peak CAP
for each nerve as a percentage of the starting value. Although sural nerve showed a
resilience to reduced conduction, experimental variablility meant this was not significant
compared to phrenic nerve. C) However, the loss of Nav1.6 staining at NoR was significantly
reduced at phrenic nerve NoR compared to sural nerve. * signifies significance where p<
0.05 compared to sural nerve, using the Chi-squared test of independence. Note: the axes
for all graphs are of different scales and are not comparable: vertical bar=1mV; horizontal
bar=1ms.

6.2.4.5 Tetrodotoxin staining

It was intended that TTX used to end the experiment by binding the
extracellular components of the pore and blocking ion flow, could be labelled to
determine whether Na" channels were still intact extracellularly. A dilution
series for the antibody to TTX was carried out, but even in control tissue staining
appeared to traverse the entire width of the NoR including myelin which did not
look like the Nav1.6 neat band. Unfortunately, the staining process was not
reproducible and NoR were difficult to identify, likely due to a necessary

dehydration step. Some examples are given in Figure 6.9.

Figure 6.9: Tetrodotoxin staining of nerve.

Some example of nerves treated with TTX prior to labelling with an antibody targeted to the
toxin shows indiscriminate labelling around the nodal region compared to control.
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6.3 Discussion

Owing to the necessity of Nav channels for neurotransmission, it is important to
ascertain what the fate of this channel is during a model of AMAN injury. In the
rabbit model of AMAN, conduction failure at proximal sites was reported that
coincided with disrupted Nav channel staining at the ventral root NoR (Susuki et
al., 2007b). However, it was unclear from this study what precise mechanisms
were occurring. It was the intention of the present study to make use of further
antibodies to Nav channel, Western blot analysis and electrophysiology to shed

some light on this conundrum.

Experiments using a pan sodium channel antibody against the cytoplasmic loop
between domains IlI-1V of the alpha-subunit, showed that the loss of staining by
this antibody mimicked that shown for an antibody targeting the Il-1ll loop, i.e.
anti-Nav1.6 antibody (Figures 4.5, 4.11). This result was perhaps fairly
predictable from previous studies showing that all cytoplasmic loops could be
cleaved by proteolytic enzymes injected intracellularly (Armstrong et al.,
1973;Bergman et al. 1976;Eaton et al., 1978;0xford et al., 1978;Rojas & Rudy
1976). Therefore | suspect that the cytoplasmic loops are cleaved non-
specifically which may or may not result in the loss of staining, rather than the
particular antigenic site of the antibody being cleaved. However, von Reyn et al
(2009) propose that there are only two major calpain cleavage sites, located at
loop I-1l and lI-Ill, of the Nav1.2 a-subunit (Figure 6.1A, white circles). The
authors probed membrane surfaces with antibodies to fragments of the sodium
channel and found that these were present and not internalised. This could be
suggestive that the channel is still functional if it is still present in the
membrane, which was the opinion of the work investigating cleavage of the
cytoplasmic loops and loss only of the inactivation gate (Armstrong et al.,
1973;Bergman et al., 1976;Eaton et al., 1978;0xford et al., 1978;Rojas & Rudy
1976). The loss of pan-Nav channel staining observed in this study at a loop not
suspected to be cleaved by calpain in the aforementioned study by von Reyn et
al (2009), is contradictory (Figure 6.1A). Although they acknowledge that
subtype cleavage may differ, it is also possible that the loss of staining occurring

in the current study is controlled by a different mechanism.
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There are many possibilities as to the loss of sodium channel immunolabelling.
The ankyrin G binding site can be found on the linker between domains II-IlI
(Lemaillet et al., 2003), which is also where the anti-Nav1.6 antibody binding
site is located. Therefore it was initially suspected that the cause of channel
staining loss could be down to a calpain cleavage of ankyrin G or its binding site,
resulting in defective anchoring of the channel to the cytoskeleton and loss of
clustering. As it is possible that all the cytoplasmic loops of the Nav channel
could be calpain cleaved, the loss of association with ankyrin G may indeed play
a role in the deficit of channel clustering. It would be beneficial to study even
more antibodies to different regions of the channel in the future to determine

particularly what sites are vulnerable.

Alternatively, the membrane is swollen and disrupted (shown by DIC, section
4.11, 4.12) and as only a small percentage of channels are likely to be labelled
with antibody the loss of clustering may cause a significant reduction in
fluorescent signal, but this does not exclude the possibility that channels are
still present. Another possibility is that non-specific vesicular shedding of
membrane that is intended to protect the membrane from MAC pores (Campbell
& Morgan 1985;Morgan 1989) could also eliminate Nav channels located here. As
the concentration of Nav channels is so great at the nodal gap, it is of my
opinion that it is perhaps unlikely that all of the channels could be eliminated in
this way, but maybe enough to affect immunostaining. The investigation into
stages of Nav channel loss at early time-points presented here did sometimes
show what looked like concentrated spots of staining. This could represent
membrane vesicles being shed that contain Nav channels. However, Nav1.6
channel staining can be saved by AK295 application at the distal nerve when MAC
pore formation still occurs, which perhaps nullifies this possibility. In the future
it may be of interest to further study the formation of exosomes by way of co-

localisation of Nav channel staining with vesicle markers.

There are two facts the prior immunohistochemical studies do not resolve:

1. Is the antibody still present and intact (excluding the cytoplasmic loops)?

2. Are the Nav channels still functional?
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Western blotting for Nav channel was marred by many technical difficulties. The
desire to label membranes for fodrin/a-Il spectrin to confirm calpain activation
was hindered by its breakdown even in control samples. This could have been
due to its ubiquitous distribution and its cleavage in other non-related tissue,
such as myelin, which is found in excess in sciatic nerve. Incidentally, the use of
B-actin as a loading control proved unsuccessful for its intended task, but did

inadvertently detect calpain activity as actin is a calpain substrate.

From subsequent sciatic nerve studies it is not surprising that a great loss of
sodium channels was not observed. It is regrettable that the Western blot
analysis of Nav channel cleavage could not have been performed using phrenic
nerve, but an excessive amount of tissue would be required. Equally, optic nerve
would be an ideal candidate due to the low amount of tissue necessary, but a
lesion could not be produced in this nerve. This was also the case for rat nerve,
which was unfortunate as non-specific binding of the mouse anti-Nav channel
antibody found in this study could have been reduced by using rat tissue. The
studies that have demonstrated cleavage of Nav channels previously have used
cells or brain homogenates which can express a great deal of these channels and
thus make quantification more amenable (Iwata et al., 2004;von Reyn et al.,
2009). However, | felt tissue would be a more appropriate method to test our
model and to make direct correlations. Additionally, although Iwata et al (2004)
and von Reyn et al (2009) demonstrate cleavage fragments of Nav channels by
western blot, a functional output is not studied. This is important as although
the channel may be cleaved, if this only occurs cytosolically it might be that
only the inactivation gate is affected as shown in protease studies discussed
above. Therefore, if Nav channels were damaged but still present, the changes
that might be expected to occur would perhaps include loss of inactivation and

possibly an increase in latency.

Consequently it was my intention to study the effect of injury on nerve
conduction by extracellular recordings. Alterations to latency could not be
studied as the stimulus artefact was too close and often merged with the rise of
the CAP, which is attributable to the very short length of nerve undergoing
recording. Therefore, the reduction to the peak of the CAP over time was
recorded as a read-out of conduction failure. Electrophysiology was performed in
parallel to immunohistochemistry to identify loss of conduction and loss of
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staining since others who tried to show changes to conduction previously didn’t
concomitantly analyse Nav channel. Recordings were performed on the nerve
trunk rather than intramuscular nerve bundles as the early loss of the nerve
terminal activity by anti-ganglioside antibodies and complement (Bullens et al.,
2000;Goodfellow et al., 2005;Goodyear et al. 1999;Halstead et al.,
2004;0'Hanlon et al., 2001) precludes recording conduction from the more
proximal nerve fibre to the synapse. This is unfortunate as the muscle and its
nerve bundles present a more natural system. However, the humber of NoR
suffering Nav channel staining loss within the time-frame of my experiment only
reached as far as small bundle NoR and differences in conduction between this
short length of nerve would be incredibly difficult to measure. Additionally, if
the stimulating electrode was placed further upstream, the vast number of

intact NoR located here would interfere with the results.

As traces from all nerves could result in a massively varied size of CAP, no actual
values were used. The phrenic nerve and sural nerve preparations were more
favourable as no re-mounting was required. Remounting often affected the
sciatic nerve recordings from start to finish resulting in the decision to only

monitor the change in the final half an hour of the experiment.

First and foremost, my results are in agreement with those authors who
described no effect on nerve conduction of anti-ganglioside antibodies alone
(Harvey et al., 1995;Hirota et al. 1997;Paparounas et al., 1999). However,
contrary to the results from the study by Paparounas et al (1999), | did find a
mild reduction in conduction on the addition of a source of complement to
sciatic nerve. As there were several adaptations to the model required to
achieve this reduction, this may explain why it was previously not observed. It
was unfortunate that the recordings for sciatic nerve could only be taken half an
hour before the termination of the experiment and it was unknown what was
occurring throughout the entire NHS incubation. The apparent levelling off of
conduction block/sodium channel loss in sciatic nerve preparations could occur
for several reasons. | suspect that due to the mixed nature of this nerve this
partially resulted from the discrepancy between sensory and motor nerve
susceptibility, and partially due to a penetration issue of the sciatic nerve, as it
is possible that some fascicles may not have been adequately desheathed.

Finally it is possible that the current is skipping injured NoR. This would probably
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be a more plausible explanation at the distal nerve where the internodal
distance is very short (~10um) and the incidence of this phenomenon would be

greater compared to a sciatic nerve with internodal length of about 1Tmm.

The difference in sensory and motor nerve susceptibility to loss of Nav1.6
channel staining mediated by anti-ganglioside antibody was somewhat
unexpected. However, it mirrors the real-life situation where in AMAN patients
only motor axons are targeted and injured. In the literature it is difficult to find
a physical difference between the two nerve types, but in this study there
seemed to be a moderate difference to the lateral spread of anti-GD1a antibody
from the nodal gap. This in turn could affect MAC pore formation and the extent
of the injury. MAC pore immunostaining always appears far more condensed in
treated sural nerve, which would explain the delay in loss of Nav channel
staining and conduction. In addition, CFP is usually maintained in injured sural
nerve which is a good indicator of complement mediated injury (as shown by

Eculizumab but not AK295 protection, chapter 5).

The lack of protection of conduction by AK295 is extremely indicative of another
mechanism at work other than the calpain cleavage of Nav1.6 channels,
especially as in the more proximal phrenic nerve, AK295 does not seem to as
effectively protect staining of this channel compared to distal NoR. As images of
treated nerve have shown a huge spread of MAC and antibody laterally from the
nodal gap, and a massive swelling around the region in DIC, it is plausible that
there is an osmotic imbalance causing the failure in conduction. If the channels
were protected when the region regained a normal level of water and ion
balance, this could potentially be of benefit therapeutically. Alternatively,
disruption to the axo-glial junction, which is extremely detrimental to
conduction (Bhat et al., 2001), could be more responsible for conduction failure

than Nav1.6 channel cleavage/disruption.

Ultimately it would be very informative to identify whether channels are still
present in the membrane after injury and possible cleavage. An extracellular
marker would be ideal and it was hope that an antibody to Tetrodotoxin that
binds the pore in this location (Narahashi et al., 1966) could be used to solve this
problem. Unfortunately, there are several caveats with this method. TTX binds

and diminishes conduction by blocking permeability of active Na* ions (Nakamura
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et al., 1965). In this study it would be unknown if binding was to intact Nav
channels that are still conducting or also to those associated with loss of
conduction. It was not possible to double stain for anti-Nav1.6 antibody and anti-
TTX due to the protocols involved and thus inferences could only potentially be
made regarding the above problem. Nav channels have been identified in plasma
membrane post-cleavage in brain homogenates, but unfortunately their
functionality was not examined (von Reyn et al., 2009). Combining the above
electrophysiological techniques with this staining technique may help to
determine the fate of the sodium channel in the future and further, whether the

channel loss or another mechanism entirely is responsible for loss of conduction.
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7 Conclusions

7.1 Permeability of peripheral nerve to circulating

antibody

It is well documented that anti-ganglioside antibodies are associated with the
various sub-types of GBS (Chiba et al. 1993;Ho et al., 1999;llla et al., 1995;llyas
et al., 1988;Kuwabara et al., 1998). It is therefore of importance to understand
the binding patterns of these antibodies, and the effect of the permeability of
the blood-nerve barrier on their binding. Therefore, the localisation and binding
gradient of antibody was investigated in this study, as this is likely to be of

consequence to region-specific injury.

GD3s”’" mice engineered to over-express the a-series gangliosides (GM1, GD1a,
GT1a) were utilised when determining the binding properties of anti-GD1a
antibody to the GD1a ganglioside. It has previously been demonstrated in this
transgenic mouse that GD1a is expressed on the axon at the terminal nerve at
the neuromuscular junction (Goodfellow et al., 2005). Additionally, it has been
shown in several studies that GD1a expression can be recognised by antibodies or
toxins at the NoR of human and rodent nerve (De Angelis et al., 2001;Gong et
al., 2002;Lugaresi et al. 1997;Sheikh et al., 1999a). In this work, GD1a
expression was shown to spread laterally from the nodal gap and did not appear
to be solely specific to the axon which suggests an expression of this ganglioside
that is not exclusive to the axon as suggested by previous studies (De Angelis et
al., 2001;Gong et al., 2002;Goodfellow et al., 2005). The lateral spread was
more pronounced at proximal nerve fibre NoR, probably owing to the increase in
calibre. Furthermore, there was a lesser degree of co-localisation of anti-GD1a
antibody with the Schwann cell microvilli marker radixin, and a co-localisation
with the paranodal loop marker MAG. This is perhaps not surprising as GD1a has
been shown in axon and myelin fractions, albeit at a lower concentration in
myelin (Ogawa-Goto et al., 1990;0gawa-Goto et al., 1992). As anti-GD1a
antibody titres have been associated with the axonal variant of GBS, it was
perhaps presumed by many that this was the primary site of action. However,

the localisation of this ganglioside to what appears to be the paranodal loops or



Chapter 7 171

myelin adjacent to the nodal gap, could be indicative of a more general injury at

the nodal region as a whole.

BNB permeability studies were performed using whole-mount muscle or nerve ex
vivo preparations, while antibodies were passively transferred to study
permeability in vivo. To illustrate the access and improved binding of antibody
at NoR closest to the nerve terminal in intramuscular nerve bundles, these
bundles were categorized into single fibres, small, medium and large bundles. At
the distal intramuscular axons, the BNB is significantly more permeable closer to
the terminal, which can be explained by the reduced number of layers in the
perineurial sheath and its open end at the NMJ (Burkel 1967;Malmgren & Olsson
1980;Saito & Zacks 1969). The reduced level of antibody fluorescence intensity
was confirmed to be caused by lack of permeability rather than reduced GD1a
expression at NoR further upstream in sectioned diaphragm. Furthermore, it was
established that permeability became an increasing issue in the proximal
direction as phrenic nerve and sciatic nerve trunks exhibited no binding of

antibody unless the sheath was removed.

In summary, this study has demonstrated a potential new site of GD1a
expression, in addition to the axon, at the paranodal loops, and the BNB’s role in
creating a binding gradient to antibodies against this ganglioside. As the
localisation of GD1a was performed using mice over-expressing this ganglioside it
is possible that this is not a true representation of natural expression. Access to
human nerve and the use of site-specific nodal markers could more clearly
elucidate the specific location of GD1a in the future. In conclusion the general
localisation to the NoR and the affect this antibody has to this region in
association with complement is of utmost significance to understanding the

pathology of AMAN and potential treatment.

7.2 Characterisation of antibody-mediated axonal injury

Reports of axonal degeneration, nodal disruption and nerve terminal damage in
human post mortem tissue and animal models (Ang et al. 2001;Goodfellow et
al., 2005;Greenshields et al., 2009;Griffin et al., 1996b;Hafer-Macko et al.,
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1996;Halstead et al., 2004;Ho et al., 1997;0'Hanlon et al., 2001;Sheikh et al.,
2004;Susuki et al., 2003;Susuki et al., 2007b;Yuki et al., 2001) led me to
primarily investigate the injury caused by anti-GD1a antibody at the distal nerve

in its entirety, before focusing on the NoR specifically.

The deposition of the terminal complement complex MAC, has previously been
assessed in conjunction with nerve terminal injury in a mouse model of GBS
(Goodfellow et al., 2005;Greenshields et al., 2009;Halstead et al., 2004;Halstead
et al., 2005;0'Hanlon et al., 2001). In this study, MAC pore deposition was
similarly co-localised with antibody at the distal NoR. This also followed the BNB
permeability gradient-dependent binding effect demonstrated by anti-
ganglioside antibody. In the previous mouse studies mentioned above, the axonal
damage was analysed by measuring the loss of the cytoskeletal protein
neurofilament. Therefore this and endogenous CFP of GD3/CFP mice were the
first proteins studied in the distal axon after antibody and complement

treatment to ascertain what processes were occurring.

The cross of a transgenic mouse that endogenously expresses CFP in the axons
(Feng et al., 2000) with the GD3s”" (Kawai et al., 2001) to create the GD3/CFP
mouse was of great value in this study for the identification of axons.
Additionally the loss of CFP from axons after antibody-mediated complement-
dependent injury was useful to the study of the disease process. Fluorescent
mice have been utilised for many applications, but one of the key benefits is the
ability to image axons over time (Beirowski et al., 2004;Kang et al.,
2003;Lippincott-Schwartz & Patterson 2003;Zuo et al., 2004). It was hoped that
this technique of multiple imaging could have been applied to acute injury
paradigms in ex vivo tissue, and that the injury process, as measured by loss of
CFP fluorescence, could be monitored in real-time. Unfortunately, bleaching was
a prominent issue and the loss of CFP was not NoR specific as expected from the
node-specific MAC pore deposition. It was equally difficult to assess precise loss
of neurofilament staining along the distal axon using regular
immunhistochemical procedures. While these experiments into distal axon injury
were informative and showed a general disruption to the region, they require

refinement.
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As damage to the axon terminal had been shown in the mouse in response to
anti-GD1a antibody previously (Goodfellow et al., 2005), it was of importance to
determine if the injury recorded further upstream was a direct effect of
terminal damage or due to injury at another site, which was expected to be the
NoR. Use of the toxin a-latrotoxin that is specifically injurious to the terminal
(Mallart & Haimann 1985), demonstrated that anti-GD1a antibody was causing
injury elsewhere. This was shown by the maintenance of CFP along the axon in
muscle treated with a-LTx compared to those treated with antibody and
complement, and also the intact Nav channel staining at NoR upstream from the
terminal after a-LTx treatment.

To study the effect of antibody and complement on NoR in greater detail, a
battery of antibodies to proteins at this region were investigated at both distal
and proximal fibres. Primarily the nodal gap ion channel Nav1.6 and the
cytoskeletal protein ankyrin G were investigated. At the distal axon NoR,
staining for these proteins could be described as present or absent. After
treatment there was a significant reduction in the presence of both of these
proteins. This was a similar case for the paranodal proteins Caspr and
Neurofascin 155, although sometimes the staining for these proteins could also
be described as disrupted rather than completely absent. Unusually, the Kv1.1
channel at the juxtaparanode showed no significant disruption or absence
compared to control tissue, which led me to believe that the injury did not
spread that far laterally, or at least not in the acute time-frame studied here. In
the rabbit model of anti-GM1 mediated AMAN, Kv1.1 channel staining was only
affected when the paranodes showed extreme disruption at advanced stages of
injury (Susuki et al., 2007b). Due to the nature of the barrier function of the
axo-glial junction, it is possible that if this is disrupted (which might be
expected from the alteration and loss of Caspr and NFasc 155 staining)
eventually Kv1.1 channels may translocate (Bhat et al., 2001). It is unfortunate
that co-localisation of Kv1.1 channels with paranodal markers is not practical
due to the loss of the latter under these circumstances. The Nav1.6 clusters may
also be affected by a breakdown of the axo-glial junction as shown in mutant
mice (Rasband et al., 1999;Sherman et al., 2005).

A further two proteins were studied at the phrenic nerve NoR. An antibody to

the extracellular domain of the nodal gap transmembrane protein NrCAM
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resembles Nav1.6 staining in control but after injury instead of its absence a
spread of the protein distribution along what looks like the surface of the myelin
sheath occurs. This was also true for the Schwann cell microvilli marker moesin.
While it is unclear what is actually occurring, it is possible that mechanisms
resulting in the loss of cytoskeletal ankyrin G and Nav1.6 do not affect NrCAM
and moesin. However, as the staining is disrupted although present, it is
indicative of a possible disorder to the region as a whole. This disorder is further
represented by the unusual spread of IgG and MAC staining observed at phrenic
nerve NoR. Schwann cell networks of the paranodal region have been associated
with the sequestration of endocytic material (Gatzinsky et al., 1920). Therefore,
this mechanism could play a role in the lateral spread of IgG and MAC reported
in this study as it is unclear whether this is internal or external. This would

require further examination.

In summary, anti-GD1a antibody-mediated complement dependent injury to the
distal axon does indeed appear to be specifically targeted to the NoR rather than
a result of injury to the terminal advancing up the axon. The loss of staining to
nodal proteins is more severe at the nodal gap compared to the paranode, and
the paranode compared to the juxtaparanode suggesting a lateral spread of
disruption. The disruption to the non-axonal glial protein Neurofascin 155 is
indicative of a disorder to the axo-glial junction which could potentially affect
the entire region due to its important function as a barrier. Furthermore, the
staining to extracellular domains of nodal gap proteins after treatment is not
lost but equally does not display a normal staining pattern, which is also

indicative of a general disruption to the area.

7.3 Complement and calpain mediated injury to distal

axons

Complement activation has been associated with AMAN pathology related to
immunohistochemical deposition (Hafer-Macko et al., 1996;Halstead et al.,
2004;Susuki et al., 2007b;van Sorge et al., 2007), electrophysiological
dysfunction (Arasaki et al., 1993;Arasaki et al., 1998;Santoro et al.,

1992;Thomas et al., 1991), and prevention by complement inhibition (Halstead
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et al., 2005;Halstead et al., 2008a;Halstead et al., 2008b;Phongsisay et al.,
2008).

To examine the protection of the nodal proteins and CFP by complement
inhibition, the complement inhibitor Eculizumab was utilised as this mAb has
proven successful in the prevention of mouse nerve terminal injury (Halstead et
al., 2008b). The effect of Eculizumab in this study was similarly successful. CFP
and nodal protein staining was comparable to control tissue, which is indicative
that complement deposition is an integral part of the injury pathway in response
to anti-ganglioside antibody deposition. Testing of Eculizumab in our mouse
model with human NHS is particularly relevant as it is an antibody to human
complement product C5, so although it is tested in mouse, it is preventing the

formation of human MAC.

As MAC pores are non-specific channels for ions and water, an influx of Ca®" ions
into the axon (and potentially the paranodal loops) at the NoR is likely to be
triggered. This in turn could activate calpain, which if at high enough
concentration could overwhelm the ability of the natural inhibitor calpastatin to
prevent indiscriminate degradation of its various substrates such as
neurofilament and ankyrin G, among others. Calpain activity has recently been
identified as a potential mechanism of injury post-complement deposition at the
mouse terminal in a model of GBS (O'Hanlon et al., 2003). Interestingly, in this
study although neurofilament is protected by the calpain inhibitor calpeptin, the
general ultrastructure is still heavily disturbed, which could represent a further
mechanism of injury such as oedema caused by excessive influx of water. Two
ways to examine the involvement of calpain in nodal injury are to measure
calcium influx associated with complement deposition, and the prevention of

protein loss by calpain inhibition.

Calcium influx, as measured by the calcium indicator Rhod 2-AM, occurred in
response to anti-GD1a antibody and complement in PC12 cells, but unfortunately
was difficult to establish in tissue. Consequently, the synthetic calpain inhibitor
AK295 was used to examine the role of calpain in nodal protein loss. At the distal
intramuscular fibre NoR, AK295 did indeed protect Nav1.6, ankyrin G and Caspr
staining to a level comparable to control. However, the protection afforded to

nerve trunk NoR protein staining was noticeably reduced. As IgG and MAC
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deposition were shown to excessively spread outwith the region of the nodal gap
along the myelin sheath, an exacerbated injury could be occurring at this site.
Furthermore, the images of NoR captured in DIC showed a rather swollen,
disrupted phenotype after treatment of the phrenic nerve. These two factors
could suggest a much exaggerated injury that is caused by another mechanism
and unable to be prevented by calpain inhibition as shown for the finer calibre
fibre NoR. In addition, there is no change to NrCAM and moesin ‘spread’ staining
with AK295 treatment, which further signifies the occurrence of another non-
calpain related disturbance in the vicinity. It is unknown whether over time the
axon could recover from this swelling/disruption and AK295 may still be
beneficial, or if this is the critical point of pathology. Furthemore, the more
excessive injury to proximal NoR compared to distal nerve NoR, could perhaps
suggest that the further the damage progresses up the nerve the patient
phenotype will be more severe and it is less likely intervention by calpain

inhibition will be possible.

In conclusion, complement has a critical role in injury to the axon at the NoR
after antibody deposition. Associated injury can be prevented by complement
inhibition. As the attenuation of this pathway has shown positive results in the
control of the disease process in a rabbit model of AMAN (Phongsisay et al.,
2008), this method of intervention has potential for therapeutic management of
disease in patients. Eculizumab is an excellent candidate as it is already known
to be safe as it is used to treat patients with paroxysmal nocturnal
hemoglobinuria where complement destroys the red blood cells resulting in
anaemia (Hillmen et al., 2006). One major caveat of this study is that
Eculizumab is added to NHS prior to addition to the tissue preparation. The
results therefore do not exemplify the efficacy of the drug once injury has
already been induced. It is likely that application of the drug during the course
of injury would reduce the level of damage, and it would be of interest to

investigate this in models in the future.

The results of the calpain inhibition experiments were slightly more ambiguous.
It would appear that there is a discrepancy in protection between distal and
proximal nerve NoR to antibody-mediated injury by the calpain inhibitor AK295.
This could be explained by a divergent mechanism of injury in more proximal

nerves. It is very possible that the phrenic nerve is more susceptible to injury in
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this model as it has been unnaturally desheathed and under normal
circumstances the sheath would provide appropriate protection. The ventral
roots are known to have a more permeable BNB and thus the desheathed phrenic
nerve could possibly reflect injury occurring at the root. It is entirely likely that
calpain degradation of proteins is very destructive to the NoR, but it is probably

not the only factor involved in the general breakdown of the area.

7.4 Fate of the sodium channel at NoR after injury

Sodium channels are essential to transmission of action potentials along the
nerve. Therefore it is important to investigate the fate of this protein in the
present experimental mouse model of AMAN, and whether there is a connection

to conduction failure.

As loss of staining occurs for two antibodies raised against different sites of the
sodium channel a-subunit, it is evident that both regions undergo cleavage by
calpain. This is confirmed by the maintenance of staining at distal nerve NoR by
the calpain inhibitor AK295. As this protection is not as effective at phrenic
nerve NoR, it is likely that an additional mechanism of injury is occurring. This is
further indicated by the lack of change to NrCAM and moesin staining spread

between treated and calpain ‘protected’ tissue.

It is unclear whether sodium channels are essentially still present and merely
missing their cytoplasmic loops, or if they are completely absent in treated
phrenic nerve. The results from distal nerve are very suggestive that the sodium
channel is still present at this location as calpain inhibition maintains the
staining, even though MAC formation and water influx has still occurred. As far
as | am aware this is the first study to demonstrate that Nav channel is a calpain
substrate in ex vivo preparations that are very closely related to a natural
situation. Nav channel has been shown to suffer cleavage due to calpain in in
vitro brain homogenate (von Reyn et al, 2009), but even so only two cleavage
sites were demonstrated which does not quite correspond to the present results
where at least one other cleavage site in the third loop is likely to occur. It is

unfortunate that Western blots representing cleavage fragments could not be
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achieved in the present study, but perhaps the method could be improved upon

in the future.

Electrophysiological analysis of nerve conduction showed a loss in conduction
that was not prevented by AK295. It is of my opinion that there is a general
disturbance to the area that quite possibly includes the break-down of the axo-
glial junction and thus interferes with conduction by this route. Perineural
recordings of the distal intramuscular bundles have been performed (described
in detail in Appendix 1) and have shown a loss of sodium current in response to
antibody and complement treatment at this region. Therefore in the future,
performing these perineural recordings in the presence of AK295 may be very
informative as to the potentially differing mechanisms between distal and

proximal nerve injury and associated loss/protection of conduction.

The discrepancy between sensory and motor nerve Nav channel loss is akin to
the scenario in AMAN where only motor axons are targeted. It has been well
documented that ganglioside conformation in the membrane can play a role in
antibody affinity and that different antibodies to seemingly the same ganglioside
possess different binding properties (Gong et al., 2002;Lopez et al.,
2008;0gawa-Goto et al., 1990). It is possible that the particular anti-GD1a
antibody used in this study displays a differential binding pattern in sensory
compared to motor nerve and thus the pattern of injury is less severe initially in

sural nerve.

To summarise these results, it has still not fully been elucidated what
mechanisms are occurring to cause loss of Nav channel staining and conduction.
The results are indicative that Nav channel undergoes calpain mediated
proteolysis, which is probably the main or exclusive mechanism of disruption to
staining at the distal NoR. At proximal nerve NoR, an ionic imbalance and axo-
glial disorganisation are possible alternative routes of disruption to the region
and its effects to staining and conduction cannot be readily resolved by calpain
inhibition. Whether the transmembrane portion of the channel and its

extracellular regions are still intact and/or functional is yet to be determined.
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7.5 Future directions

There are several aspects of this work that would be interesting to develop in
the future. The suggestions proposed in the previous text will be expanded

upon, before exploring other potential directions.

1. A more extensive study of GD1a localisation. This should involve the co-
localisation of GD1a antibody with several proteins in the nodal region in
distal and proximal axons of the periphery. Also a more detailed
exploration of differential anti-GD1a antibody binding between sensory
and motor nerve would be useful to establish the source of diverse
susceptibility of the two populations. An alternative more sensitive
method to investigate specific ultrastructural GD1a localisation would be
to use immunoelectron microscopy. It may be beneficial to investigate
human tissue and if possible other anti-GD1a antibodies/toxins to
establish how similar the binding in this study is to natural expression.
Additionally, the treatment of various tissues with patient sera could
more clearly demonstrate the binding patterns and effects of actual

disease causing antibodies.

The alteration of the anti-GD1a antibody distribution in response to injury
should also be further investigated. As this change is reflected by MAC
deposition, it has been suggested that membrane shedding/vesiculation
has a role to play in this process. It would therefore be convenient to
investigate this further by utilising a recently developed transgenic mouse
that only expresses gangliosides on the Thy1 promoter in the complex
ganglioside null GalNACT~ mouse strain. Not only would this establish
definitively that GD1a is expressed axonally, but if it is found anywhere
other than this location in this transgenic mouse, there is a mechanism of
transferral of gangliosides occurring. This will be very enlightening to our
understanding of the disease process. Some caution would be necessary
though in interpreting the results as expression will only occur where the
Thy1 promoter is active and this could lead to ectopic expression of GD1a

that does not resemble natural circumstances.
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Another avenue for investigation, is determining the exact difference
between GM1 and GD1a deposition at the NoR. The disruption to the
various nodal proteins may differ in response to an anti-GD1a and anti-
GM1 antibody mediated injury which could correlate to differences in
binding location around the region of the NoR. This may account for

subtle phenotypic differences between AMAN patients.

2. Nav channel presence and function. To ascertain whether sodium
channel is still intact, aside from the cytoplasmic loops after injury,
better antibodies to the extracellular domains are required. Alternatively
the primary labelling of a toxin may be more successful. This may also be
true of the method used by von Reyn et al (2009) to label membranes.
Futhermore, the development of the Western blot to study fragmentation
would be valuable. Nav channel, and even more specifically the Nav1.6
channel isoform, cleavage by calpain have never been demonstrated in
vivo and therefore to provide this information ex vivo would be a step
forward. Demonstration of cleavage in Western blot, protection by calpain
inhibition and labelling of the intact remnants of channel would
unequivocally prove that cleavage of the cytoplasmic loops is indeed
occurring. Once this is established the results of the functional studies
can be better evaluated. It may be easier to begin this line of
investigation by cloning the Nav1.6 channel isoform into a ganglioside
expressing cell line and determining the effect of anti-GD1a antibody and

complement on channel cleavage at this level.

As alluded to above, perineural recordings would be indicative of what
mechanisms are occurring at the distal intramuscular nerve bundle during
injury. Appendix 1 details the specifics, but briefly, Na" currents were
reduced or absent in small and medium branches in response to antibody
and complement treatment. If AK295 were applied to this system it would
determine whether this calpain inhibitor could benefit the function of
nerves attacked by complement. This would indicate the inhibitors

relevance in a clinical setting.

3. Process of injury over time. A more detailed investigation into the

sequential loss of nodal proteins may elucidate if there is a lateral spread
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of injury, or a general concurrent disruption at both the nodal gap and
paranode/axo-glial junction. This could be achieved by studying the level
of staining loss of all nodal markers at several time-points preceding the
standard 3h NHS incubation, and subsequent to this time-point. If the axo-
glial junction is indeed dismantled by the action of complement and
calpain, this could be investigated by the progressive availablility and
staining of a protein that is masked under normal circumstances. For
example, neurofascin 155 cannot be identified when antibody is applied
directly to nerve without permeabilisation. However, if staining started to
materialise after treatment it may be suggestive that the paranodal loops
are becoming separated from the membrane. This is possible as this
phenomenon has been shown ultrastructurally at ventral roots of the anti-
GM1 mediated AMAN rabbit model (Susuki et al., 2007b).

Western blotting for fragment products of other nodal products could also
enhance the model. Particularly, there is an antibody against the
extracellular NF186 isoform and a pan antibody to both isoforms (Tait et
al., 2000) that could be used to discriminate between cleavage or
disruption of membrane. If the axonal portions of proteins are cleaved,
the anti-NF186 antibody should detect a protein of a lower molecular
weight than usual as the cytoplasmic tail will have been clipped.
However, although NF155 staining is disrupted, there potentially should

be no change to it molecular weight as it is not exposed to calpain.

4. Separation of calpain and oedema related pathological processes. As it
is possible that there are at least two injury mechanisms taking place in
the phrenic nerve, it would be of great relevance to try and establish if
they are equally detrimental. | propose that the two processes are calpain
mediated cleavage of proteins, and MAC related influx of water resulting
in an osmotic and ionic imbalance. To study the effect on conduction of
excessive Ca*" influx exclusively, the Ca*" ion specific channel formed by
ionomycin could be used to interpret what changes occur in response to
calpain activation alone. Alternatively, proteolytic enzymes could be
injected intraneurally and the response compared to that of suspected
calpain cleavage. The increased influx of sodium ions, through the MAC

pores in this study, could also play a role in injury as has been suggested
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by previous authors in models of ischemia and EAN (Bechtold et al.
2005;Kapoor et al. 2003;Stys et al., 1992;Waxman et al. 1994). In these
studies it has been shown that Nav channel blocking agents prevent
axonal degradation. The suggested mechanism is that Nav channels are
not fully inactivated, which leads to an influx of Na* and therefore Ca**
due to the reverse operation of the Na*-Ca’" exchanger. This potential
mechanism could be further investigated by excluding Na" influx from the
incubation medium, or by applying TTX. It is very possible that this
mechanism does not have as prominent a role in the injury discussed in
the present investigation as MAC pores alone allow the excessive

movement and accumulation of unwanted ions.

5. In vivo experiments and clinical relevance. An in vivo model of the anti-
GD1a antibody-mediated complement-dependent loss of nodal proteins is
the next stage necessary to ensure the model translates to a real system.
The attempts so far to create a mouse model are documented in Appendix
2. Previously a mouse model of AMAN was achieved only in a
GD3s/CD59/DAF triple knock-out mouse. This is presumably due to the
reduction in inhibition of MAC deposition due to absence of complement
regulators causing an increased level of injury, as has been described
before (Halstead et al., 2004). Alternatively, in a mouse model of EAN,
CD59 inhibitor expression was shown to be increased (Vedeler et al.
1999), and perhaps as this is not possible in CD59”" mice, injury is
exacerbated. However, it is still a controversial issue whether mouse
inhibitors can control human complement products. Furthermore, the
expression of endogenous complement inhibitors is unclear, although
recently CD59 was reported at the mouse NoR (Willison et al., 2008). It
would be of interest to further elucidate the expression of complement
inhibitors as this may be key to understanding the injury process. For
instance, perhaps there is a higher expression at distal NoR compared to
proximal sites and this alters susceptibility. Perhaps the sheath would
normally offer the highest level of protection but when it is removed, the
axons are more vulnerable. It is possible that this situation is similar to
ventral roots that have a decreased level of protection by the BNB, and

have been found to undergo injury in models of GBS. It would ultimately
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be preferable if an in vivo model could be developed in the GD3s”’" mouse
without further manipulations to the complement inhibitors whose roles
are not fully understood in this particular system. Another issue
concerning the possible development of an in vivo mouse model, is the
initial damage to nerve terminal. When this occurs, the diaphragm loses
its innervation and thus the mouse will struggle to breathe and develop
what can be described as a ‘wasp-like abdomen’. At this point the
experiment must be terminated, but a great enough time may not have
passed for the injury to progress to the NoR. This could possibly be
overcome by the artificial ventilation of the mouse under terminal
anaesthesia to prolong the experimental time without unnecessary
suffering. The technique of intubating a mouse has already been
developed to study the injury to the sternomastoid muscle of the neck

(Feng et al., 2000), so should be easily transferred to this model.

If an in vivo model were developed where loss of staining was similar to
that witnessed in ex vivo preparations, AK295 protection and efficacy
could also be studied. One major concern of using a calpain inhibitor in
vivo is the potential detrimental effect of preventing calpain activity in
its normal signalling roles. However, prolonged intramuscular injection of
leupeptin to inhibit calpain activity in monkeys appeared to have no
adverse effects (Badalamente et al., 1989). Furthermore, an AK295

implant showed no undesirable side-effects in mice (Wang et al., 2004).

The clinical relevance of Eculizumab is not fully realised in the present
study as this complement inhibitor is added prior to complement related
damage. Therefore | think it would be helpful to assess the protective
effects of this drug after the commencement of injury. It could well be
the case that in patients it would only prevent the damage to NoR yet to
be injured and thus the proposed model may not illustrate this protection.
However, it may also prevent MAC deposition from reaching the threshold
where it overwhelms the self-protective mechanisms and therefore there

may be a noticeable alteration in susceptibility.

Finally, an in vivo model may overcome the problems encountered in

acquiring quality examples of ultrastructural alterations after treatment.
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This was unsuccessful in ex vivo nerve due to the extended length of time

between removal from the body and fixation.

6. Correlation to real-life scenario. Although much work to progress the
understanding of GBS has been provided by mouse models exhibiting
nerve terminal damage (Willison & Plomp 2008), this is not a recognised
site of pathology in patients. It is possible that there is such a great deal
of turnover of molecules at the nerve terminal due to neurotransmission,
that the antibody binding to gangliosides can never accumulate to a high
enough level to be pathogenic. The endocytosis and cycling of
gangliosides is currently under investigation in this lab. However, the
membrane cycling at NoR is less likely to be so fluid and thus it is an
important step forward to begin elucidating the injury process at this sub-
domain of the nerve. Autopsy tissue from fatal cases have shown
degeneration and complement deposition at ventral root NoR (Griffin et
al., 1996b;Hafer-Macko et al., 1996), and perhaps it would be beneficial
to study this area in parallel to other regions of nerve such as the

terminal and the distal nerve that are often omitted from analysis.

In conclusion, there are many experiments to be considered that could advance
the results presented in this study. This acute ex vivo mouse model of AMAN
represents the starting point from which the disruption observed by Susuki et al
(2007) in the rabbit begins, and thus these studies together could provide a solid
basis for the establishment of the disease processes occurring in human AMAN.
The proposed mechanism of injury based upon the results of this research is

depicted in Figure 7.1.
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Figure 7.1: Schematic of suggested nodal injury mechanisms in response to anti-GD1a
antibody and complement in the mouse nerve. The left hemi-node represents normal and
inhibitor protected NoR, while the right hemi-node exemplifies damage. Red crosses
through arrows represent prevention of disruption by complement and calpain inhibitors
Eculizumab and AK295.



186
Appendix 1
Perineural Recordings
Introduction

In this study much of the analysis of nodal disruption was performed in
intramuscular nerve bundles. Consequently, it was preferable that conduction
studies were performed at this region to ascertain what the functional effect of
immunostaining loss of many nodal proteins might be. Due to the damage at the
nerve terminal and the fine calibre of distal axons, the action potential along
these axons cannot be easily measured. Therefore the most appropriate
electrophysiological recordings to investigate sodium ion movement at NoR of
the distal axons are perineural recordings. These recordings can be used to
measure the flow of currents within the perineurium of a nerve bundle as
opposed to impaling and recording action potentials from individual axons.
Unfortunately, it was not possible to learn this difficult technique in the
available time-frame and thus | opted to measure conduction in nerve trunks by
way of extracellular recordings, as discussed. However, latterly, it seemed
rather important to acquire this information at the distal axons and
consequently we enlisted the help of Dr Edward Rowan who performed the

following experiments.

The TS muscle was dissected and the nerves isolated for stimulation. After
incubation with antibody and complement as per previously described
experimental procedures, recordings were made from terminals, small nerve
bundles and large bundles. Representative traces for each bundle category from
control and treated tissue are depicted in 2A. Quantification of currents were
not performed as experimental variability of peak values did not make this

feasible.

Results and Discussion

At all sites recorded in control tissue, there was a biphasic trace signifying the

flow of a sodium and a potassium ion current. In treated tissue, the initial peak

that signifies sodium current was completely ablated in small branches and
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appeared of a lesser scale in larger bundles. The second peak that represents
potassium ion current at the terminal was absent at all bundle categories. This
terminal injury is confirmed by the ablation of MEPPs in treated muscle. The
exclusive attenuation of the potassium current and not the sodium current by
the terminal specific toxin a-LTx (Mallart & Haimann 1985), illustrates that the
loss of the sodium current in this report is not an effect of terminal injury. These
results are suggestive that the loss of immunostaining to Nav1.6 channel at distal
NoR correlates well with loss of function. It is now imperative to determine
whether this function can be protected by AK295 treatment. If this is the case,
not only does this suggest AK295 could be of use clinically, but also that there is

indeed another mechanism of injury occurring at proximal NoR as suspected.
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Figure A1: Perineural recordings from mouse intramuscular nerve bundles. Representative
traces from large bundles (A), small bundles (B) and nerve terminals (C) are shown for
control (left panel) and treated (right panel) intramuscular bundles of the mouse TS muscle.
The solid arrow represents the sodium current and the broken arrow the potassium current.
Both are present at all bundle categories in control tissue while only the sodium current can
be detected in large bundles of treated tissue.
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Appendix 2
In vivo mouse model

The established rabbit model of AMAN has been very informative regarding the
progress in understanding the pathogenesis of this disease. However, issues with
mouse tolerance to antibodies (see section 1.5.2.1) and lack of complement
activation (Willison et al., 2008) have interfered with the development of a
suitable mouse model. Genetic modifications have helped to overcome some of

these issues.

In a previous unpublished study, a mouse lacking the CD59 and DAF complement
regulators and over-expressing a-series gangliosides was used to create a
successful disease phenotype in response to anti-GD1a antibody. The ability of
mouse complement inhibitors to act on human complement is controversial and

thus | sought to develop a model in the GD3s”~ mouse alone.

Several injection protocols were piloted but none were successful (an example
of some results are shown in Figure 2A). Complement injections were increased
from 500pl to 1ml, and the agent hyaluronidase was added to improve dispersion
of complement. A plethysmograph is an instrument for detecting changes in the
breathing of an animal. As the diaphragm is the site of most obvious damage due
to i.p. complement injection, it was hoped that whole-body plethysmography
could be carried out to acquire a functional read-out of the damage done to the
diaphragm and its effect on respiration. Unfortunately, when large volumes are
injected into the peritoneum, this factor alone can have a detrimental effect on
breathing. Motor functional tests such as rotarod seemed inappropriate as
although antibody deposition can occur at leg muscles, complement is not
activated at this location. Therefore it is the inability of the mouse to breathe
rather than paralysis of the muscles that would affect performance. In the

future | propose the following amendments to the current protocol:

e use of small (4 weeks of age), female mice
¢ multiple injections of complement over several days

¢ increased antibody concentration



rather than performing behavioural tests, measure complement

deposition at soleus muscle to ensure no effect on limb muscles
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Figure A2 (previous page): In vivo IgG and MAC deposition at NMJ. A) Boxplots
representing IgG (left) and MAC (right) deposition at NMJ of control and antibody treated
mouse diaphragm and soleus muscle. IgG deposition was present at diaphragm of both
treated animals (Ab1, Ab2), but only in the soleus of one (Ab1). MAC was present at the
diaphragm of Ab1, unfortunately this did not coincide with Nav channel staining loss (data
not shown). Examples of IgG and CFP at control (B) and treated (C) distal axons. Scale bar=
20pm.
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