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Abstract

The central nervous system (CNS) is composed of the brain, optic nerve and spinal cord and
IS responsible for most of the body’s functions and processing external environmental
information. Damage to the CNS can develop in different pathological conditions ranging
from infection, traumatic injury of the spinal cord (SCI), traumatic brain injury (TBI), and
degenerative disorders such as multiple sclerosis (MS). Neural degeneration and
demyelination of axons are hallmarks of CNS injury. Demyelination in the CNS occurs due
to a variety of pathophysiological conditions, therefore, any repair strategies for
demyelination must consider multifactorial pathways including promotion of axonal

outgrowth, and remyelination.

Previously, we have demonstrated that low sulphated modified heparin mimetics (LS-
mHeps) enhance neurite outgrowth and myelination in vitro. Heparin mimetics (mHeps) are
a class of glycomolecules with structural similarities to resident heparan sulphates (HS) and
are made up of repeating disaccharide units with variable sulphation groups. They are
thought to modulate cell signalling by both sequestering ligands and acting as a cofactor in
the formation of ligand-receptor complexes. Thus, LS-mHeps have the capacity to represent
novel candidates as therapeutics for CNS damage. However, a major hurdle for CNS
therapeutics is for molecules and compounds to cross the blood brain barrier (BBB). Large
molecular weight is known to prevent molecules crossing the BBB; therefore, we have

developed a low molecular weight form of our lead compound LS-mHep7.

This thesis aimed to validate the ability of this low molecular weight form (LS-mHep7L) to
maintain the ability to enhance repair in several CNS injury models including in vitro
myelinating cultures, during both myelin development (MC-Dev) and demyelination (MC-
DeMy), and astrocyte injury assays. Additionally, this thesis aimed to optimise an ex vivo
slice culture model to further validate LS-mHeps and found that spinal cords from C57BL/6

P1 mice produced healthy myelinating axons for remyelination studies.

It was found that LS-mHep7L enhanced neurite outgrowth in vitro and remyelination both
in vitro and ex vivo. LS-mHep7L was found to sequester CCL5 — a negative regulator of
myelination both in vitro and ex vivo, and restored CCL5 induced hypomyelination in
developing cultures. LS-mHeps also reduced signs of reactive astrocytes with a decrease in

nestin expression and appeared to enhance gap closure in the injury model.



Finally, we investigated the use of recombinant heparin mimetics (rHS) as an alternative
source for heparin derived therapeutics. Currently 80% of the world’s heparin supply is
sourced from China from porcine intestines and having such a reliance on a specific animal
source for any new therapeutic comes with an elevated risk. Here we demonstrated that low
sulphated recombinant heparan sulphate (rHS10) enhance remyelination in MC-DeMy and

SC-DeMy, while rHS09 enhance neurite outgrowth in MC-Inj.

In summary, the results of this thesis demonstrated that low sulphated heparin mimetics have
the potential to become novel therapeutics for remyelination and neurite outgrowth for
diseases and injury of the CNS. Additionally, low molecular weight LS-mHeps show the
same bioactivity as the high molecular weight form, by demonstrating neurite outgrowth in
vitro, enhanced remyelination and sequestration of negative regulators of repair both in vitro

and ex vivo cultures.
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1.1 An introduction to the central nervous system
The central nervous system (CNS) is composed of the brain, optic nerve and spinal cord and

is responsible for most of the body’s functions and processing external environmental
information. The brain alone is responsible for many important functions such as movement,
thinking, speech, and the 5 senses of seeing, hearing, feeling, tasting, and smelling. The CNS
is a complex cellular environment made up of several cell types, and in humans it is
estimated that the adult brain alone contains around 86 billion neurons
(Azevedo et al., 2009). Along with neuronal cells the CNS contains neuroglia cells — derived
from the Greek ‘glia’ meaning glue — and consist of, astrocytes, microglia, ependymal cells,

and oligodendrocytes.

1.1.1 Astrocytes
The word ‘astrocyte’ is derived from the Greek word ‘astron’ — meaning star — giving this

cell its characteristic ‘star’ stellate shape with multiple processes. Astrocytes are the most
abundant cell type in the CNS accounting for 19-40% of glial cells (Pelvig et al., 2008) and
have multiple homeostatic functions including regulating neuronal circuitry function (Haim
and Rowitch, 2017), supporting myelination (Traiffort et al., 2020) and secreting many
factors important in energy metabolism (Kiray et al., 2016). They are best known however
for their role in the formation and maintenance of the blood brain barrier (BBB) (Abbot et
al., 2006), a tightly regulated interface in the CNS that regulates the exchange of molecules
in and out of the brain. Some neurological disorders such as brain trauma, multiple sclerosis,
Alzheimer’s, and Parkinson’s diseases, show a disruption of the BBB (Bronsan & Raine,
2013; Al-Bachari et al., 2020; Zlokovik, 2011), with an increase in the permeability of the
barrier and phenotypical changes in the astrocytes indicative of their activation. The
activation of astrocytes is characterized by cellular hypertrophy, elevated expression of
intermediate filament (glial fibrillary acidic protein (GFAP), vimentin, nestin) and
hypertrophic morphology characterized by enlargement of the cell soma and cellular
processes (Pekny and Nilsson, 2005). Following injury to the CNS astrocytes become
activated and depending on the reactive phenotype induced can aid or impede repair
(Sofroniew and Vinters, 2010).

After CNS injury, a series of stress responses induce astrocyte activation. Reactive astrocytes
combined with extracellular matrix (ECM) components form a glial scar at the lesion site,
which walls off the injured region from neighbouring healthy tissue. Mild to moderate

astrogliosis is believed to protect CNS cells and tissue by uptake of potentially excitotoxic
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glutamate, protects from oxidative stress, facilitates the blood—brain barrier repair and limits
the spread of inflammatory cells or infectious agents from areas of damage or disease into
healthy CNS tissue (Iglesias et al., 2017). However, as a physical and molecular barrier,
glial scar can impede functional recovery in the late period of CNS injury, by preventing
neurite outgrowth. Following trauma to the CNS, axons begin to sprout and attempt to extend
across the injury site in order to repair the damaged regions. However, the scar prevents
axonal extensions via physical and chemical means (Bradbury et al., 2002; McKeon et al.,
1991). Thus, inhibiting glial scar formation in the chronic stage after CNS injury may be a

promising target to improve outcomes.

-

Astrocytes

Figure 1.1 |Cell types of the central nervous system. The CNS compromises
predominantly contains astrocytes that maintain the blood brain barrier and secrete
important trophic factors, microglia the immune cell of the CNS, and oligodendrocytes that
produce and maintain myelin sheaths on myelinated axons.

1.1.2 Microglia
The resident immune cell of the CNS is the microglia, which under normal conditions

actively survey the local environment in a ‘resting’ phenotype (Nimmerjahn et al., 2005),

continually patrolling the cerebral microenvironment for pathogens and damage. These
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include damage-associated molecular patterns (DAMPs) (Edye et al., 2013), pathogen-
associated molecular patterns (PAMPs) (Esen and Kielian 2006), cytokines and
chemokines. Derived from, erythromyeloid precursors in the extra-embryonic yolk sac,
these tissue-resident macrophages occupy the brain in early embryonic development and
remain there throughout adulthood (Kierdorf et al., 2013; Ginhoux et al., 2010). Microglia
have been suggested to function in synaptic maturation and maintenance dictating neural
progenitor fate decisions (Wake et al., 2009), clearance of cellular debris (Hertzog et al.,
2019), synaptic pruning (Paolicelli et al., 2011), and have shown to phagocytose excess
myelin produced during myelination (Hughes and Appel, 2020). To perform these
functions, microglia express Fc receptors, Toll-like receptors (TLRs), viral receptors, and
antimicrobial peptides (Hickman et al., 2013). Dysregulation of any of these microglia
functions can result in an imbalance that initiates or propagates neurodegeneration including
disorders such as multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS) and spinal
cord injury (SCI) (Frakes et al., 2014; Kigerl et al., 2009). Variants of the microglia gene
TREMZ2 increases the risk for late-onset Alzheimer’s disease (AD) by two to three times in
several European and North American populations (Jonsson et al., 2013; Song et al., 2017;
Cuyvers et al., 2014). TREMZ2 variants associated with AD induce partial loss of function
of the TREM2 protein and alter the behaviour of microglial cells, including their response
to amyloid plaques (Frank et al., 2008. Microglia can also contribute positively to repair
and regeneration of the CNS. Pro-repair microglia have been identified and secrete pro-
repair factors after injury, such as activin-A expressed by ‘M2’ microglia. This secretion of
pro-repair factors promoted Oligodendrocyte precursor cell (OPC) differentiation and

remyelination (Miron et al., 2013).

1.1.3 Oligodendrocytes
The cellular function of the oligodendrocyte is to form compact myelin sheaths around axons,

thereby enabling fast saltatory conduction - pivotal to efficient neuronal function (Hartline
and Colman, 2007). In the spinal cord, most oligodendrocytes derive from a specialized
domain of the ventral portion of the neural tube, which first gives rise to motor neuron
precursors and then undergo a gliogenic switch to oligodendrocyte precursor cells (OPCs)
(Lu et al., 2002). These cells migrate around the spinal cord as OPCs and then mature into
myelin producing oligodendrocytes. Additionally, a population of OPCs arise from the
dorsal spinal cord, contributing to 10-15% of the final oligodendrocyte population (Cai et
al., 2005). In the brain however, the rise of OPCs begins with a wave of cells from the medial
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ganglionic eminence and anterior entopeduncular area of the ventral forebrain where they
populate the embryonic telencephalon. A second distribution of OPCs begins with the
population of cells derived from the lateral ganglionic eminences. Finally, a third wave of
OPCs arises within the postnatal cortex (Kasseris et al., 2006). OPCs proliferate and
differentiate into mature oligodendrocytes depending on environmental queues (Emery,
2010). OPCs differentiate into oligodendrocytes not only during the development of the CNS
but also in cases of pathological demyelination in the mature CNS (Boulanger et al., 2010).
Since oligodendrocytes play a crucial role in demyelinating diseases, such as multiple
sclerosis, the study of oligodendrocytes and their differentiation mechanisms is essential for

the development of novel therapies.

Intraperiod line

“Majordenséiline

Intraperiod line

Major dense line

Figure 1.2 | Schematic of the myelin sheath. The myelin sheath forms from flattened
cytoplasmic processes from the oligodendrocyte that are elaborated around the axon, which
then compact their cytoplasmic content except for small pockets at the periphery of the
membrane, which can appear as the inner loop (IL) immediately adjacent to the axon and
the outer loop (OL) at the outer edge of the membrane. The major dense line represents the
compacted cytoplasm. The intraperiod line is formed by close apposition of the membrane
layers. microtubules (*), and neurofilaments (1) TEM image adapted from Edgar et al., 2020.

As discussed previously the principal role of oligodendrocytes is to produce myelin which
ensheath the axons of neurons. Oligodendrocytes deposit myelin in a spiralling pattern
around the axon, which generates two morphological features of the myelin sheath, that is,
alternating electron-dense and -light layers, termed the “major dense line” and the
“intraperiod line,” respectively. The major dense line is formed when the cytoplasm within

the myelin process is lost, and the opposing plasma membranes come together. While the
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myelin is being further wrapped around, the outer faces of the plasma membrane oppose
each other to form the intraperiod line. Myelin is a lipid-rich membrane that consists of
approximately 70% lipid and 30% protein (Norton and Cammer, 1984). Myelin does not
cover the axon fully, and instead there are intermittent gaps in the myelin where the axon is
exposed to extracellular fluid — named the nodes of Ranvier (Ranvier, 1871). These gaps
leave the axolemma exposed to extracellular fluid, including sodium ions which influx
through voltage-gated sodium channels to potentiate action potentials (Mueller, 1958).
Thus, myelin can reduce the energy load required and increase the speed of AP conduction.
Myelination had a profound impact on vertebrate evolution with the myelin sheath allowing
axons to function over much greater lengths, and in turn, allowing vertebrates to attain a
larger size and diversity (Zalc and Colman, 2000). It has allowed rapid conduction of axon
potentials without needing to increase axonal diameter, enabling the packing of larger

numbers of axons necessary for the evolution of a complex central nervous system.

The importance of myelination in the vertebrate CNS is epitomised by dysmyelination
disorders. Dysmyelination describes an inborn error of metabolism affecting myelinogenesis
that causes it to be abnormal, arrested, or delayed. Such disorders include metachromatic
leukodystrophy, Krabbe’s disease, Zellweger disease and adrenoleukodystrophy (Van
Rappart et al., 2015; Mytake & Suzuki 1972; Klouwer et al., 2015; O’Neil and Moser,
1981). Krabbe’s disease for example, is caused by a deficiency of the acid hydrolase
galactosylceramidase (GalC) which is responsible for the degradation of
galactosylceramides and sphingolipids. Both galactosylceramides and sphingolipids are
abundant in myelin membranes and the absence of GALC leads to the toxic accumulation
of galactosylsphingosine in oligodendrocytes (Mytake & Suzuki, 1972). This ultimately
leads to demyelination of the CNS. Children with an infantile onset generally appear normal
at birth but begin to miss developmental milestones by six months of age and die by two to

four years of age.

1.2 Damage to the central nervous system
Damage to the CNS can develop in different pathological conditions ranging from infection,

traumatic injury of the spinal cord (SCI), traumatic brain injury (TBI), idiopathic
degeneration, and degenerative disorders such as Alzheimer’s disease (AD), multiple
sclerosis (MS) and amyotrophic lateral sclerosis (ALS). Damage to the CNS is generally
considered to be irreversible, mainly because the injured axons cannot be effectively
regenerated. Regeneration of the adult mammalian CNS is weak, mostly attributed to the
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poor regenerative microenvironment the injured neuronal axons inhabit (Fawcett and Asher,
1999).

1.2.1 Demyelination of the CNS
Demyelination is the destruction of formally healthy myelin sheaths opposed to

dysmyelination, referring to the malformed and defective myelin sheath. Demyelinating
diseases of the CNS can be classified according to their pathogenesis into several categories:
demyelination due to inflammatory processes, viral demyelination, demyelination caused by
acquired metabolic derangements, hypoxic—ischaemic forms of demyelination and

demyelination caused by focal compression (Love et al., 2005).

The principal viral demyelinating disease in humans is progressive multifocal
leucoencephalopathy (PML) caused by the papovavirus, JC virus or John Cunningham virus.
JC virus leads to demyelination by establishing a lytic infection of the oligodendrocytes.
Approximately 50% of adolescents and 75% of adults have serological evidence of JC virus
infection, but it is usually asymptomatic. The JC virus is harmless except in cases of
weakened immune systems. In general, PML has a mortality rate of 30-50% in the first few
months, and those who survive can be left with varying degrees of neurological disabilities
(Ferenczy et al., 2012).

Acquired metabolic demyelination includes osmotic demyelination syndrome (ODS), also
known as central pontine myelinolysis (CPM), which is found to occur after the rapid
correction of severe hyponatremia (Kleinschmidt-DeMasters and Norenberg, 1981). ODS
occurs due to plasma osmotic changes and was first described in 1959 with “pontine
myelinolysis” in alcoholic patients and is associated with chronic illness, alcoholism, and
electrolyte derangements (Adams et al., 1959). ODS is an uncommon neurological disorder
characterized by damage of the myelin sheath due to rapid plasma osmotic shifts (Singh et
al., 2014). The pons is principally affected, but in severe cases demyelinated lesions have
been found in the corpus striatum, in the thalamus, and at the junction of the grey and white
matter in the cerebrum and the cerebellum (Kallakatta et al., 2011). The intense osmotic
stress sustained by brain cells is believed to be the major risk factor for demyelination
resulting from astrocyte and oligodendrocyte loss, microglial activation, infiltration of
myelin-degrading macrophages, BBB disruption and later myelin damage (Gankam et al.,
2017).

Hypoxic—ischaemic forms of demyelination occur in some circumstances where the
oligodendrocytes bear the brunt of the damage after hypoxia or ischaemia in the brain. This

however is rare but can occur with exposure to carbon monoxide which causes hypoxaemia
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(Lv et al., 2021), cardiac arrest (Alturkustani et al., 2016), asphyxia or depression of

cardiorespiratory function.

1.2.2 Failure to remyelinate
Remyelination in the CNS is the process in which entire myelin sheaths are restored to

demyelinated axons (Smith et al., 1979). It is mediated by OPCs, which are widely
distributed throughout the adult CNS. There are two main phases of remyelination, the
recruitment phase where OPCs are activated by pro-migratory factors and migrate into the
demyelinated lesion (de Castro et al., 2013), followed by the differentiation phase where
OPCs differentiate into mature myelinating oligodendrocytes (Kotter et al., 2011). However,
despite its efficiency in experimental models and in some clinical diseases, remyelination is
often inadequate in demyelinating diseases such as multiple sclerosis, producing thinner and
shorter myelin (Ludwin, 1984) as identified in the post- mortems of MS patients (Perier
and Gregoire, 1965; Albert et al., 2007). This leads to the longstanding hypothesis that
impaired differentiation of OPCs into mature myelinating cells results in this inefficient
remyelination. However, recent studies have revealed a second mode of remyelination in
which mature oligodendrocytes surviving within an area of demyelination are able to

regenerate new myelin sheaths (Duncan et al., 2018).

The absence or reduction of trophic factors essential for OPC survival, proliferation, and
differentiation can compromise remyelination. Trophic factors, including insulin-like
growth factor 1 (IGF-1) and brain-derived neurotrophic factor (BDNF), provide critical
support for OPCs during remyelination (Van't Veer et al., 2009; Kihl et al., 2002) .
Insufficient levels or impaired signalling of these factors can hinder the regenerative process
(Rajendran et al., 2021).

The microenvironment following injury in the CNS may also contribute to inefficient
remyelination; therefore, appropriate restoration of tissue homeostasis is also a critical
component for remyelination to occur. Following injury of the myelin sheath, myelin debris
can be found due to demyelination. Phagocytosis of myelin debris in the MS brain is
essential for the initiation of neuro-repair as myelin debris inhibits OPC differentiation and
therefore remyelination (Kotter et al., 2006). Microglia play a key role in the clearance of
myelin debris (Voet et al., 2019). Their ability to detect and respond to demyelination cues,
transition between phenotypic states (Miron et al., 2013), and participate in phagocytosis
(Fu et al., 2014) and trophic factor release make them essential for promoting the
regenerative potential of the CNS. It has been suggested that the initiation of remyelination
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requires the establishment of microglia to move from a pro-inflammatory state (iNOS+
TNFa+ CCL2+) to a pro-regenerative microglia state (Arg-1+ CD206+ IGF-1+) (Miron et
al., 2013). Itis also proposed that dysregulation of microglia repopulation or the impairment
of microglia death may contribute to the failure of the CNS to regenerate in demyelinating
diseases (Lloyd et al., 2019).
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Figure 1.3 |Schematic of remyelination in the CNS. When the myelin sheath is damaged
due to injury, clearance of myelin debris by microglia occurs. Secreted factors promote OPC
differentiation and maturation into mature myelinating oligodendrocytes that remyelinate
the axon.

1.2.3 Multiple sclerosis
The most common demyelinating disease is multiple sclerosis (MS). MS is an inflammatory

demyelinating disease of the CNS whereby the myelin sheath is focally degraded leading to
perturbed neuronal signalling, axonal degeneration, and neuronal cell death (Lassman et al.,
2007). The annual worldwide prevalence of MS is 30 per 100,000 people however, it is
worth noting that this ranges greatly (5-80 per 100,000) between different regions (World
Health Organization (WHOQO) and Multiple Sclerosis International Federation, 2008).
It’s estimated that 130,000 people in the UK have MS with around 130 more people a week

being diagnosed. So far, it is still unclear about the precise nature of MS aetiology.
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The traditional view is that MS is an autoimmune disorder of the CNS. This mechanism
involves autoreactive immune cells that infiltrate the CNS, resulting in inflammatory
demyelination episodes. The self-antigen or trigger is not known, although a variety of
myelin self-antigens recognized by the immune system have been identified in MS patients.
Viral infections have been implicated as potential triggers by breaking the self-tolerance for
instance through mechanisms of molecular mimicry (Fujinami and Oldstone, 1985).
Epstein Barr virus (EBV) has long been motioned to be linked to MS development with a
recent study by Bjornevik et al., 2022, considerably strengthening the theory. The study
demonstrated that in a cohort of more than 10 million young adults on active duty in the U.S.
military, those who were infected with EBV during their period of service had a 32-fold
increased risk of developing MS. Although the exact mechanism behind ‘virus induced
triggers’ is yet to be elucidated, the capacity of viral proteins to activate MOG-specific B-
lymphocytes has been demonstrated (Sanderson et al., 2017).

A genetic pre-disposition to MS has been proposed, however the consensus is that MS is
considered as a complex polygenetic disease, which is not inherited, but one can inherit a
greater susceptibility to develop MS. Siblings have an increased risk of 3%, and recurrence
in identical twins is around 35% (Compston & Coles, 2002). Genome wide association
studies have now identified numerous gene regions, associated with increased disease
susceptibility, however, each of the individual genes have shown to have a minor impact
(IMSGC 2013, IMSGC 2018). Environmental influences have also been identified as risk
factors for MS. Vitamin D exposure has been identified as a risk factor, and in turn, as a
protective factor, with high exposure levels being associated with a decreased risk of
developing MS (Salzer et al., 2012). In addition, smoking has been suggested as a
contributor to the genetic susceptibility linked with high-risk HLA gene mutations
(Hedstrom et al., 2011). Overall, It is thought to be the result from interplay between yet

unidentified environmental factors and susceptibility genes.
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Figure 1.4 |Clinical sub-types of multiple sclerosis. Manifestations of MS include clinical
isolated syndrome (CIS) now recognized as the first clinical presentation of a disease;
relapse-remitting MS (RRMS) which accounts for 85% of MS patients; primary progressive
MS (PPMS) accounting for 15% of MS patients present and secondary progressive MS
(SPMS) begins with a series of relapses and remissions, prior to a gradual onset of disability.

There are different MS phenotypes including clinically isolated syndrome (CIS), primary
progressive MS (PPMS), relapsing remitting MS (RRMS), and secondary progressive MS
(SPMS) (Lublin et al., 2014). PPMS is defined as gradual disease progression with
unremitting characteristics (Miller and Leary, 2007), and affects about 10 -15% of people
diagnosed with MS. The most common phenotype is RRMS, accounting for 85% of MS
patients (Miller and Leary, 2007), where patients experience spontaneous episodes of
demyelination called relapses. These episodes are then proceeded by periods of recovery,
recognised as disease remission. The relapse rate varies from patient to patient, averaging
one to two episodes per year; and the relapse remitting (RR) stage of MS can last for years
or decades (Compston & Coles, 2002). Typical age of onset of RRMS is 20 — 40 years of
age, with 60 — 70 % of patients converting to SPMS within 10 - 20 years of RRMS diagnosis
(Confavreux and Vukusic, 2006). SPMS is defined as secondary phase of
MS characterized by continuous, irreversible neurological decline associated with relapse.

Prevention of conversion to SPMS is a major therapeutic goal of MS research.
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MS pathogenetic theories have developed over time with the onset of the immune-mediated
process favouring the ‘outside-in’ theory. The “outside-in” hypothesis constitutes a primary
pathogenesis of autoimmune inflammation followed by a secondary pathogenesis of myelin
degradation. The “inside-out” hypothesis has a primary pathogenesis of oligodendrocyte
injury, myelin destruction and myelin destabilization. This then produces a secondary
pathogenesis due to the activation of an inflammatory response. This reactive inflammation
produces auto-relative T cells that return to the PNS and recruit more proinflammatory

lymphocytes (Titus et al., 2020).

Table 1.1 “Inside-out” and “Outside-in” disease model systems

“Inside-Out” models “Outside-In” models

Epsilon Toxin Diphtheria Toxin  Cuprizone Chronic Relapsing Theiler’s Japanese
Model A (DTA) Model autoimmune Experimental Remitting Virus-Induced Macaque
encephalitis Autoimmune Experimental Demyelinating Encephalomyelitis
(CAE) Model Encephalomyelitis Autoimmune Disease (JME) Model
(C-EAE) Model Encephalomyelitis
(R-EAE) Model
Model species Mouse Mouse Mouse Mouse Mouse Mouse Macaque
Induction of Epsilon toxin, Timed genetic Cuprizone diet for  MOGgas-55 + CFA  PLP13g—151 + CFA  Theiler's Murine Japanese Macaque
disease model  produced by type B expression of 2 weeks, then inject (SubQ) and (SubQ) Encephalomyelitis ~ Rhadinovirus
(in Adults) and D strains of diphtheria toxin CFA (SubQ) and Pertussis Toxin (IP) Virus (TMEV) (UMRV),
Clostridium (tamoxifen induced Pertussis Toxin (IP) intracerebral spontaneous or
perfringens, a PLPCreERT for infection injected
spore-forming targeting OL)
gram-positive
bacterium
Disease model Epsilon Toxin DTA induced cell Cuprizone MOGg3s-_55 peptide  PLP439_151 peptide Response to TMEV JMRV infection,

trigger

Disease model
pathogenesis

induced cytotoxicity
©n

OL cytotoxicity,
triggers
demyelination

death (OL),
secondary MOG
peptide immune
response

OL ablation,
triggers
demyelination/
remyelination,
secondary immune
response (respond
to MOG peptide)

destabilizes myelin,
Citrullinated MBP
drives immune
response

Myelin breakdown,
secondary immune
response (respond
to MBP epitope)

immune response

Immune infiltration
(respond to MOG
peptide), secondary
CNS degeneration

immune response

Immune infiltration
(initially respond to
PLP peptide, later to
MBP), secondary
CNS degeneration

and subsequent
spreading to PLP
and MBP epitopes

Immune response
to virus, release of
myelin epitopes
inducing
autoimmune
pathology,
secondary CNS
degeneration

MBP peptide
immune response

Immune response to
virus and infiltration
(respond to MBP
peptide), secondary
CNS degeneration

1.2.4 Spinal cord injury
The spinal cord is a thick bundle of nervous tissue situated in the vertebral column of

vertebrates and when damaged causes major motor, sensory and autonomic dysfunctions.
For the last 30 years the global prevalence of SCI has increased from 236 to 1298 cases per
million populations, with the estimated global incidences of SCI falling between 250,000
and 500,000 individuals every year (Khorasanizadeh et al., 2019). The CNS has limited
regenerative and repair capacity when injured, and therefore any function lost due to SCI is

generally permanent. SCI can be traumatic or non-traumatic and can be classified into three
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types based on cause: mechanical forces, toxic, and ischemic (from lack of blood flow). Non-
traumatic injuries or illnesses include bone cancers, osteoporosis, inflammation of the cord,
with the most common causes being degenerative conditions of the spinal column and
vascular problems resulting in infarction or haemorrhage (New and Marshall, 2014; New
et al., 2014). These can have similar pathological outcomes as traumatic injury. Traumatic
injuries, however, are caused by an abrupt traumatic hit to the spine which results in damage
to one or more of the vertebrae, or a severing of the spinal cord. When the spinal cord is
lacerated by a sharp penetrating force, contused, or compressed by a blunt force, or infarcted
by a vascular insult, it referred to as the ‘primary injury’ (Dumont et al., 2001). Once the
primary injury occurs it leads to ‘secondary injury’, characterised by an immunological
cascade with the influx of immunological factors resulting in the death of neurons and glial
cells, and focal inflammation. Most of the resulting cell death is caused by cell
permeabilization, pro-apoptotic signalling and ischaemic injury due to the destruction of the
microvascular supply of the spinal cord (LaPlaca et al., 2007; Choo et al., 2007). Additional
contributors to SCI pathology are mechanisms via the excitatory process mediated by
excessive glutamate release (Liu et al., 1999), generation of free oxygen radicals (Ahmed
etal., 2017; Jin etal., 2014) and metabolic dysfunction. Glutamate receptors (GluRs) appear
to contribute significantly to the pathology that develops in the spinal cord after traumatic
injury. Early models of SCI showed that extracellular glutamate is transiently but
significantly increased after trauma (Panter et al., 1990; Liu et al., 1991; Liu et al., 1999).
This increase in GluRs activation and glutamate concentration creates toxic environment for

both neurons and oligodendrocytes (Xu et al., 2014).

1.2.5 Traumatic brain injury
Traumatic brain injury causes substantial neurological disabilities, with annual TBI

incidences reaching millions, making it a global health challenge. According to European
Union statistics, there are 1.5 million hospital admissions due to TBI per year, with a
mortality rate between 30% and 40% (Maas et al., 2017). TBI is categorised into severe,
moderate, and mild by scores on the Glasgow coma scale (GCS) using evidence from
standard brain imaging (CT) and based on clinical grounds. TBI is defined as alteration in
brain function due to an external force with the presence of one of the following signs:
loss/impaired consciousness, memory loss for events prior or after the injury, neurologic
deficits, mental disturbances confusion, disorientation, and slow thinking (Menon et al.,
2010). Like with SCI, TBI can be classified into primary and secondary injury, with
secondary injury developing over minutes to months and with a cascade of metabolic,
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cellular, and molecular events leading ultimately to brain cell death, tissue damage, and
atrophy (Bramlett et al., 2015). Secondary injury involves depolarization of the neurons
with the release of excitatory neurotransmitters such as glutamate and aspartate that lead to
increased intracellular calcium (Guerriero et al., 2015, Hinzman et al., 2014). Glutamate
Is the primary excitatory neurotransmitter in the brain, while y-aminobutyric acid (GABA)
is the principal inhibitory neurotransmitter. Intracellular calcium activates a series of
mechanisms with the activation of enzymes caspases, calpain, and free radicals that results
in degradation of cells either directly or indirectly through an apoptotic process. This
degradation of neuronal cells is associated with an inflammatory response that further
damages neuronal cells and incites a breach in the blood brain barrier (BBB) and further

cerebral swelling.

1.3 Current strategies for CNS repair

1.3.1 Hurdles for CNS therapeutics
The development of therapeutics for diseases of the CNS is complicated by the presence of

the BBB. The BBB is a highly selective semipermeable border of endothelial cells that
prevents solutes in the circulating blood from crossing into the extracellular fluid of the CNS.
This heavily restricting barrier capacity allows BBB endothelial cells to tightly regulate CNS
homeostasis, which is critical for proper neuronal function, as well as protect the CNS from
toxins, pathogens, inflammation, injury, and disease (Risau and Wolburg, 1990). However,
as well as preventing harmful molecules into the CNS the BBB also prevents certain drugs
and large-molecule therapeutics such as biopharmaceuticals from entering the CNS. In
general, compounds must be small enough (<500 Daltons) to cross the BBB unless they are
the subject of facilitated transport (Fong et al., 2015). Intravenous immunoglobulins (IV1g)
have been evaluated in clinical trials for the treatment of various disorders of the CNS,
however, their poor brain bioavailability has limited their use for treating CNS diseases.
Following parenteral administration of therapeutic IVIg’s to mice, levels in the brain
correspond to only 0.01-0.1% of those found in plasma, demonstrating the inability of
IVIg’s to cross the BBB (St Amour et al., 2013). Drug development for Alzheimer’s disease
has proven to be difficult, with a 99.6% failure from 2002 to 2012, and the success rate
continues to remain at this low level (Cummings, 2017). Essentially all large molecule
pharmaceuticals (>500 Da), including peptides, recombinant proteins, monoclonal
antibodies, RNA interference (RNAI) based drugs, and >98% of small-molecule drugs do
not cross the BBB (Pardridge, 2007). Certain small molecule drugs can cross the BBB via
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lipid-mediated free diffusion, providing the drug has a molecular weight <400 Da and forms
<8 hydrogen bonds. Ultra-low molecular weight heparin for example, has demonstrated the
capacity to cross the BBB (Ma et al., 2002). BBB permeation decreases exponentially with
the addition of each pair of hydrogen bonds added to the drug structure (Pardridge et al.,
1979; van der Waterbeemd et al., 1997). These chemical properties are lacking in most

small molecule drugs, and all large molecule drugs.

Due to the lack of effective BBB drug targeting technology, CNS drug developers are left
with the traditional approaches to solving the brain drug delivery problem: small molecules,
trans-cranial brain drug delivery, and BBB disruption. Specialized methods of drug delivery
are required to maximize the therapeutic potential of fusion proteins, monoclonal antibodies,
and other macromolecules for CNS indications. One of these methods is perispinal delivery.
Perispinal administration involves delivery into the anatomic region posterior to the
ligamentum flavum and the spinal canal and is therefore less complicated than epidural or
intrathecal injection (Tobinik, 2004; Tobinik et al., 2014). Other techniques that are
currently in used for administration of CNS therapeutics include subcutaneous and

intramuscular injections and intravenous infusion.

1.3.2 Current strategies for demyelinating diseases: multiple
sclerosis

There is currently no cure for MS but there are several pharmaceuticals that have shown
clinical efficacy in reducing disease progression, known as disease modifying therapies
(DMTs). Nine classes of DMTs with varying mechanisms of action and routes of
administration, are available for RRMS. These drugs include interferon B, glatiramer acetate,
teriflunomide, sphingosine 1-phosphate receptor modulators, fumarates, cladribine, and 3
types of monoclonal antibodies. One additional DMT, ocrelizumab, is approved for PPMS.

Interferon B treatments are one of the most prescribed DMTs for MS and was first approved
by the FDA in 1995. The effectiveness of B interferons is considered ‘moderate’ with a 33%
reduction in relapses (Johnson et al., 1995). The mechanisms of action, however, are still
unknown with theories suggesting that beta interferons are involved with the downregulation
of pro-inflammatory chemokines. This results in the reduction of immune cell trafficking -
such as T cells and B cells - into the CNS (Kieseier, 2011).
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Dimethyl fumarate (TecFidera™) is another popular DMT for RRMS, and like Interferon j,
the mechanisms are relatively unknown. In 2012 a trial showed that a dimethyl fumarate-
based drug called BG-12 used for psoriasis, also worked against MS, reducing the number
of relapses individuals had (Gold et al., 2012). The effectiveness of TecFidera™ is classified
as ‘good’ by neurologists, with patients having a 53% reduction in relapses compared to
placebo, with 73% of those patients receiving staying free of relapses for two years (Gold et
al., 2014).

Ocrelizumab (Ocrevus®) is a humanized anti-CD20 monoclonal antibody approved in 2017
for the treatment of adults with RRMS and is the first DMT approved for the treatment of
PPMS. In RRMS, it reduces the number of relapses by 80% over a two-year period, giving
it the classification of ‘high’ success by neurologists (Hauser et al., 2017, Sempere et al.,
2020). In PPMS, however, disability was slowed down by 25% - a moderate success
(Montalban et al., 2017). The mechanism by which ocrelizumab produces its clinical
benefits in MS is not fully understood but is thought to involve immunomodulation through
a reduction in the number and function of CD20 expressing B cells. B cells play an important
role in the pathogenesis of MS through autoantibody production, antigen presentation,
pathogenic cytokine production and formation of meningeal ectopic lymphoid tissues
(Lehmann-Horn et al., 2017). Therefore, B cell depletion is an effective treatment strategy
for MS by reducing B-cells reaching the CNS and eliciting their negative effects on

myelinated axons.

Although there has been some success with DMT’s for MS, research continues to create
more effective treatments. All DMT’s currently aim to reduce episodes of relapse for those
with RRMS. Currently, there is only one approved treatment for PPMS, highlighting the
need for continued efforts for drug discovery in the field.. An unmet and urgent need is for
the development of myelin repair promoting therapies for MS, especially for remyelination

after relapses, and during PPMS.

1.3.3 Current strategies for spinal cord injury
The prognosis for neurological recovery in SCI patients is variable, however any such

recovery, even to a limited degree, is expected mostly within the first 6 months following
injury, with more limited further improvements observed within 5 years (Kirshblum et al.,
2004). Any treatment for SCI should target cell survival, axonal growth, remyelination and
synapse formation. As previously discussed, SCI injury involves the initial primary injury

followed by an immunological cascade, termed secondary injury. Currently, strategies for
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SCI involve reducing this secondary immunological response. To date, the administration of
systemic immunosuppressive medications, in particular methylprednisolone sodium
succinate (MPSS), a steroid, has been the primary pharmacological treatment. MPSS has
been shown to be an anti-inflammatory agent reducing TNF-a and NF-«B synthesis
(Oudega et al., 1999), and clinical trials have shown that patients receiving MPSS within
48 hours of initial injury have improved motor function outcome (Bracken et al., 1990;
Bracken et al., 1997). However, in these trials it was also reported that there was a higher
rate of sepsis and pulmonary complications particularly with a 48-hour infusion of MPSS
(Bracken et al., 1998). These adverse effects have left many clinicians divided with some
continuing to employ MPSS feeling that the risks are justified in the context of the severe
deficits that accompany SCI (Fehlings 2001). Current guidelines recommend against MPSS
administration as the risk for harm is considered higher than potential benefits (Hurlbert et
al., 2015). This subject remains under debate (Fehlings et al., 2014; Hurlbert, 2014).

Riluzole is a glutamatergic modulator that has recently shown potential for neuroprotection
after SCI. Riluzole blocks voltage-activated sodium and calcium ion channels, inhibits
glutamate release, and activates potassium ion channels (Duprat et al., 2000). The blockage
of sodium channels causes neuroprotective activity in primary and early acute injury phase
of SCI, and this effect could inhibit accumulation of intracellular sodium ions, which is toxic
to neurons. While the effects of riluzole are extensively documented in animal models of
SCI (Lang-Lazdunski et al., 2000), the effect in humans is not completely understood. In a
clinical trial conducted at the Tabriz University of Medical Sciences, 60 patients with acute
SCI were referred. For all of them, surgery was performed and Riluzole was prescribed for
half of them. In the 6-week and 3-month follow-ups, no sensory and motor improvement
was observed, but in 6 months, a significant improvement was detected in the case group

compared to the control group (Meshkini, 2000).

More recently, stem cell therapy (SCT) has come to the forefront of SCI repair. Studies have
shown that stem cells can protect and regenerate the injured spinal cord through
neuroprotection, immunomodulation, axon sprouting and/or regeneration, neuronal relay
formation, and myelin regeneration, among other mechanisms (Ashammakhi et al., 2019).
However, due to the complex nature of SCI, vast majority of preclinical trials have been
conducted in rodents, and there are fewer than 20 studies in large animal models, accounting
for < 2% of all preclinical research (Gabel et al., 2017). Although the progress made for
SCT is exciting for future SCI repair, currently there are many adverse effects that need to

be managed first as SCT can lead to tumour formation, inappropriate migration, secondary
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injury, infection, and other adverse effects (Matsuda et al., 2009). A recent single-arm meta-
analysis based on 62 clinical trials of STC for SCI found that although the efficacy of SCT
is encouraging, the subsequent adverse effects remain concerning, and that current evidence
is not sufficiently strong to support the clinical translation of stem cell therapy for spinal
cord injury. Cell types that are currently being reviewed and investigated for SCI include
mesenchymal stem/stromal cells (MSCs) (Lindsay and Barnett 2021), and olfactory
ensheathing cells (OECs) (Chen et al., 2019; Lindsay et al., 2020).

In summary, there are many challenges for developing novel therapeutics for CNS injury.
Continued research is needed for developing novel therapeutics that focus on neurite
outgrowth, and remyelination. Screening for molecules that can encompass several areas of
repair is essential for successful treatment of CNS injury. One such molecules with the

potential to do so are heparan sulphate proteoglycans and are discussed below.

1.4  Heparan sulphate proteoglycans

Heparan sulphates (HS) are part of the glycosaminoglycan (GAG) family, consisting of a N-
acetylglucosamine (GIcNAc)-uronic acid (UA) repeating disaccharide. Heparan sulphates
are conjugated to a core protein (proteoglycans) to form heparan sulphate proteoglycans
(HSPGs) (Lindahl et al., 1989). HSPGs are ubiquitously expressed on cell surfaces and in
the extracellular matrix of most animal tissues, having essential functions in development
and homeostasis, as well as playing various roles in disease processes. They interact with
basic amino acid residues in the binding grooves of numerous extracellular proteins, to
function as regulators of cell signalling (Turnbull et al., 2001). Heparin is a highly sulphated
sub-class of HS, and is widely known for its anticoagulant properties, hence its use as a
prophylaxis pharmaceutical (Choay et al., 1980). The current distinction between heparin
and HS is not based primarily on carbohydrate structure but rather on proteoglycan (PG)
type and cellular distribution. Generally, it is that heparin is exclusively produced by mast
cells, whereas HS are produced by all cells of the body. HS are thought to operate through
numerous mechanisms of action including 1) acting as a cofactor in the formation of ligand-
receptor complexes (Yayon et al., 1991) 2) the sequestering of ligands in the extracellular
matrix (Vlodavsky et al., 1991; Elkin et al., 2001; Massena et al., 2010) and 3) acting as
an endocytic receptor, enabling the cellular internalisation of ligands (Colin et al., 1991;
Belting, 2003). For example, the gene N-acetylglucosamine N-deacety-lase-N-

sulfotransferase 1 (Ndstl) is a HS biosynthetic enzyme. When selectively knocked out of
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macrophages an increased responsiveness was shown to IFN-g stimulation and elevated
production of pro-inflammatory cytokines and chemokines, suggesting that the role of
HSPGs in IFN-B signalling is to sequester it away from its receptor and thus maintain
macrophages in acquiescent state (Gordts et al.,, 2014). Additionally, a rodent
bioavailability study demonstrated that the level of exogenous 14C-labeled FGF-2 was
controlled by HSPGs (Colin et al., 1999). This deduction was made following the incubation
of tissue sections in 2M NaCl, which resulted in the elution of all 14C-labeled FGF-2,
indicating that the cellular uptake was HSPG-mediated most likely by functioning as an
endocytic receptor, aiding in the cellular internalisation of ligands. In summary, HS is a
polyanionic molecule located on the cell surface and in the ECM, it modulates cell signalling

through specific protein interactions.

The highly sulphated chain of HS binds to proteins mainly through electrostatic interactions
between its sulphate groups and positively charged groups of the protein, typically
lysine/arginine residues (Cardin and Weintraub, 1989). Therefore, changes in sulphate
groups modifies the electrostatic interactions between the HSPG and proteins such as
chemokines and cytokines. The specificity and the affinity of a protein for HS chains
depends largely on the sulphation profile and chain length of HS (Lindahl and Li, 2009).
The sulphation profile and backbone modifications of HS allows for the diversity of HS to
interact with a multitude of chemokines and proteins. Modifications occur during HS
biosynthesis through N-acetylglucosamine residues being N-sulphated, via N-deacetylase/N-
sulphotransferase (Aikawa et al., 2001), and the glucuronic acid residues being subjected to
C5 epimerisation, results in a multitude of HS variations (Feyerabend et al., 2006). Even
when biosynthesis is complete, and HSPGs are secreted or presented on the cell surface, the
modification of the fine structure continues. This is due to the activity of the previously sulf-
1 and sulf-2 - endosulphatases that remove sulphate groups (Morimoto-Tomita et al., 2001).

As a result, HSPGs can interact with a multitude of chemokines and proteins.
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Figure 1.5 |[Heparan sulphate on the cell surface. Heparan Sulphate chains are conjugated
to core proteins on the plasma membrane. The HS functions as a regulator of cell signalling,
this can occur via the sequestering of ligands in the extracellular matrix (1), heparinase can
then cleave the HS, releasing the bound factor with the adjoined oligosaccharide (2).
Furthermore, HS can act as a cofactor, facilitating the formation of functional ligand-receptor
complexes (3), HS has also been shown to act as an endocytic receptor, enabling the cellular
internalisation of ligands (4)

1.4.1 Low sulphated heparan sulphates in CNS repair
Olfactory ensheathing cells are a class of mature functionally differentiated glial cells that

function between Schwann cells (SCs) (the myelinating cells of the peripheral nervous
system) and oligodendrocytes. OECs ensheath and guide the olfactory receptor neurons
(ORNSs) from the olfactory mucosa epithelium that lines the upper aspect of the nasal cavity
to the outer layer of the olfactory bulb, which resides in the CNS (Barber et al., 1982). After
injury, the ORNSs die back, and new nerves are generated from basal stem cells in the
epithelium. OECs are thought to encourage the peripheral ORNSs to enter and re-synapse in
the glomerulus layer of the olfactory bulb. OECs have been found to secrete low sulphated
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heparan sulphates (Higginson et al., 2012), that have been shown to modulate their

reparative mechanisms, and are discussed below.

OECs and SCs have the capacity to remyelinate axons in the CNS, during cell translation
(Blakemore, 1977; Franklin et al., 1996). Since this discovery it has been important to
understand the mechanisms behind the cell interactions between glial cells and OECs/SCs,
for CNS integration. An in vitro confrontation assay was developed to assess the interactions
of astrocytes and OECs/SCs. This confrontation assay revealed that SCs could not freely
mingle with astrocytes, and formed a distinct non-overlapping boundary, separating the two
cell types. Additionally, these astrocytes became hypertrophic and increased their expression
of glial fibrillary acidic protein (GFAP) and chondroitin sulphate proteoglycan (CSPG).
What was interesting however, was that OECs could freely intermingle with these astrocytes
(Lakatos et al., 2000). This astrocyte inducing effect was later confirmed in vivo with the
injection of SCs directly injected into the spinal cord of adult rats (Santos-Silva et al., 2007).
Additionally, Schwann cell-conditioned media (SCM) was added to monocultures of
astrocytes where there was induced proliferation and increased CSPG expression in a
fibroblast growth factor receptor 1 (FGFR1)-independent manner. However, when SCM was
added to OECs/astrocyte co-cultures this also induced reactive astrocytosis and boundary
formation. This finding suggested that it was a SC-secreted factor that produce this boundary
formation and reactive astrocytes (Santos- Silva et al., 2007). It was shown that highly
sulphated HSs and FGF 1 and 9 were the possible determinants of boundary formation
induced by SCs. Disaccharide analysis of HS in SC-conditioned and rat OEC-conditioned
media showed that SCs secreted more highly sulphated HS than OECs (Higginson et al.,
2012). Furthermore, extracellular HS 6-O-endosulfatase enzymes, sulf-1, and sulf-2 (which
remove sulphate groups) were expressed at a significantly lower level by SCs compared with
OECs. This lower expression of extracellular sulfs would lead to the production of a higher
sulphated heparan sulphate content exhibited by SCs (Higginson et al., 2012) Additionally,
sulf-1 and sulf-2 display a strict specificity for 6-O-sulphate moieties (Frese et al., 2009).
As such, the decrease in sulf expression by SCs, leads to the production of 6-O-sulphate rich
HS. This data provides evidence that HSs are important mediators of cell integration, and
cell communication within the CNS, making them attractive candidates for novel
therapeutics of the CNS. A panel of modified heparins (mHeps- which lack anti-coagulation
activity), were introduced to models of CNS injury, and their activity was observed
(McCanney et al., 2019). The panel of mHeps had varying sulphation levels and it was
found that low sulphated mHeps (LS-mHeps) enhanced neurite outgrowth and myelination,

whereas highly sulphated mHeps (HS-mHeps) had attenuating effects. One hypothesised
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mechanism as to how these LS-mHeps were eliciting repair was through the sequestration
of negative regulators of myelination. One such regulator is the chemokine CCL5 (RANTES)
which is upregulated after demyelination in vitro (McCanney et al., 2019) and has shown
to cause significant inhibition of developmental myelination, in vitro (Schultz et al., 2021).
CCL5 is produced by many cell types including monocytes/macrophages, microglia,
astrocytes, and neurons (Rock et al., 2004), and CCL5 gene polymorphisms are associated
with clinical course severity in patients with MS — specifically an increased risk of severe
axonal loss (Van veen et al., 2007). By sequestering CCL5 it was hypothesised that LS-
mHeps negated the hypomyelination caused by CCL5. It was proposed that LS-mHeps
exerted multiple beneficial effects on mechanisms supporting enhanced repair and

represented novel candidates as therapeutics for CNS damage.
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Figure 1.6 |Schematic of commercial heparin and LS-mHep7. Heparan sulphate chains
are made up of a N-acetylglucosamine (GIcNAc)—uronic acid (UA) disaccharide repeats,
which is conjugated to a core protein via a tetrasaccharide linker sequence. Commercial
heparin (left) is a highly sulphated heparan sulphate. Low sulphated heparin mimetic 7 (LS-
mHep7) has been selectively desulphated at C2 of IdoA and C6 GIcNAc (right).

1.4.2 The role of heparan sulphate in CNS development
Development of the mammalian nervous system can be roughly divided into three stages 1)

neurogenesis 2) axon guidance and 3) synaptogenesis. Neurogenesis is the process of
generation and differentiation of neurons from neural stem cells (NSCs) that reside in the
ventricular zone of the embryonic cerebral cortex. Neurogenesis occurs predominantly

during embryonic stages and completes before birth in most parts of the mammalian CNS.
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Neurogenesis is regulated by several growth factors and morphogens. Fibroblast growth
factor-2 (FGF2) is an established neurogenic factor for proliferation and differentiation of
multipotent neural stem cells both during development and in the adult mouse brain (Tao et
al., 1996; Rai et al., 2007; Werner et al., 2011). FGF2 also regulates the fate of progenies
generated from these neural stem cells: in low FGF2 concentrations, stem cells generate
predominantly neurons, whereas at higher FGF2 concentrations, they generate glial cells
(Quian et al., 1997). It is well established that that HSPGs play a key role in the modulation
of FGF2 activity (Burgess and Maciag 1989; Ornitz, 2000) as FGF2 binds heparan
sulphate chains (Nugent and Edelman 1992; Pellegrini 2001). Some HSPGs play crucial
roles in FGF2 signalling by acting as coreceptors for FGF2 (Aviezer et al., 1994), while

others may act as reservoirs of FGF2 in the extracellular spaces.

Neuronal cells generated from NSCs in the ventricular zone migrate outwardly toward
specific locations in the developing brain and extends axons and dendrites to form
stereotypic neuronal connections. Axonal guidance is incredibly important during this
process to ensure the correct formation of neuronal networks. The role of heparan sulphate
on axon guidance has been demonstrated using the developing Xenopus retinotectal pathway
(Walz et al., 1997). In Xenopus, adding HS to the developing retinotectal pathway or
removing HS with heparinase severely disrupt target recognition causing axons from the
retina to bypass their primary target, the optic tectum, in the brain. Additional morphogens
such as Wnt, FGF, BMP, or Shh, whose role as guidance molecules has been identified, also
bind to HS with a high affinity. Research has identified that Wnt signalling is regulated by
HSPGs, with heparin activating Wnt-mediated neuronal morphogenesis in rodent primary
cultures (Colombres et al., 2008). Wnt signalling regulates different aspects of neuronal
behaviour, from neural patterning to synapse formation and function (Ciani and Salinas
2005; Cerpa et al., 2008).

The synapse is the fundamental functional element of the nervous system, where
neurotransmitters are released from presynaptic nerve termini and bind to their receptors on
the postsynaptic membranes. HSPGs, such as syndecans, have been considered as the

regulators of synapse formation (Condomitti et al., 2018).

Recent findings from vertebrate and invertebrate studies have raised the importance of
glycosylphosphatidylinositol-anchored HSPGs, glypicans, as central players in the
development and functions of synapses. Glypicans constitute one of the two major families
of HSPGs, with the other major family being syndecans. It has shown that astrocyte-secreted
factors powerfully induce the formation of functional excitatory synapses between CNS
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neurons (Ullian et al., 2001). Upon further investigation it was found that these secreted
factors were glypican 4 (Gpc4) and 6 (Gpc6) and were sufficient to induce functional
synapses between purified retinal ganglion cells (RGC). It was also demonstrated that Gpc4-
deficient mice have defective synapse formation, with decreased amplitude of excitatory
synaptic currents in the developing hippocampus and reduced recruitment of AMPARS to
synapses (Allen et al., 2012). Syndecans are known to regulate cellular and axonal migration
in the brain (Condomitti and de Wit, 2018; Yuzaki, 2018), but are also enriched at
synapses. Until recently their role in synaptic function remained elusive. Zhou et al., 2021
has demonstrated that syndecans SDN-1 is a core organizer of cholinergic synapses and
stands at the core of the cholinergic synapse organization by bridging the extracellular
synaptic determinants to the intracellular synaptic scaffold that controls the postsynaptic

receptor content.

Thus, HSPGs are required for CNS development, including neurogenesis, axon guidance

and synaptogenesis, and their importance in mammalian development is known.

1.4.3 Heparan sulphate mimetics as therapeutics in CNS
Based on the knowledge that HSs are regulators of cell signalling within the CNS, it is not

surprising that they are already being investigated as therapeutics in CNS disease and injury.
Enoxaparin is a common low-molecular-weight heparin (LMWH) used in the prevention
and management of various thromboembolic disorders. Previously enoxaparin has been
shown to reduce cerebral edema and improve neurologic recovery in TBI, through blunting
of cerebral leukocyte recruitment. High mobility group box 1 (HMGBL) is a structural DNA-
binding protein secreted by various cell lines including glial cells. HMGBL1 has been
implicated in the pathogenesis of various CNS diseases including TBI (Gao et al., 2012)
subarachnoid haemorrhage (Sun et al., 2014) autoimmune encephalomyelitis (Uzawa et al.,
2013), transient Ischemia (Liu et al., 2007), and seizures (Maroso et al., 2010). It is thought
that HMGBL1 induces inflammation by recruiting leukocytes to areas of CNS damage, and
enoxaparin has shown to interfere with this HMGB1 signalling — potentially through
sequestration (Li et al., 2016). Further investigations have demonstrated that enoxaparin
ameliorates TBI edema and neurologic recovery, via the reduction of cerebral leukocyte
endothelial interactions and vessel permeability (Li et al., 2015). Recently, a pilot study
determining the effects of early enoxaparin administration to patients suffering TBI was
investigated. The two groups were compared for the occurrence of intracranial hematoma

(ICH) and for clinical neurological outcome, assessed by the Glasgow Outcome Scale. The
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treatment group displayed improved clinical outcomes compared to the placebo, reaffirming

the potential of heparin mimetics as a TBI therapeutic (Baharvahdat et al., 2019).

Tauopathies are progressive neurodegenerative diseases characterized by intracellular
accumulation of tau fibrils in defined brain regions — such as Alzheimer’s disease. Tau is the
major microtubule associated protein (MAP) of a normal mature neuron, and in the case of
AD is abnormally hyperphosphorylated and aggregated into bundles of filaments (Grundke-
Igbal et al., 1986). It has been observed that heparin competitively inhibits cellular tau
uptake (Holmes et al., 2013) and binds to toxic tau species. The binding significantly reduces
the cellular uptake of toxic tau oligomers and protects cells from tau oligomer induced
cytotoxicity (Wang et al.,, 2018). Other LMW heparins such as neuroparin have
demonstrated neuro-protective effects in mouse models of AD (Dudas et al., 2002;
Bergamaschini et al., 2004; Timmer et al., 2010). Recently a synthetic heparin mimetic,
SN7-13, was produced as a potential AD therapeutic, and was found to successfully blocks

tau aggregate cell uptake (Stopschinski et al., 2020).

HSPGs have been investigated in SCI therapeutic studies. The receptor-type protein tyrosine
phosphatase sigma (PTPRo) regulates axonal regeneration/sprouting as a molecular switch
in response to glycan ligands. Targeting the CS-PTPRo pathway could prove as a beneficial
target in the treatment of axonal injury observed in SCI. HSPGs have been found to interact
with PTPRo and promotes growth of axons (Aricesu et al., 2002; Coles et al., 2011).
Recently, systemic administration of enoxaparin was found to promote anatomical recovery
after both optic nerve and spinal cord injuries in rats at clinically tolerated doses. Moreover,
enoxaparin promoted recovery of motor function without obvious haemorrhage (Ito et al.,

2021). This data shows a promising future for HSPGs in SCI novel therapeutics.

1.5 Experimental models of the mammalian CNS

1.5.1 In vitro models of the CNS
Cell culture models are important for studying injury in the CNS. Although there are some

limitations, overall in vitro models allow experimentation that would otherwise be very
challenging or impossible in vivo. In vitro culture systems are desirable as they reduce or
replace animal use and can often be adapted for high-throughput screening (Bijland et al.,
2019; Aldewachi et al., 2021).
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1.5.1.1 Neurite outgrowth assays
A variety of in vitro models have been developed to understand the mechanisms underlying

the regenerative failure of the CNS, and to guide pre-clinical development of regeneration-
promoting therapeutics. Typically, cell preparations are obtained by mechanical dissection,
enzymatic dissociation, and centrifugation. Filtration or affinity separation techniques may
be utilized to produce relatively homogenous cultures from mixed cell preparations. Neurite
outgrowth assays are among the most utilized phenotypic screens relevant to axon
regeneration. They have been successfully used to identify genetic regulators of axon
regeneration (Moore et al., 2009; Blackmore et al., 2019), perform mechanistic studies of
the involved pathways (Buchser et al., 2010; Loh et al., 2008), and identify small molecules
that can promote regeneration (McCanney et al., 2019). In most methods of neurite
outgrowth assays neuronal cells are grown on an adherent substrate coated with a nonspecific
attachment factor to additionally help promote cell adhesion to solid substrates. Often cells
are plated on cover slips coated in poly-L-lysine. Neurons plated directly on poly-L-lysine
will adhere and extend neurites. From here neurite outgrowth cultures provides an easy way
to determine the effects of a particular substrate or exogenous factor on neuron behaviour —

important for studying injury in the CNS such as TBI and SCI.

Variations of the neurite outgrowth assays can develop including neurite retraction assays.
In the case of retraction assays, neurons are cultured for a given amount of time and allowed
to extend neurites. Then, neurons are challenged with a substance (e.g., lysophatidic acid)
that causes growth cone collapse and neurite retraction (Fukushima, 2004). The neurites are
allowed time to respond, after which the cultures are analysed. Retraction assays allow the
investigation of mechanisms that lead to the neurite collapse and retraction by inducing the
process in an entire cell culture (Burgos-Bravo et al., 2020; Konaka et al., 2020; Roloff et
al., 2015).

1.5.1.2 Myelinating cultures
Studying the growth and myelination of CNS axons is pertinent to research into both

myelination and spinal cord repair. Myelination cell culture systems are useful tools for
studying myelin biology and myelin-related disorders. Established methods have produced
these cultures in mice (Thomson et al., 2006) and rats (Sorensen, 2008). In both cases
cultures are generated from embryonic spinal cords and developed until they produce mature,

compact myelin.

Myelinating cultures can be manipulated to represent SCI by creating a cell free area down

the centre of the cover slip using a scalpel (Boomkamp et al., 2014), which recounts many
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features of SCI in vivo (Boomkamp et al., 2012). After time, neurite outgrowth can be
studied across the cell free area, with the addition of repair enhancing molecules (McCanney
et al., 2019). Myelination at the side of the cut can also be studied, as myelination levels at
the side of SCI lesions is a large area of interested in the development of SCI and MS
therapeutics.

For demyelination studies, such of those required for MS research, these cultures can be
demyelinated using an antibody mediated process (Elliot et al., 2012). At developmental
day 24, cultures can be demyelinated by overnight incubation with compliment and Z2
antibody, which identifies MOG. This successfully demyelinated the cultures without any
negative impact on Axons and other glial cells. This assay enables the identification of

remyelination enhancing molecules, which is an important area for MS novel therapeutics.

1.5.2 In vivo models of MS
While in vitro models have advantages to further study injury of the CNS, they are unable

to allow the study of complex systems with multi-cell communications that are seen in vivo.
Since MS is a complex disease, there is no single animal model that can capture the entire
spectrum of heterogeneity of human MS and its variety in clinical and radiological
presentation. However, there are a few models of MS that have enabled the study of the

immune response observed in human MS.

1.5.2.1 Experimental autoimmune encephalomyelitis
The most-studied animal model of MS is experimental autoimmune encephalomyelitis

(EAE), in which autoimmunity to CNS components is induced in susceptible mice through
immunization with self-antigens derived from basic myelin protein. EAE is induced by
passive or active immunization with a variety of myelin compounds and the pathological
picture depends on strain of animal and antigen used. Sensitization to myelin antigens in
EAE typically occurs using an adjuvant, usually containing bacterial components highly
capable of activating the innate immune system via pattern recognition receptors (Libbey
and Fujinami, 2010). In this model autoreactive T-cell are induced where they collect in
the spleen (Flugelet et al., 2001) before migrating to the ‘target compartment’ where they
recognize their cognate antigen, e.g., myelin oligodendrocyte glycoprotein (MOG), on local
APCs. Here they are activated and start an inflammatory cascade which eventually leads to
demyelination of CNS axonal tracts (Miller et al., 2007). EAE in mice is characterized by
an ascending paralysis beginning at the tail (Batoulis et al., 2011), followed by limb and

forelimb paralysis, assessed by using a 5-points scale (McRae et al., 1992; Rangachari et
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al., 2012). From the pathogenesis point of view, EAE is a good model for studying MS
mechanisms, even more so than for testing or developing drugs. For example, the most
convincing correlations between EAE for studying MS for novel therapeutics are those that
lead to the currently licensed and used DMT’s, including IFN-beta (Abreu et al., 1982),
glatiramer acetate (Teitelbaumet et al., 1971) and anti-VLA-4 antibody (Natalizumab)
(Yednocket et al., 1992).

However, in EAE, the processes of demyelination and remyelination occur simultaneously.
Therefore, remyelination cannot be well studied. This lack of temporal separation makes it
difficult to distinguish between an effect that is enhancing remyelination and one that is
ameliorating the inflammatory response to EAE (Buckley et al., 2008). One of its major
shortcomings is the short-term nature of EAE experiments, lasting several weeks in the acute
phase, without a ‘chronic phase’. Current therapy for MS must be considered chronic,

extending over years and decades, like what is seen in humans.

1.5.2.2 Toxic demyelination — Cuprizone
While EAE is the most used model to reflect the autoimmune origin of MS, toxic

demyelination is more suitable to study the de- and re-myelination processes (Blakemore
and Franklin, 2008). One of the most common agents used to induce demyelination is
cuprizone (bis-cyclohexanone-oxaldihydrazone) a copper chelating reagent which when
supplemented to normal rodent chow causes oligodendrocyte cell death. Along with death
of oligodendrocytes there is subsequent demyelination and observed is profound activation
of astrocytes and microglia (Matsushima and Morell, 2001). Once demyelination is
complete, new oligodendrocytes, generated from the pool of OPCs begin to form new myelin
sheaths soon after the removal of cuprizone from the diet. It is not known why administration
of cuprizone only leads to a specific cell death in the oligodendrocytes, but cuprizone is a
copper chelator, which in turn leads to inhibition of the copper-dependent mitochondrial
enzymes cytochrome oxidase and monoamine oxidase. Thus, a plausible hypothesis is that
disturbance in energy metabolism leads to apoptosis in the oligodendrocytes. Although not
appropriate to study autoimmune mediated demyelination, the cuprizone model is a suitable
tool to study basic mechanisms during de- and re-myelination in absence of primarily
immune-mediated phenomena (Matsushima and Morell, 2001). Unlike with EAE, the
cuprizone model does not rely on an adaptive immune response to see demyelination, and
thus reflects several important characteristics seen in PPMS and the ‘inside out’ theory of

MS pathogenesis.
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1.5.2.3 Mechanical spinal cord transections
The simplest method of modelling SCI is the transection model, involving a partial or

complete surgical incision in the cord that severs axonal connections. This model is well
established in rats, mice, and cats (Jeffrey-Gauthier et al., 2021; Tan et al., 2014; Lukovic
et al., 2015). In this model an incision is made in the spinal cord using a blade while the
animal is under anaesthetic, and exercise training is usually observed the weeks following
to study locomotive recovery. The convenience of this model, requiring relatively simple
surgical procedures, makes it an attractive prospect for SCI studies. However, complete
spinal cord transections represent a very small portion of SCI seen in humans, with one of
the leading causes of SCI in humans being vehicle collisions followed closely by falls
(National SCI Statistical Centre, 2020) These types of SCI involve compression rather

than laceration.

1.5.2.4 Compression and contusion models of SCI
To replicate spinal cord compression that mimics injuries seen with osteoarthritis, spinal

tumours and infection, compression injuries are performed in animal models. Compression
injuries are usually carried out using clips, forceps or gradually inflating balloons inserted
into the spinal canal (Zhang et al., 2021; Vanick'y et al., 2001; Tang et al., 2020). The
most common method used is clip compression, making up over 50% of all compression
models (Sharif-Alhoseini et al., 2017). This is followed by balloon compression models and
then several less utilized methods such as screw compression, solid spacer compression,
weight drop compression, remote compression, expanding polymers, and spinal cord
strapping. These models can be used to investigate specific aspects of spinal cord
compression but may not entirely cover the broad range of compressive SCI seen clinically.
A significant clinically relevant finding from compression studies is the reduction in the
severity of secondary injury pathophysiology by decompression of the cord, leading to the
development of surgical interventions in the immediate aftermath of SCI to decompress

injured cord tissue (Dimar et al., 1999; Fehlings and Perrin, 2005).

Additionally, to cover the wide range of injuries seen with SCI, contusion models are also
used. Spinal cord contusion injury is one of the most serious injuries, characterized by high
morbidity and disability. Spinal cord contusion (SCC) is an injury caused by crushing of the
cord with part of its tissue spared, particularly the ventral nerve fibres connecting the spinal
cord rostral and caudal to the injury remain physically intact (Beattie and Bresnaham,
2000). The spinal contusion injury may be complete or incomplete. A complete spinal
contusion injury is associated with complete loss of motor and sensory function below the
level of the injury, whereas an incomplete contusion injury may produce partial loss of
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function below the injury level. To mimic the spinal cord contusion of humans in animals,
various animal models have been developed including 1) bilateral contusion injury models
(Anderson et al., 2009; Gaudet et al., 2017; Dunham et al., 2010) and 2) unilateral
contusion injury models (Nicaise et al., 2012; Geremia et al., 2017). One of the most
common contusion models is the ‘“The Multicentre Animal Spinal Cord Injury’ or MASCIS
weight drop model. MASCIS impactors uses a rod of specific weight, usually 10g, to be
dropped from a precise height above the surface of the cord to induce SCI of defined severity.
Key parameters such as height, time, velocity upon impact and cord compression are
recorded digitally that enable experiments to be analysed and discarded if out of desired
range (Cheriyan et al., 2014). The MASCIS impactor is widely used and produces a

validated and reproducible contusion injury in rat models.

1.5.2.5 limitations of in vivo studies
In vivo studies in biology offer invaluable insights into complex biological processes.

However, acknowledging and addressing the limitations associated with these experiments
is essential for accurate interpretation, reliable reproducibility, and effective translation of
findings into clinical practice. The ethical implications surrounding the use of animals in in
vivo studies cannot be overstated. Animal welfare concerns and the moral dimensions of
manipulating or harming living organisms for scientific purposes have prompted increased
scrutiny and regulatory measures. Certain in vivo experiments necessitate invasive
procedures, such as surgeries or tissue samplings, to investigate specific physiological
processes or study organ systems directly. These interventions introduce additional variables,
potential complications, and physiological perturbations that can confound the interpretation
of experimental outcomes. Furthermore, invasive procedures may trigger stress responses or
alter the natural physiological state of the organism, thereby influencing the very processes
under investigation. Careful consideration should be given to the selection and optimization
of invasive techniques to minimize any unintended effects and ensure the validity and
reliability of the obtained data. While in vivo studies provide crucial insights into biological
phenomena, the generalizability of findings to other species or even different individuals
within the same species is not guaranteed. Genetic variations, diverse environmental factors,
and distinct physiological characteristics across organisms can significantly influence the
observed outcomes and limit the applicability of results beyond the specific experimental

context.

One of the main limitations however is the resource intensive nature of in vivo work. In vivo
studies often demand substantial resources in terms of infrastructure, equipment, and skilled

personnel. The maintenance of animal colonies, provision of appropriate housing and care,
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and the execution of comprehensive experimental protocols contribute to the financial and
logistical burden associated with these studies. Additionally, the extended duration required
to observe long-term effects and establish robust conclusions further amplifies the resource-
intensive nature of in vivo research. These constraints can limit the scale and scope of

experiments.

1.5.3 Ex vivo slice cultures
Both in vitro and in vivo models are incredibly important in CNS research. However, they

both have their limitations that can make it difficult to produce high output sound data.
Monocultures of neurons for example do not model the complex interactions between them
and other glial cells e.g., oligodendrocytes which is a crucial area of investigation for CNS
regeneration. Progressing to co-cultures helps circumnavigate this issue such as neurons
grown on a monolayer of astrocytes, but again the limitation of interactions with other glial
cells can be seen. Co-cultures also do not represent the three-dimensional multicellular
structures seen in vivo. In vivo on the other hand does demonstrate the complex nature of the
CNS as a whole system, however, data output can be slow and costly due to the nature of
the procedures. Ex vivo slice cultures offer an excellent alternative to in vivo work and
bridges a gap between in vitro and in vivo. Slice cultures provides at least partly maintained
original tissue architecture with some intact functional neural networks. To generate these
cultures systems, tissue from the brain or spinal cord is dissected from rats (Church and
Gold, 2021) and mice (Ruiz-Perera, 2021) and cut into sections using a tissue chopper —
usually around 300 um — and carefully placed on specialised membranes. These cultures can
be robustly maintained for up to 4 weeks, with some protocols demonstrating the successful
maintained for 2-3 months (Sekizar and Williams, 2019). In these cultures, mature myelin
can be observed along axons within 14 days. Slice cultures are easily manipulated for
studying injury of the CNS, with the addition of the chemical demyelinating agent
Lysophosphatidyl choline (LPC, Lysolecithin) (Miron et al., 2013) to induce
demyelination. Cells such as microglia/OPCs/other immune cells of such as T/B
lymphocytes can also be added to study they cellular interactions (Sekizar and Williams,
2019).

To summarise there are many models of CNS injury both in vivo and in vitro that have their
benefits and limitations. In vivo work allows the study of complex systems with the presence
of all glial cells and tissue. It also allows the study of behaviour work and can hugely benefit
in the search for new therapeutics. However, in vivo work is often incredibly time consuming,

expensive, and often has low research output. These limitation can be helped with the use of
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in vitro work, which hugely reduces the use of animals, and can have a much higher data
output that is easier to produce at a much lower expense. However, it is difficult to include
all glial cells that are found in the CNS and doesn’t represent the three-dimensional
multicellular structures found in vivo. Here, ex vivo slice cultures bridge a gap between these
two methods and provides a more complex system that what is seen in vitro, but at a much-

reduced cost — both economic and time.

1.6 Conclusion
There is a clear unmet need for novel therapeutics for CNS injury, spanning a variety of

issues including injury and diseases such as MS. It is evident that the CNS is a complex
system, with its isolation from the PNS through the BBB creating hurdles for therapeutic
access. Keystone features to a successful therapeutic that can repair the CNS should include
the capacity to enhance remyelination and neurite repair through regeneration and cross the
BBB into the CNS. Heparan sulphates are anionic polysaccharides that function as regulators
of cell signalling that have proven themselves essential in the development and maintenance
of the CNS. They have already demonstrated the capacity to become novel therapeutics for
diseases such as Alzheimer’s disease and show promising results as a novel therapeutic for
CNS remyelination. Thus, low molecular weight heparin mimetics present a potential novel
therapeutic for CNS repair.

1.7 Aims
The aim of this thesis was to compare the ability of a low molecular weight form of LS-

mHep7 (LS-mHep7L), to enhance remyelination and neurite outgrowth in CNS injury
models to its high molecular weight form (LS-mHep7). This was achieved using in vitro
CNS models of demyelination and injury. Additionally, the validation of LS-mHep7L to
sequester CCL5, a known negative regulator of developmental myelination in vitro was
investigated. LS-mHep7 is known to sequester CCL5 and negates the hypomyelination

caused by CCL5 in in vitro.

Once validated, we aimed to develop and optimize a method for organotypic slice cultures
to study the remyelinating capacity of both LS-mHep7 and LS-mHep7L ex vivo. This was
achieved by investigating published methods to ascertain the most suitable animal, tissue,

and postnatal age to generate robust remyelination data. Once an established method was
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identified these cultures were demyelinated and treated with LS-mHep7 or LS-mHep7L, and

remyelination levels were be investigated.

Finally, we aimed to validate the use of next generation recombinant heparan sulphate
mimics derived from cultured cells, as an alternative to animal derived heparin. TEGA
Therapeutics have modified the mammalian heparan sulphate biosynthetic pathway to
produce recombinant heparin. We aimed to validate a panel of recombinant mimetics with
varying sulphation levels and molecular weights in our CNS injury models to ascertain their
abilities to enhance repair. Recombinant heparan sulphates provide a stable production of
heparin mimetics in terms of supply and pharmaceutical production for a safer more reliable

product.
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Chapter 2
Methods and Materials
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2.1 Compounds

2.1.1 Low sulphated modified heparin (LS-mHep7)
LS-mHep7 was produced and gifted by Dr. E. A Yates and Prof. J.E Turnbull (University of

Liverpool). Low sulphated modified heparin 7 (LS-mHep7) was produced semi-
synthetically by chemical selective desulphation of porcine mucosal heparin, as described
(Yates et al., 1996). The compound had the predominant disaccharide repeating structure

IdoA-GIcNS and corresponding chemical desulphation at both the 2-O and 6-O positions.

2.1.2 Low molecular weight LS-mHep7 (LS-mHep7L)
LS-mHep7L was produced and kindly gifted by Dr. E. A Yates and Prof. J.E Turnbull

(University of Liverpool). LS-mHep7L was produced semi-synthetically by chemical
selective desulphation of low molecular weight heparin (the commercial pharmaceutical,
Enoxaparin) derived from porcine mucosal heparin, and was prepared essentially as
described (Yates et al., 1996) but, replacing the final dialysis step with purification using a
gel filtration column (Sephadex G-25, 3 x 15 ¢cm). The compound had the predominant

disaccharide repeating structure 1doA-GIcNS and corresponding chemical desulphation at

both the 2-O and 6-O positions.

2.1.3 Recombinant heparan sulphate compounds
Recombinant HS was manufactured using methods published previously (Thacker et al.,

2022), and a kind gift from TEGA Therapeutics Inc. Briefly, CHO or MST cells were grown
in suspension in shaker flasks at 0.2 x 106 cells/mL in 30 mL at 37 °C, 5% C0O./95% air for
seven days. Cells and medium were separated by centrifugation and the cell pellet
resuspended in 25 mM sodium acetate, pH 6.0, 0.25 M NaCl, 0.1% Triton X100 (wt/vol)
and 0.5 mg/mL Pronase and incubated shaking overnight at 37 °C. Conditioned medium and
protease digested cells were filtered through a 0.45 um PES filter and applied to 0.5 mL
DEAE-Sephacel columns, equilibrated and washed with DE-AE wash buffer (25 mM
sodium acetate, pH 6.0, 0.25 M NaCl) and eluted with the same buffer containing 2M NaCl.
The eluate was desalted on PD10 columns or by dialysis for large volumes and then dried
by lyophilisation. The dried product was reconstituted in water, then digested with
micrococcal nuclease overnight at 37 °C followed by Pronase digestion for 3 h at 37 °C.
Beta-elimination was performed to liberate the HS from core protein by addition of NaOH
to 0.4 M with overnight incubation at 4 °C. After neutralisation with acetic acid, samples

were diluted with water and reapplied to DE-AE-Sephacel, then washed and eluted as

52



described above. The eluate was desalted and lyophilised. Protein and DNA content were
measured using BCA assay and UV absorbance. The nuclease and Pronase digests were

repeated as needed to eliminate residual nucleic acid or protein contamination.

2.2 Commonly used buffers and solutions
Commonly used materials such as buffers and solutions are referenced throughout this

chapter. The basic composition of these are detailed in the following subsections.

2.2.1 Phosphate buffered saline.
A 10x stock solution of phosphate buffered saline (PBS), was prepared as follows: 1400 mM

NaCl, 18 mM KH2PO4, 27 mM KCI, 100 mM Na2HPO4 made up to 400ml in distilled
water (dH20). 10x PBS was used at a 1 in 10 dilution to give 1x PBS working buffer. Buffer

was prepared and used at a pH 7.3.

2.2.2 Blocking buffer
Blocking buffer was made using 2% gelatine (G2500, Sigma) dissolved in 1x PBS (see

2.2.1). Aliquots were stored at -20°C.

2.3 Animals

All animals were maintained in the University of Glasgow’s central research facility and
methods of sacrifice were deemed ethical and humane in accordance with the Animals
Scientific Procedures Act 1986 and the University of Glasgow’s ethical guidelines. Animals

were housed under 12-hour light-dark cycles with food and water available ad libitum.

2.3.1 Sprague Dawley rat
Sprague Dawley (SD) rats (Envigo, UK) were used to generate primary cell cultures.

Neurospheres were generated from SD rat pups culled on postnatal (P) day 1, using
pentobarbitone administered via intraperitoneal injection. Myelinating cultures were
generated from embryos taken from time-mated females, which were culled by a rising
concentration of CO?followed by confirmation of permanent cessation of the circulation via

cutting of the femoral artery.
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2.3.2 C57BL/6 mice
C57BL/6 mice (Charles River, UK) were used for the generation of organotypic spinal cord

slice cultures. C57BL/6 mouse pups were culled on P1, using pentobarbitone administered

via intraperitoneal injection followed by confirmation of permanent cessation of the

circulation via cutting of the femoral artery.

2.4 Cell culture
All cultured cells were maintained in an incubator at 37 °C under a humidified 5% CO;

atmosphere. Aseptic technique was employed throughout all cell culture procedures and only

cell culture grade materials and reagents were used.

2.4.1 Commonly used materials

35mm Petri dish (430165 VWR-734-1698, Corning)

140mm Petri Dish (PDS140080T, Thermo Fisher)

TC 24 well plate (3524, Corning)

TC 6 well plate (3516, Corning)

15ml centrifuge tubes (734-1862, Corning)

50ml centrifuge tubes (734-1827, Corning)

Leibovitz’s L-15 medium (11415049, Invitrogen)
Penicillin-streptomycin (Pen/Strep) 100x stock (P0781, Sigma Aldrich)
Gentamicin solution (G1397, Sigma Aldrich)

Heat inactivated horse serum (HS) (26050088, Thermo Fisher)
Minimum essential medium (31095029, Thermo Fisher)

Earle's Balanced Salt Solution (14155063, Thermo Fisher)

Dulbecco's Modified Eagle Medium (41965-039, Invitrogen)
Dulbecco's Modified Eagle Medium, Glutamax (21885-025, Invitrogen)

2.4.2 Stock solutions

2.4.2.1 Biotin

Biotin (B4501, Sigma) was diluted in 1M filter sterilised NaOH to 1mg/ml. A 10ug mL™

working stock was then made by diluting 1:100 in cell culture grade water. Aliquots were
stored at -20°C.
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2.4.2.2 Hydrocortisone
Hydrocortisone (H0396, Sigma-Aldrich) dissolved in cell culture grade water to 10 mM, and

stored in aliquots at -20°C. A working stock was then made by diluting to 10 pM and 250

ul aliquots were stored at -20°C.

2.4.2.3 Epithelial growth factor
Recombinant murine epithelial growth factor (EGF) (315-09, Peprotech) was made up to a

stock concentration of 100 pg/ml by reconstituting in ddH20 containing 0.1% bovine serum
albumin (A2153, Sigma). Aliquots were stored at —20°C.

2.4.2.4 Poly-L-lysine
Poly- L- lysine (P1274, Sigma) was dissolved in cell culture grade water to a final

concentration of 13 pg/ml. Aliquots were stored at —20°C.

2.4.2.5 30%/45% Glucose
Glucose (G7021, Sigma) was slowly dissolved in ddH20 with constant stirring before being

filter sterilised. The weight of glucose used was appropriate to make a mg/vol percentage

solution. Aliquots were stored at 4°C.

2.4.2.6 7.5% NaHCO3
NaHCO3 (S-5761, Sigma) was weighed out at 7.5g and added slowly to 100ml of ddH20.

Solution was then filter sterilised and aliquots were stored at 4°C.

2.4.2.7 HEPES
HEPES (H-4034, Sigma) was weighed out at 23.8g and slowly added to 80ml ddH20. Once

dissolved the final volume was brought to 1200ml. Solution was filter sterilised and stored at
-20°C.

2.4.2.8 Insulin
Human recombinant insulin (12643, Sigma-Aldrich) dissolved in filter sterilised 0.01 M HCI

to a final concentration of 2.5 mg mL . Aliquots were stored at -20°C.
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2.4.2.9 SBTI-DNase
SBTI-DNase was made up in L-15 media. To 25ml of L-15, the following was added; 0.52

mg/ml soybean trypsin inhibitor (Sigma T-9003), 0.04 mg/ml bovine pancreas DNase (D-
4263), 3.0 mg/ml BSA fraction V (bovine serum albumin, Sigma A2153).

2.4.2.10 Collagenase
Collagenase type | power (10114532, Gibco™) dissolved in Leibovitz’s L-15 media to

1.33%. Aliquots were stored at —20 °C.

2.4.2.11 Paraformaldehyde (4%)
Paraformaldehyde (PFA) powder (P6148, Sigma) was dissolved in PBS to make a 4%

solution and pH was adjusted to 7.4. Solution was then filter sterilised and aliquots were
stored at 4°C.

2.4.3 Cell Culture Media

2.4.3.1 Plating media (PM)
Mixture of 50% DMEM (31885-023, Gibco), 25% HBSS with 25% horse serum (26050-

088, Gibco), and 2 mM L-glutamine. Filter sterilised with a 0.22 um filtration unit and stored
at4°C.

2.4.3.2 Differentiation media (DM-)
Differentiation media is DMEM (41965-039, Gibco) with 10 ng/ml biotin, 50 nM

hydrocortisone, and 1% N1 supplement (N6530, Sigma). Filter sterilised with a 0.22 um
filtration unit and stored at 4°C.

2.4.3.3 Differentiation media with insulin (DM+)
Differentiation media is made up in DMEM (41965-039, Gibco) with 10 ng/ml biotin, 50

nM hydrocortisone, 1% N1 supplement (N6530, Sigma) and 0.5 mg/ml insulin. Filter

sterilised with a 0.22 um filtration unit and stored at 4°C.
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2.4.3.4 Astrocyte media
Astrocyte media is made up in DMEM (21885-025, Gibco) with 10% foetal bovine serum

(Sigma, UK) and 2 mM L- glutamine (Sigma, UK). Filter sterilised with a 0.22 pum

filtration unit and stored at 4°C.

2.4.3.5 Neurosphere media
Neurosphere media was made up in Dulbecco's Modified Eagle Medium/F12 (11320033

Life Technologies), enriched with 0.105% NaHCO3, 5 pg/ml streptomycin, 5 mM HEPES
100 pg/ml apotransferrin, 25 pg/ml insulin, 30 UM sodium selenite, 60 UM putrescine and
20 UM progesterone (all from Sigma, UK). Filter sterilised with a 0.22 um filtration unit and
stored at 4°C.

2.4.3.6 Slice Culture Media
Slice culture media was made by combining 50% MEM (31095029, Gibco), 25% EBSS

(14155063, Gibco), 2.6 mg/ml of 45% glucose (see 2.4.2.5), 1% Pen/Strep, 1%
GlutaMAX™ Supplement (35050061, Thermofisher), and 50% horse serum. Filter
sterilised with a 0.22 pm filtration unit and stored at 4°C.

2.4.3.7 Slice culture blocking buffer
Slice culture blocking buffer was made up in HBSS, enriched with 1mM HEPES (see

2.4.2.7), 2% heat inactivated horse serum, 10% heat inactivated goat serum (G9023,
Sigma), 1% bovine serum albumin (A2153, Sigma), 0.25% Triton-X (T9284, Sigma).
Filter sterilised with a 0.22 um filtration unit and stored at 4°C.

2.4.4 Primary Cell Culture

2.4.4.1 Neurosphere-derived astrocytes
Neurospheres (NS) were generated from the striata of P1 SD rat pups using a modified

published method (Reynolds & Weiss., 1996). The dissected striata was mechanically
dissociated, homogenised, and centrifuged for 3 minutes at 120 revolutions per minute (rpm).
The pellet was resuspended in 20 ml of neurosphere media (see 2.4.3.5), supplemented with
20 ng/ml EGF (see 2.4.2.3) in an uncoated T75 vented flask (Greiner, UK).

Cellular neurospheres formed over 7 days and were differentiated into astrocytes (Sorenson

etal., 2008). Briefly, neurospheres were triturated and seeded down onto 13 mm PLL coated
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coverslips (see 2.4.2.4) divided up into 24 well plates, with the volume of media brought up
to 0.5 ml per well. Astrocytes were incubated for a further 5-7 DIV, maintained at 37°C in
an atmosphere of 7% CO.. A confluent monolayer is normally formed at around 5 DIV.
Astrocytes were maintained in astrocyte media and fed ever 3-4 days by removing half the
media and replacing with fresh (see 2.4.3.4).

2.4.4.2 Rat myelinating cultures
Generation of rat myelinating cultures was based on previously described methods

(Sorensen et al., 2008). Pregnant females were sacrificed at E15.5 by rising concentration
of CO; and death confirmed by severing the femoral artery. Embryos were excised and
embryonic spinal cords extracted. Spinal cord tissue was enzymatically dissociated by
incubation with 100 pl collagenase (see 2.4.2.10) and 100 pl 1x trypsin (9002-07-7, Sigma)
for 15 minutes at 37°C. The digestion was quenched using 0.52 mg/ml soybean trypsin
inhibitor (10109886001, Sigma), 3.0 pg/ml bovine serum albumin (A2153, Sigma), and 0.04
mg/ml DNase (see 2.4.2.9). Coverslips with a confluent monolayer of Neurosphere-derived
astrocytes (see 2.4.4.1) were placed into 35-mm Petri dishes (three per dish) and the cell
suspension was seeded on top at 150,000 cells per coverslip in plating medium (PM) (see
2.4.3.1). Cells adhered to the cover slips for 2 hours at 37°C, then supplemented with 300 pl
PM and 500 pl DM+ (see 2.3.3.3). Cultures were maintained at 37°C in an atmosphere of 7%
CO2 and every 2-3 days with DM+ for the first 12 DIV, and then with DM- (see 2.4.3.2)
until DIV 30.

2.4.5 Cell culture assays

2.4.5.1 Myelinating cultures modified to study CNS injury (MC-Inj)
Myelinating cultures were set up and maintained as described above (see 2.4.4.2). At 24 DIV,

myelinating cultures were cut using a 11 mm single edge razor blade down the middle of
each cover slip, creating a cell free area (approx. 650 pum wide). Cultures were then treated
with either LS-mHep7 or LS-mHep7L at a concentration of 1 ng/ml. Cultures were allowed
to recover to 30 DIV then, fixed for 20 minutes at RT with 4% PFA, then immunolabelled.

2.4.5.2 Myelinating cultures experimentally demyelinated (MC-DeMy)
Myelinating cultures were set up and maintained as described above (see 2.4.4.2). At 24 DIV,

myelinating cultures were demyelinated by overnight incubation at 37°C with 100 ng/ml
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anti-myelin oligodendrocyte glycoprotein (MOG) antibody (Z2 clone from hybridoma,
kindly gifted by Prof. Christopher Linington) and 100 pg/ml, rabbit complement (234400,
Millipore). Cultures were then treated with LS-mHep7 or LS-mHep7L at 1ng/ml. Cultures
were allowed to recover until DIV 30 then, fixed for 20 minutes at RT with 4% PFA, then

immunolabelled

Treatment with LS-mHep7/ LS-mHep7L
A

' ////// ‘ ////
Day0 12 DIV « )2~ 24DV 25DV 30DIV
S }, /y; -\\\ g
%\”/'//’ | & ’
V' )/, -
Demyelination \\- v

Quantification
of myelin

Figure 2.1 [IMC-DeMy schematic. Myelinating cultures were set up and allowed to mature
until DIV 24, at which point they were demyelinated, via overnight incubation with the
MOG-specific antibody Z2 (100 ng/ml) and rabbit complement (100 pg/ml). Treatment
occurred at DIV 25 with LS-mHep7 (1ng/ml) or LS-mHep7L (1ng/ml). Cultures were
maintained until DIV 30 where they were fixed with 4% PFA and fluorescently marked for
PLP (green, myelin) and SMI-31 (red, axons).

2.4.5.3 Myelinating spinal cord cultures to study the development of
myelination (MC-Dev) with the addition of CCL5
Myelinating cultures were set up and maintained as described above (see 2.4.4.2). At 16 DIV

approximately when myelin first forms along axons, cultures were treated with 100 ng/mi
CCL5 (250-07, peprotech) at 16 DIV. Treatment was repeated at 19 DIV and 21 DIV. Some
cultures received co-treatment with LS-mHep7 or LS-mHep7L at 1ng/ml. At 24 DIV

cultures were fixed for 20 minutes at RT with 4% PFA, then immunolabelled
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Figure 2-1 [IMC-Dev schematic. Myelinating cultures were set up and allowed to mature
until DIV 15, at which point they were treated with either (i) CCL5 alone (100 ng/ml) or in
combination with (i) LS-mHep7 (1ng/ml) or LS-mHep7L (1ng/ml). Treatments occurred at
DIV 15, DIV 18, DIV 21, and maintained until DIV 24 where they were fixed with 4% PFA
and fluorescently marked for PLP (green, myelin) and SMI-31 (red, axons).

2.4.5.4 Spinal cord slice cultures (SC-DeMy and SC-DEV)
C57BL/6 mouse pups were culled on postnatal day 1. Pups were decapitated and their spinal

cords dissected into Leibovitz’s L-15 medium. Sagittal slices of spinal cord 200— 300 pm
thickness were cut using a Mcllwain tissue chopper, and carefully placed onto Millicell Cell
Culture Insert (PICMORG50, Merck Millipore). Each insert was placed into a 6 well plate,
and 1ml of slice culture media (SCM) added underneath the insert. Cultures were maintained
at 37°C in an atmosphere of 7% CO and every 2-3 days media was replaced with fresh SCM.
For the study of de/remyelination (SC-DeMy) at DIV 14, demyelination was induced by
addition of 0.5 mg/ml lysophosphatidylcholine (L1381-25MG, Sigma) to the medium for
18-24 h, after which slices were transferred back into normal medium or treated with
100ng/ml LS-mHep7 or LS-mHep7L. At 28 DIV, cultures were fixed in 4% PFA for 1 hour
RT then immunolabelled (See Table 2-2). For the study of developmental myelination (SC-
DEV), cultures were maintained until DIV14, fixed in 4% PFA for 1 hour RT then
immunolabelled (See Table 2-2).
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2.4.5.4 Astrocyte monolayers modified to study signs of astrocytosis (Scratch assay)

Astrocyte monolaters were set up and maintained as described in 2.4.4.1. Once a confluent
monolayer was observed, astrocytes were either treated with 10ng/ml HEP7 or HEPL in
astrocyte media. Once treatments were added, each coverslip was ‘scratched” down the
centre of the cover slip using the end of a P200 pipette tip. This created a cell free area down
the middle of the cover slip. Scratches were live imaged using a Etaluma Lumascope 560
Inverted Microscope at Oh, 1h, 2h, 4h, 24h. At each time interval coverslips were fixed with
4% PFA. Gap width change of each cover slip was analysed using ImageJ. Cell lysates were
also produced to tie with each time point. Cell lysates were produced by scratching each
cover slip three times. At each appropriate time point 50 pul CelLytic™ (C3228-50ML,
Sigma) containing protease inhibitor (1/1000) was added to each cover slip. Lysate solution
was left on each coverslip for 15 mins, at which point it was then transferred into PCR tubes
and kept on ice. These protein lysates were then analysed using western blot analysis (see
2.7.1).

2.5 Immunocytochemistry

2.5.1 In vitro cell culture staining
For staining of cultures with intracellular antibodies, cultures were fixed with 4%

paraformaldehyde (see 2.4.2.11) for 20 minutes at room temperature and permeabilised
with 0.2% Triton X-100 (79284, Sigma) in PBS at room temperature for 15 minutes.
Once washed with PBS, cultures were blocked using blocking buffer (see 2.2.2) for 1
hour at room temperature. The primary antibodies were diluted in blocking buffer, and
the cells incubated for 1 hour at room temperature (Table 2-1). After washing, the
cultures were incubated with the appropriate secondary antibodies for 45 minutes at
room temperature (Table 2-1) and mounted in Vectashield (H-1200-10, Vector

laboratories).
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Table 2-1 | Primary and secondary antibodies used in the immunostaining of in vitro cultures.

Primary Antibody Isotype Dilution Source

MBP Rat IgG2a 1:500 BioRad

SMI-31 Mouse 1gG1 1:1000 Bioligand

AA3 (PLP) Rat 19G 1:100 Hybridoma
Secondary Antibody | Conjugate Dilution Source

Goat anti-mouse Alexa Flour ® 568 | 1:500 Life Technologies
lgG1

Goat anti-rat IgG Alexa Flour® 488 1:500 Life Technologies

Table 2-2 | Primary and secondary antibodies used in the immunostaining for slice cultures.

Primary Antibody Isotype Dilution Source

MBP IgG2a 1:500 BioRad

SMI-31 IgG1 1:1000 Biolegend
CASPR IgG 1:500 Abcam
Secondary Antibody Conjugate Dilution Source

Goat anti-mouse IgG1 | Alexa Flour®: 568 1:500 Life Technologies
Goat anti-rat 1I9G Alexa Flour®: 488 1:500 Life Technologies
Goat anti-rabbit 1gG Alexa Flour®: 647 1:500 Life Technologies
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2.5.2 Ex vivo slice culture staining
Individual slices were then cut out of the plastic insert while keeping the membrane intact,

being careful to avoid touching or damaging the tissue. Tissue sections were then
transferred to a 24-well plate, one slice per well. Slices were washed three times in PBS
on a rocker for 5 mins before permeabilization using pre-cooled (-20°C) absolute ethanol
for 30 mins at -20°C. The ethanol is removed, and slices are washed three times with
PBS, on a rocker for 5 mins. Slices were blocked using slice culture buffer (see 2.4.3.7)
for 1 hour at room temperature on a rocker. The primary antibodies were diluted in slice
culture blocking buffer, and the cells incubated for 48 hours at 4°C on a rocker (Table
2-1 | Primary and secondary antibodies used in the immunostaining of in vitro . After washing,
the cultures were incubated with the appropriate secondary antibodies for 2 hours at room
temperature on a rocker (Table 2-2) and mounted in Vectashield (H-1200-10, Vector

laboratories).

2.6 Microscopy and image analysis

2.6.1 Fluorescent microscopy

Images of myelinating cultures were obtained using an Olympus BX51 fluorescence

microscope with a 10x objective. Conditions were blinded by colleague before 10

randomised images were captured from each coverslip (totalling 30 images per treatment

condition). Images were saved as tiff files.

2.6.2 Confocal Imaging
Images of slice cultures were obtained using a Zeiss LSM 880 upright confocal

multiphoton microscope with a 63x objective. SMI-31 (axons), MBP (myelin), and
CASPR (internodes) immunofluorescence were imaged. Conditions were blinded by a
colleague before 30 images were taken for each treatment condition. Images were taken
across each slice at an optimal depth, spanning the entire portion of spinal cord. Images

were saved as tiff files.

63



2.6.3 Re/myelination quantification

2.6.3.1 Myelinating cultures
Quantification of re/myelination was carried out using the CellProfiler Image Analysis

software (Carpenter et al., 2006). Axonal density was measured using the
immunofluorescence pixel value for SMI-31 obtained from each image, set at a threshold
level. This pixel number was then divided by the total number of pixels of the entire image
to produce an axon density percentage. The percentage of myelinated axons was obtained
by the amount of PLP or MBP fluorescent pixels obtained from each image and
standardising the value to the neurite density value as a percentage. The CellProfiler pipeline
used for this analysis utilises pattern recognition software to distinguish linear myelinated
internodes from oligodendrocyte cell bodies. This enables the isolation of ‘myelin pixels’
stained by the PLP/MBP and ignores other fluorescent pixels from oligodendrocyte labelling
which can occur when using PLP/MBP. Due to the variability of myelination between
culture sets, the myelination percentage was standardised to each experimental control. An
example of the CellProfiler analysis of analysis can be seen in see Figure 2.2Figure . The

CellProfiler pipeline used in this thesis is available at https://github.com/muecs/cp.

Figure 2.2 |Representative images of myelin quantification | A) Representative image of
a myelinating culture at DIV30, immunolabelled for SMI-31 (red, axons) and PLP (green,
myelin). B-C) shows the unmodified split colours of (A). D) Shows the colour split of (A)
emphasised for the macro used, and (E-F) depicts the analysis of (D). Linear myelinated
internodes are used to quantify myelination. The neurite density of the culture is quantified
by SMI-31 immunoreactivity. Scale bars 100 um
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2.6.3.2 Slice culture re/myelination quantification
As with the myelinating cultures quantification of re/myelination was carried out using the

CellProfiler Image Analysis software (Carpenter et al., 2006). This pipeline was adapted
to have a higher threshold for both axons and myelin to adapt to the images being acquired
at a higher magnification. Like in section 2.6.2.1 axonal density was established using the
immunofluorescence pixel value for SMI-31 obtained from each image, set at the new
threshold level. This pixel number was then divided by the total number of pixels of the
entire image to produce an axon density percentage. The percentage of myelinated axons
was obtained by the amount of MBP fluorescent pixels obtained from each image and

standardising the value to the neurite density value as a percentage.

2.6.3.3 MC-Inj neurite outgrowth quantification
Neurite outgrowth was represented as a percentage of SMI-31 immunofluorescence per field

of view. Image analysis was carried out using ImageJ. For each image, the area of injury
was cropped, clearing all pixels on each side of the injured area, leaving pixels pertaining
only to the injury site. The cropped image was then reverted to black and white to reduce
background fluorescence within the cropped field. Neurite outgrowth was measured by
calculating the immunofluorescence pixel value for SMI-31(white pixels) obtained from
each image. This pixel number was then divided by the total number of pixels of the entire
cropped injury (black pixels) site to produce a neurite outgrowth percentage per field of view.

See Figure 2.3.
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Figure 2.3 |Representative images of neurite outgrowth quantification. A)
Representative image of a MC-Inj, immunolabelled for SMI-31 (red, axons) and PLP (green,
myelin). B) shows cropped area of injury site seen in (A) which was then converted to black
and white pixels (C-D). The neurite outgrowth was then calculated via the pixel density of
the neurite outgrowth (white, C) and the entire cropped injury site (Black, D). Scale bars 100
wm.

2.6.4 Neurite diameter
Neurite diameter was analysed using Image J. MC-DeMy cultures were set up and maintained as

described above. Cultures were fixed and immunolabelled with antibody clone SMI-31 at the
appropriate time point (DIV 30). 10 images of each condition were taken at 10x magnification. Each
image was opened in Image J and a representative area was zoomed into 6 times (6 clicks). Using
the straight-line selection, a line was drawn across the diameter of the SMI-31 positive neurite and
these measurements recorded. Within the area, 10 axons were chosen randomly, per image. The
arbitrary measurements were converted to um using the scale bar in the image. Experiments were

done in triplicate.
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2.7 Molecular Biology

2.7.1 Western blot

2.7.1.1 Protein lysates
Protein lysates were collected from astrocyte monolayers that were set up as described

previously (2.4.5.4). Monolayers were washed 3x in PBS and lysed by incubation in 50 pl
CelLytic™ (C3228-50ML, Sigma) for 15 min at RT. The reagent was removed from each
well and transferred to Eppendorf tubes on ice. A Pierce BCA assay (23225, ThermoFisher)
was performed to quantify protein concentration, according to manufacturer’s instructions.
Briefly, reagent A and reagent B were mixed at a ratio of 1:50, protein lysate was added at
a ratio of 1:20. The resulting solution was incubated at 37 °C for 30 min. Protein
concentration was quantified using the BCA assay programme on a Nanodrop 1000 (Thermo
Fisher). Bovine serum albumin (BSA) was used for known protein concentrations to

generate a standard curve from which the protein concentrations of samples were deciphered.

2.7.1.2 Sample preparation & gel electrophoresis
10ul protein samples were prepared for electrophoresis, containing 1 pl 10x reducing agent

(Invitrogen), 2.5 pl 4x sample buffer (Invitrogen), 10 ug protein and ddH20O (as required).
The samples were heated on a heat block at 70 °C for 10 min, immediately transferred to ice.
Pre-cast 4-12% Bis-Tris gels (NP0322BOX, Invitrogen) were placed in a mini-cell gel tank
and Invitrogen NuPAGE running buffer was added. Gel combs were removed and 10 pl
protein samples were transferred to wells, alongside 5 pl See Blue ™ protein ladder (LC5925,

Invitrogen). Gels ran at a constant 200V for 45-60 min.

2.7.1.3 Protein transfer & detection
The iblot Blotting System (ThermoFisher) was used to transfer proteins onto a nitrocellulose

membrane using Invitrogen gel transfer stacks according to manufacturer’s instructions. The
anode was placed at the bottom of the iblot, and gels were placed atop the nitrocellulose
membrane. Filter paper soaked in ddH20O was placed over the gel and any bubbles were
removed using a roller. This was covered by the cathode and sponge before running the iblot
for 7. min on the P3 setting. The nitrocellulose membrane was blocked with 5% milk in PBS-
Tween (0.1%, ThermoFisher) for 1 hr at RT. This was followed by incubation with primary
anti- body diluted in PBS-Tween for 1 hr at RT or overnight at 4°C. Blots were washed 3x
for 5 mins each in PBS-Tween (P1379, Sigma) and incubated in horse radish peroxidase
(HRP)-linked secondary antibody (32230, Invitrogen) for 1 hr at RT. Blots were washed
extensively 3x for 5 mins each and then incubated in 2 ml enhanced chemiluminescence
(ECL) solution (R-03025-) for 3 min. Excess ECL was removed, and the bound antibodies
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were visualised using Konica Minolta SRX101A imaging system, and exposure to
Amersham hyperfilm™ (28-9068-38, VWR).

Densitometry was carried out on the bands using Image J. See Table 2-3 for antibodies.

Table 2-3 | Antibody table for western blot

Antibody Manufacturer Host species Concentration
B-actin Sigma Mouse 1:1000

GFAP Dako Rabbit 1:100000
NESTIN Merck Millipore Mouse 1:5000

2.7.2 Cytokine array
Conditioned media was collected from P1 mouse spinal cord slice cultures (see 2.4.5.4) at

DIV 14 before chemical demyelination with lysolecithin, and 24 hours after demyelination.
A 400 ul sample of each conditioned media was analysed using a Proteome Profiler Rat XL
Cytokine Array (R&D Systems, ARY030) following the manufacturer’s protocol. The
cytokines, chemokines, growth factors and other soluble proteins detected in the Mouse XL
Cytokine Array are detailed in Table 2-4. Visualisation of captured protein was achieved by
chemiluminescence of the biotinylated detection antibodies, and exposure to Amersham
hyperfilm™ (28-9068-38, VWR). Densitometry was carried out on the bands using Image J

and the relative expression levels of each protein were assessed.
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Table 2-4| Secreted factors specific to the capture antibodies in the Proteome Profiler mouse
Cytokine Array Kit XL

Proteome Profiler Mouse XL Cytokine Array

Adiponsctm/Aerp3l CO40/TMFRSFS EGF IL-1 IL-23 Proprotein Convertase
alphz/IL1F1 3/PCSKS
Amphiregulin Chi1s0 Endeglin/CD105 IL-1 beta/IL- LDLR RAGE
iF2
Angiopoietin-1 Chemerin Endostatim IL-1rafIL-1F3 Leptin RBP4
Angiopoietin-2 Chitinase 3-like 1 Fetuin AfAHSG IL-2 LIF Reg3G
Angiopoietin-like 3 Cozpulation Factor FGF acidic IL-3 Resistin
I/ Tissus Factor Lipocalin-2/MGAL,
Lix
BAFF/BLyS/TNFSF13E Complement FGF-Z1 IL-4 h-C5F E-Selectin/CDE2E
Compaonent C5/C53
Cig R1/CD53 Complement Factor D Flt-3 Ligand IL-5 MMP-2 P-Selectin/CD52P
CCL2/IE/MCP-1 C-Reactive Protein/CRP Gazb IL-5 MMP-2 Serpin E1/PAI-1
CCLZ/CCLE MIP-1 CX3CL1/Fractalkine G-CSF IL-7 MMP-3 Serpin F1/PEDF
slphz/beta
CCLS/RANTES CHCLL/KC GOF-15 IL-10 Myeloperoxidase Thrombopoistin
CCLefCl CHCLZ/MIP-2 GM-CSF IL-11 Osteopantin (JPN) TIM-1/KIM-1/HAVCR
CCLL1/Eotaxin CHOL3/MIG HGF IL-12p40 Osteoprotegering THF-alpha
THFRSF11B
CCL12/MCF-5 CXCL10/IF-10 ICAM-1/CD54 IL-13 PO-ECGF/ VCAM-1/C0108
Thymidine
phosphorylase
CCLL7/TARC CXCLLL/I-TAC IFM-gamma IL-15 POGF-BB VEGF
CCL13/MIP-3 beta CHCLL3/BLC/BCA-1 IGFBF-1 IL-174 Pentraxin 2/54F WISP-1/CCN4
CCL20/MIP-3 alphz CXCLiE IGFEP-2 IL-22 Pentraxin 3/ T53G-14
CCL21/eCkine Cystatin C IGFEP-3 IL-23 Periastin/03F-2
CCL22/MDC Dkk-1 IGFBP-5 IL-27 Pref-1/DLK-1/FAl
cDi4 DPFIV/CD26 IGFEP-& IL-28 Proliferin
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2.8 Statistical analysis
For data presentation and statistical testing, Prism software version 6.0 (GraphPad Software)

was used. For simple comparison, a paired-student t-test was utilised to determine statistical
significance. For multiple condition comparisons a One-way ANOVA repeated measures
was employed to data sets, followed by Dunnett’s multi-comparison test. For western blots,
a paired 2 sample t-test was used on the densitometry arbitrary values, comparing band
intensity of treatment group to control group for both test protein and B-actin. Data is
presented as mean + standard errors of the mean (SEM). Asterisks within graphed data to
represent significance (less than *p<0.05, **p<0.01, ***p<0.001). Information detailing the
number of technical and biological repeats for every experiment throughout the thesis is

provided in the corresponding figure legends.
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Chapter 3

Ex vivo slice cultures as a model for studying
central nervous system repair

71



3.1 Introduction
The success rate of novel therapeutics for CNS repair are incredibly low, specifically for

disease modifying treatments. The reason for this consists of many obstacles that are hard to
overcome including incomplete understanding of disease-relevant biology and physical
barriers to the CNS such as the BBB. Therefore, methods that allow the screening of
potentially bioactive molecules for therapeutic effect in a quantitative, cost effective and
timely manner, are invaluable in the search for new drugs. To facilitate screening, in vitro
models are often employed in semi-high to high-throughput systems as they permit the study
of intrinsic properties of oligodendrocytes and cell—cell interactions between the glia present
in the system. However, these do not replicate the three-dimensional structure and
architecture of cells in tissue. Organotypic cultures which are slices of the brain or spinal
cord maintained on a semi-permeable membrane that preserves the structural and synaptic
organization of the original tissue. Ex vivo cultures allow the study of the CNS in a variety
of ways, including the study of hypoxic insult (Cui et al., 2020), remyelination of Purkinje
axons (Thetiot et al., 2019), and oligodendrocyte proliferation (Sherafat et al., 2017).
Additionally, organotypic cultures allow a high output of information in a cost-effective
manner making them an excellent model for preliminary screening of molecules for

therapeutic effect.

To determine the therapeutic potential of our novel LS-mHep compounds in promoting
repair, we first aimed to establish a reproducible ex vivo model of the CNS. We required a
model that had robust and consistent myelination of axons which was also amenable to
experimental demyelination. To do this we trialled ex vivo slice cultures generated from SD
rats and or C57BL/6 mice, and from various regions of the brain harvested at different

postnatal ages.

3.2 Aims
The overall aim of this chapter was to optimise an ex vivo slice culture protocol that enabled

the study of remyelination and repair of the CNS using LS-mHep7 and LS-mHep7L. The

specific aims were to:

) Determine the suitability of SD rat or C57BL/6 mouse tissue to generate ex vivo
slice cultures.
i) Ascertain the best age of postnatal animal to obtain tissue slices from for a

successful culture of myelinating cells.
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i) Compare cerebellum and spinal cord-derived ex vivo slice cultures for axon
health and myelination.

iv) Establish a successful ex vivo slice culture model amenable to demyelination and
determine the appropriate experimental protocol for studying remyelination
following LS-mHep7 and LS-mHep7L treatment.

3.3 Cerebellar slice cultures from P10 SD rat did not maintain healthy

myelinated axons
Cerebellar slice cultures generated from P10 SD rats are a commonly used ex vivo model of

the CNS (Birgbauer et al., 2004). The cerebellum is well-myelinated at P10 and therefore
provides an ideal tissue to maintain ex vivo for the study of demyelination/remyelination.
We generated slice cultures from P10 SD rats, which were maintained until DIV 12, before
fixation in 4% PFA. Axons were visualised with antibody clone SMI-31 and anti-MBP.
Figure 3.1 shows axon degeneration within the slice, with white arrows indicating sections
of fragmented axons. Green fluorescence that is observed in Figure 3.1 (a) can be deduced
as a bleed through artefact due to it being thinner than the red fluorescence when overlapped
in Figure 3.1 (a). If this green fluorescence was true myelin, it would be thicker in width
than the red axons observed. Also observed throughout the slices are additional signs of
degeneration including axonal swelling as indicated in Figure 3.1 (b) with white arrow
heads. Abnormal MBP staining is indicated by yellow arrowheads in Figure 3.1 (b),
Typically anti-MBP stains mature myelin sheaths along axons and is not located within the
cell body. However, identified here is the staining of a large spherical object — potentially a
degenerating oligodendrocyte. Morphologically, these cultures had an unexpected ‘wavy’
appearance as opposed to the expected lateral fibres. These ‘wavy’ axons are not

phenotypical of healthy appearing axons, which run in organised bundles.

Additional signs of degeneration in the slice cultures are observed in Figure 3.2 with features
that indicate oligodendrocyte dysfunction (indicated by asterisk). In addition there appears
to be spherical structures surrounded by myelin debris and might indicate the breakdown of

oligodendrocytes.

To summarise we were unable to produce slice cultures generated from P10 SD rats that
could produce and maintain healthy myelinated axons. Signs of axon degeneration could be
observed throughout the slices with low axonal density. This allowed us to conclude that
P10 SD cultures were not an appropriate culture system to enable the study of remyelination
and repair of the CNS using LS-mHeps.
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Figure 3.1 |P10 SD rat cerebellar slice cultures show signs of axon degeneration and
signs of oligodendrocyte dysfunction. Confocal images of cerebellar slices generated from
P10 SD rats maintained to DIV 12. (a) Axonal degeneration is observed with axonal
fragmentation (SMI-31, red) (indicated by white arrows). Abnormal MBP staining (green,
myelin) was observed throughout. (b) Axonal swellings (indicated by white arrowheads)
were also observed alongside MBP positive spherical structures, likely indicative of
abnormal oligodendrocyte cell body labelling (yellow arrowheads). Scale bars =20 pum
Representative images from five independent cultures
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Figure 3.2 |Axon retraction bulbs and absence of myelin sheaths in P10 SD rat
cerebellar slices. Confocal images of cerebellar slices maintained to DIV 12. Signs of
axonal degeneration is seen with the presence of terminal bulbs (SMI-31, red; indicated by
white arrows) and axonal swellings (indicated by white arrowhead). Abnormal MBP staining
(green, myelin) was observed throughout with signs of myelin debris (indicated with yellow
arrow heads) alongside abnormal MBP positive spherical structures (indicated with an
asterisk). Scale bars =20 um Representative images from five independent cultures
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3.4 Cerebellar slice cultures from P7-10 C57BL/6 mouse pups did not
maintain healthy myelinated axons

Cerebellum from C57BL/6 P10 mice have been used previously to produce myelinating
organotypic slice cultures (Thetiot et al., 2019). As in rat cerebellar cultures, P10 is a time
corresponding to the onset of Purkinje cell myelination, providing ideal tissue for subsequent
remyelination studies. Therefore, we generated cerebellar slice cultures from P10 C57BL/6
mice and maintained them to DIV 12, fixed with 4% PFA, and immunolabelled with
antibody clone SMI-3 and anti-MBP. Figure 3.3 (a-c) visualises abnormal ‘wavy’ axonal
morphology indicative of axonal degeneration. Additionally, axonal swellings were present
through the slices (indicated by white arrowheads). However, axonal density appeared
greater compared to slices cultures generated from P10 SD rats shown previously (Figure
3.1 and 3.2). Hallmark features of Wallerian degeneration are observed in Figure 3.4 with
axonal fragmentation presenting with clear breaks in the SMI-31 staining (indicated with
white arrowheads). Furthermore, we observed MBP positive tracts without an associated
SMI-31 stained axon suggesting axonal degeneration with the myelinated tract which is yet
to degenerate (Figure 3.4, white arrows). Additionally, a large quantity of myelin debris
(indicated by yellow arrowheads) is observed around these MBP positive tracts (Figure 3.4)
indicative of myelin degeneration. Also, of note - the myelin debris appears to present in
long lateral tracts, that could suggest previous establishment of myelinated tracts that are

undergoing degeneration, leaving myelin debris in this formation.
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Figure 3.3 | Reasonable axon density with appearance of degeneration in P10 mouse
cerebellar slices. Confocal images of cerebellar slices from P7 C57BL/6 mice. Cultures
were allowed to recover until DIV 12, following which they were fixed with 4% PFA, and
immunolabelled with antibody clone SMI-31 (red, neurites) and anti-MBP (green, myelin).
(a-c) Axonal degeneration can still be identified with prominent swelling of the axons
(indicated by white arrow heads). Scale bars=20 um Representative images from 4
independent cultures

77



’

f""

a1
1
1
I
»
P

78



Figure 3.4 |[Myelin tracts without an associated axon observed in P7 mouse cerebellar
slices. Confocal images of cerebellar slices from P7 mice. Cultures were allowed to recover
until DIV 12, following which they were fixed with 4% PFA, and immunolabelled with
antibody clone SMI-31 (red, neurites) and anti-MBP (green, myelin). Images shows signs of
Wallerian degeneration including swollen axons (indicated by white arrowheads), myelin
debris (indicated by yellow arrowheads) and MBP stained tracts with no associated axon
(indicated by white arrows). Magnification insert section showing detail of tracts with no
associated SMI-31 (axon) staining. MBP staining suggest the axon has degenerated leaving
the white matter tract, which ultimately degenerate leaving myelin debris. Scale
bars =20 um, Representative images from a single culture

A necessary feature of a successful ex vivo slice culture method to study re/myelination is
the production and maintenance of compact myelin around the axons. Figure 3.5 shows the
appearance of MBP positive tracts within the slice. These tracts do appear to have associated
SMI-31-stained axons however their morphology does not appear typical of compact myelin,
as it does not wrap closely along the axons, and instead appears non-compact, potentially
degenerating. Figure 3.5 demonstrates no staining for CASPR (paranodes), suggesting that
this is not compact myelin. Another feature observed that suggests that this myelin is
degenerating and no longer compact is the myelin debris (indicated by yellow arrow heads)
seen in Figure 3.5, surrounding these myelin tracts. Axonal swellings can be seen along the

axons — indicative of axon degeneration (indicated by white arrowheads).
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Figure 3.5 |Non compact myelin observed in P7 mouse cerebellar slices. Confocal images
of P7 mouse cerebellar cultures at DIV 12, fixed with 4% PFA, and immunolabelled with
SMI-31 (red, neurites), anti-MBP (green, myelin) CASPR (blue, internodes). MBP staining
suggests production of myelin around axons, however morphologically, myelin appears
unhealthy and non-compact. No CASPR staining was noted, further suggesting no presence
of compact myelin around the axons, with a lack of internodes. Swelling of axons (indicated
by white arrowheads) can be observed along the axons, a further suggestion of axon
degeneration. Myelin debris can be obsevered (indicated by yellow arrowheads) Scale
bars =20 um Representative images from four independent cultures

To summarise we were unable produce slice cultures from P7-10 C57BL/6 mouse
cerebellum that could produce and maintain healthy myelinated axons. Despite the culture
appearing dense with axons, and containing myelinating oligodendrocytes, they showed

signs of degeneration making them unsuitable to employ as an ex vivo model of the CNS.
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3.5 Mouse C57 P1-3 cerebellum contained healthy appearing axons but
variable levels of myelination and expression of CASPR

Cerebellar slice cultures from rat and mouse at P7-10 did not produce useful ex vivo models
to study the CNS myelination. Others have shown viable cultures when generated from early
postnatal tissue from P1-2 mouse brains (Zhang et al., 2011). Here we dissected brains from
P1-3 mice that were allowed to recover until DIV 12, following which they were fixed with
4% PFA, and immunolabelled with SMI-31. Figure 3.6 (a-c) demonstrates healthier
appearing axons compared to those seen in previous figures. The axons are orientated

parallel in organised bundles to each other suggestive of healthy axons as reported in other

studies.

Figure 3.6 |Improvement in axon appearance from slice cultures generated from P1
mouse cerebellar. Confocal images of cerebellar slices from P1 C57BL/6 mice. Cultures
were allowed to recover until DIV 12, following which they were fixed with 4% PFA, and
immunolabelled with SMI-31 (red, neurites). (a-b) SMI-31 staining shows healthy appearing
axons, however, axon density appears to vary amongst slices, which can be seen in (c)
compared to (a). Scale bars =20 um. Representative images from 3 cultures

Additionally, there were MBP- stained myelin sheaths that appeared healthy and thicker than
SMI-31-stained axons (Figure 3.7). Myelin integrity was confirmed using CASPR staining,
which indicated the presence of paranodes within the slices and therefore highly suggested
compact myelin along the axons (although very few). Where two myelin segments approach
each other to form a node, CASPR staining appears as a dimer. Of note, the CASPR staining
is found within the gap of MBP staining but does not extend into the node itself. Two
representative nodes are indicated by the white arrowheads in Figure 3.5 and at higher power
view of the node is shown in the inset.
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Figure 3.7 |Compact myelin and CASPR staining observed in slice cultures generated
from P1 mouse cerebellum. Confocal images of cerebellar slices from P1 C57BL/6 mice.
Cultures were allowed to recover until DIV 12, following which they were fixed with 4%
PFA, and immunolabelled with antibody clone SMI-31 (red, neurites), anti-MBP (green,
myelin), CASPR (blue, internodes). First indication of CASPR staining can be visualised
and can be seen labelling paranodes between MBP staining (indicated by white arrow heads)
running along axons. CASPR staining suggests compact myelin is being produced along
axons and axons appear healthy with reasonable density. Scale bars =20 um. Representative
images from 4 independent cultures

83



To summarise we were able produce slice cultures from P1 C57BL/6 mouse cerebellum that
could produce and maintain healthy myelinated axons. However, myelination levels were
very low, and signs of degeneration could still be seen in the slices. Despite myelin being
observed the low levels of myelination this still leaves this method for slice cultures
unsuitable to employ as an ex vivo model for study of repair of the CNS myelination.

3.6 Spinal cord slice cultures from P1 C57BL/6 mouse pups maintained
healthy axons with consistent myelination

Slice cultures generated from cerebellum did not produce viable organotypic slice cultures,
suggesting (to our surprise) that this tissue is unsuitable for culture. Sekizar and Williams,
2019 suggested that spinal cord slice cultures can be successfully generated and maintained
for the study of the CNS; therefore, we generate spinal cord slice cultures from P0O-2 mice.

We dissected spinal cords from P1 C57BL/6 mice and cultured them for 14 DIV before
visualising with SMI-31, CASPR, and MBP. As we observed in Figure 3.8 (a-d) healthy
axons were observed traversing throughout the slices. The axons are long and flow together
in organised bundles. There were no visible signs of axon degeneration in the form of axon

swelling, axonal fragmentation or retraction end bulbs.

Figure 3.9 (a-c) shows high levels of compact myelin on the axons through the slice. The
myelin can be observed as being thicker than the SMI-31 axonal staining, due to the external
wrapping which occurs. To note, it is important that the staining for MBP is thicker than
what is seen for SMI-31, as any SMI-31 visualised within the staining of MBP must be taken
as bleed through and not real myelin (this is dealt with in analysis via our macro that
eliminates this issue). Myelin will always be identified as external to the axon, and never

internal.
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.
Figure 3.8 [Mouse P1 spinal cords show high axon density with no signs of axon
degeneration. Confocal images of spinal cord slices from P1 C57BL/6 mice. Cultures were
allowed to recover until DIV 14 following which they were fixed with 4% PFA, and
immunolabelled with antibody clone SMI-31 (red, neurites). (a-d) SMI-31 staining shows

healthy appearing axons. Axon density appears to be high amongst all slices and throughout
each slice. Scale bars =20 pm Representative images from three independent cultures
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Figure 3.9 [Mouse P1 spinal cord slice cultures show high levels of healthy myelination.
Confocal images of spinal cord slices from P1 C57BL/6 mice. Cultures were allowed to
recover until DIV 14 after which they were fixed with 4% PFA, and immunolabelled with
SMI-31 (red, neurites) and MBP (green, myelin). (a-c) Axon density remains high
throughout the slices with no appearance of degenerating axons. MBP staining shows a high
density of compact myelin wrapping around the axons. Overlay of SMI-31 and MBP shows
thicker myelin wrapping along the axons. Scale bars =20 pm Representative images from
three independent cultures
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To further confirm that the MBP observed in these slices was real, additional staining of
CASPR at the Nodes of Ranvier was performed. Figure 3.10 indicates successful
identification of CASPR dimers, suggesting myelination of the axon. Of note, the MBP
staining does not continue between the two dimers as myelin is not present here. This non
myelinated region represents the paranode of the axon. A large amount of MBP staining can
be observed in Figure 3.10, again confirming that these cultures are able to produce a higher
percentage of myelinated axons compared to our previous cultures. Abnormal MBP staining
is observed in Figure 3.10 with circular staining (indicated by yellow arrowheads), most
likely the soma of the oligodendrocyte cell, which should not occur. MBP staining should

be localised exclusively to the myelin sheath.

Overall Figure 3.10 confirms that the myelin observed in our slices is real and not bleed
through observed during the imaging process.
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Figure 3.10 |Competent myelination confirmed with the presence of CASPR positive
staining. Confocal images of P1 C57BL/6 mice spinal cord slices maintained until DIV 14
where they were fixed with 4% PFA and immunolabelled with SMI-31 (red, neurites) and
MBP (green, myelin), and CASPR (blue, paranodes). CASPR staining appears as dimers
(indicated by white arrows) as they identify the end and beginning of the myelin sheath. To
note MBP staining does not appear between the CASRP dimers. Abnormal staining of MBP
can be observed with circular staining and is indicated with yellow arrowheads. Scale
bars =20 um. Representative images from 3 independent cultures.

In summary, we found that P1 mouse spinal cord slice cultures produce healthy axons that
are well myelinated throughout the slice at DIV 14, providing a suitable model for the ex
vivo study of re/myelination and repair of the CNS.

3.7 Lysolecithin induced demyelination is a successful tool without any
detrimental effects on the properties of the cultures

After establishing and characterising spinal cord slice cultures from P1 C56BL/6 mice as an
ex vivo model of the CNS, the next step was to determine a successful demyelination protocol
to study the pro-remyelination properties of LS-mHeps (see Chapter 5). It was critical to
employ a method that strips axons of myelin without damaging axons. The bioactive lipid
lysolecithin (lysophosphatidylcholine) is a well-established reagent for demyelination in
slice cultures (Birgbauer et al., 2004; Miron et al., 2010; Sekizar and Williams, 2019). In
many of these methods lysolecithin is added to cultures at 0.5 mg/ml for 24 hr. Therefore,

we used this to initiate demyelination in our slices.

Figure 3.11 (b-c) shows successful demyelination throughout the spinal cord slices without
any apparent toxic effect on the axons (Figure 3.11 a). Axon density remained relatively the
same at DIV 14 before lysolecithin exposure, 24 hours after demyelination (DeMy 24hr),
and two weeks after demyelination (DeMy DIV 28). Representative images from slices 24
hr after lysolecithin exposure shows no compact myelin around axons (Figure 3.11 b, c),
and myelin debris is observed (indicated by yellow arrowheads) 24 hr after demyelination.
Literature reports that it can take 2-3 days for partial myelin debris clearance by microglia
(Sekizar and Williams, 2019).

In summary, lysolecithin appears to be a suitable reagent for demyelinating spinal cord slice

cultures without any apparently toxic effect on axons.
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Figure 3.11 |Demyelination with lysolecithin successfully strips axons of myelin.
Confocal images of P1 C57BL/6 mice spinal cord slices 24 hours after lysolecithin exposure.
Cultures were maintained until DIV 14 where they were chemically demyelinated with
lysolecithin (from bovine) (0.5 mg/mL) for 24 hr and immunolabelled with antibody clone
SMI-31 (red, naxons) and MBP (green, myelin). (a) No significant axon loss is observed
with % density remaining high throughout the demyelination process. Myelin debris
(indicated with yellow arrowheads) is observed around axons (red), often related to
demyelination, with no compact myelin observed (b,c). Scale bars=20 um, Data were
obtained from 4 biological repeats (n=4)

89



3.8 Spontaneous remyelination is observed 9 days after demyelination in
spinal cord slice cultures.

In models of CNS demyelination, spontaneous remyelination occurs when resident
oligodendrocytes remyelinate axons. It is important to determine when spontaneous
remyelination occurs, to differentiate natural remyelination levels within the culture system

and the effects of out LS-mHeps after demyelination.

To determine when spontaneous remyelination begins within this culture system P1 mouse
spinal cords were demyelinated at DIV 14 using 0.5 mg/ ml lysolecithin treatment. They
were then fixed 3-, 6-, 9-, 12-, and 15-days post demyelination, and immunolabelled with
SMI-31, and MBP. Figure 3.12 highlights representative images indicating the presence of
MBP staining. These images demonstrate that there is no MBP staining present along the
axons in the cultures 3 and 6 -days post demyelination, with some potential appearance of
myelin debris that has been indicated previously (Figure 3.11). Nine days after
demyelination, MBP staining is observed, with myelin wrapping around axons. However,
the amount of myelin present is low with thin strips of myelin being observed (indicated by
white arrowheads), possibly indicating early remyelination along the axons. Also noted at 9
days post demyelination is the presence of potential MBP positive cells (indicated with a
yellow arrowheads). Although MBP positive spherical cells cannot be confirmed as
myelinating oligodendrocytes, we can theorise that this could be the case. By day 12 post
demyelination, qualitative assessments suggest an increase in the percentage of myelinated
axons present pre field of view, and this increase continues to 15 days post demyelination,

where remyelination appears to be fully established within the slice.

Additionally, Figure 3.13 shows CASPR staining appearing on slices fixed and
immunolabelled 12 days post demyelination. SMI-31-stained axons framed by a CASPR
dimer are observed. Once more, MBP does not appear between the CASPR dimers as
paranodes are non-myelinated areas along the axon. However, this CASPR staining confirms
successful remyelination in our slices after lysolecithin induced demyelination.

To summarise, we found that spontaneous remyelination in mouse spinal cord begins
approximately at 9 days post demyelination and continues to increase up to 15 days post
demyelination where myelination levels appear to be fully restored.
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Figure 3.12 |Remyelination 9 days post demyelination and increases to 15 days post
demyelination to restored levels. Confocal images of P1 C57BL/6 mice spinal cord slices
after demyelination via lysolecithin exposure. Cultures were maintained until DIV 14 then
chemically demyelinated with lysolecithin (0.5 mg/mL) for 24 hr. Cultures were then fixed
with 4% PFA at day -3, -6, -9, -12, and -15 post demyelination. Cultures were
immunolabelled with SMI-31 (red, axons) and MBP (green, myelin). First indications of
MBP staining begins at 9 days post demyelination with signs of very thin myelin (indicated
with white arrows) and some thicker myelinated axons. Also identified is what appears to be
MBP stained cells (indicated with yellow arrows). Remyelination continues until day 15
where a high percentage of axons appear well myelinated. Scale bars =20 um. Images
representative of two independent cultures.

Figure 3.13 |CASPR staining confirms compact re/myelination along axons after
lysolecithin induced demyelination. Confocal images of remyelinated P1 C57BL/6 mice
spinal cord slices 12 days after demyelination via lysolecithin exposure. Cultures were
maintained until DIV 14 then chemically demyelinated with lysolecithin (0.5 mg/mL) for
24hr. Cultures were then fixed with 4% PFA 12 days post demyelination. Cultures were
immunolabelled with SMI-31 (red, neurites), MBP (green, myelin), and CASPR (blue,
internodes). CASPR staining can be identified as remyelination progressed to produce
mature compact myelin. Scale bars =20 um
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3.9 Discussion

The development of novel treatments that promote CNS repair relies on preliminary
screening of molecules for therapeutic effect in a cost effective and timely manner. In this
chapter, we aimed to optimise a method for organotypic slice cultures that allowed the
reproducible study of re/myelination. Here we demonstrated that early postnatal spinal cord
tissue from C57BL/6 mice produced healthy organotypic slice cultures that could be
maintained for several weeks and allowed for the chemical demyelination with lysolecithin.
Additionally, these slices were able to re/myelinate to produce high levels of myelinated
axons. This was in large contrast to organotypic slice cultures that were produced from late

postnatal rat and mouse cerebellum.

Previously our lab has used SD rats as a source for tissue while investigation remyelination
and neurite outgrowth (McCanney et al., 2019), and therefore we decided to continue with
this for scientific comparison between remyelination in the ex vivo cultures and the in vitro

system.

Axonal swellings are an observed feature of axonal degeneration in the CNS (Wang et al.,
2012; Cui et al., 2020) and were noted in the cerebellar slice cultures from P7-10 SD rats.
These swollen axons accumulate abnormal amounts of microtubule-associated proteins,
molecular motor proteins, vesicles and organelles including smooth endoplasmic reticulum
(Chretien et al., 1980) and mitochondria (Ferreirinha et al., 2004). This build up ultimately
leads to the disruption of further axonal transport and in the case of mitochondria this can be
detrimental to cell survival. Mitochondria are transported to specific sites in axons where
high energy is in demand, such as in growth cones and axonal branches (Morris and
Hollenbeck, 1993) Impairment of axonal mitochondria transport ultimately induces local
energy depletion and further axon degeneration (Sheng and Cai, 2012). It is thought that
these accumulations are due transport deficits during early axonal degeneration and has been
identified in early pathogenesis in animal models of Alzheimer’s disease Stokin et al., 2005,

and is documented in many neurodegenerative disease (Millecamps et al., 2013).

Furthermore, accumulation of molecules along axons can result in retraction bulbs, observed
in these rat cerebellum slices. These swollen bulb structures form at the terminal ends of a
broken axon (through transection or degeneration) due to an accumulation of molecules from
anterograde and retrograde transport (Griffin et al., 1995). One of these accumulation
molecules that has been documented as a marker for axonal degeneration is amyloid

precursor protein (APP), which is normally transported through healthy axons but
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accumulates in axonal spheroids or varicosities in degenerating axons (Liu et al., 2018;
Craner et al., 2004; Sherrif et al., 1994). APP accumulation has been found in axons that
have been damaged during TBI (Gentleman et al., 1997), and MS (Ferguson et al., 1997).
Eventually, the block of axonal transport is of sufficient magnitude to trigger Wallerian
degeneration of the distal axon and end bulb remains on the proximal axon stump (Coleman
et al., 2005). Overall, retraction bulbs signify destabilisation and disorganisation of the
microtubules network which results in unhealthy axons and ultimately, degeneration (Eturk
et al., 2007).

Abnormal staining of MBP, in the form of large spherical ‘cell like” structures, was observed
in rat cerebellum slice cultures, which we speculate are degenerating oligodendrocytes. Of
course, we are unable to confirm this without any additional investigations. This MBP
staining resembles that noted in Creeley et al., 2014, with oligodendrocyte apoptosis
identified via co-staining of MBP and activated caspase-3 (AC3), a marker for cellular
apoptosis. Pathology studies have shown the presence of apoptotic cells, mainly
oligodendrocytes and neurons (Peterson et al., 2001), at the site of MS lesions (Barnett &
Prineas, 2004), making oligodendrocyte apoptosis one of the earliest pathological changes
observed in new white matter lesions. Oligodendrocyte apoptosis is also observed in EAE
C57 BL/6 mice, with apoptotic cells being observed in the spinal cord as early as three days
postimmunization (Feng et al., 2014). The presence of these dying cells is suggesting
degenerating cerebellum slice cultures which further.

In mouse cerebellar slices we noted an abnormal axonal morphology with a ‘wavy’
appearance being observed. Healthy axons run along in organised bundles of fibres, which
was note the case here. “Wavy’ morphologies have been noted by Waly et al., 2020 and was
observed prior to Wallerian degeneration and suggested that these ‘spring-like wavy’ axons
were occurring due to mechanical constraints on otherwise linear healthy axons sheaths -
14.5% of axons presented neuronal swelling apparently resulting from presumed lipidic

constrictions.

Wallerian degeneration itself was observed in the mouse cerebellar slice cultures, in the form
of axon fragmentation. Axonal fragmentation is well documented as a key indicator of
Wallerian degeneration (Beirowski et al., 2004; Jung et al., 2014; Canty et al., 2020; Cui
et al., 2020). Although the mechanism that initiate Wallerian degeneration are not fully
understood, the process of how axon fragmentation occurs is generally know. After cutting
of the axon (axotomy) the axonal skeleton disintegrates distal to the injury site, and the
axonal membrane breaks apart, leading retrograde degeneration (Coleman and Freeman,
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2010). Wallerian degeneration is a major component of axonal pathology in the periplague
white matter in early MS (Dziedzic et al., 2010), is observed in magnetic resonance imaging
(MIR) of SCI patients (Mittal et al., 2016) and is being investigated as a potential therapeutic
target in TBI (Koliatsos and Alexandris, 2019).

MBP positive tracks that had no associated axons was observed in mouse cerebellum slice
cultures. The MBP positive tracts suggest that the axon has degenerated leaving its myelin
behind that will soon degenerate and loose form. However, we cannot confirm this without
a further investigation — mostly with a more appropriate marker for axon degeneration.
Immunolabelling for non-phosphorylated neurofilaments, an established marker for axonal
damage (Wallis et al., 2012; Chan et al., 2011), would be a useful in future experiments to
assess the levels of axonal degeneration in a more direct approach. Although we observed
axonal degeneration, we have not examined the health of neurons per se. It has been observed
previously in culture models that axonal degeneration can occur without neuronal cell body
loss (Crawford et al., 2022); therefore, it is possible that neuronal soma was unaffected in

our model. However, this would require further investigation.

We observed ‘abnormal myelin’ within these same slices with MBP positive proteins
indicated surrounding SMI-31 positive axons. However, this myelin appeared to be
degenerating with a lack of compaction around the axon, and an appearance of caving in
within its own structure. This morphology suggested that the myelin was disassembling/de-
compacting, which was further suggested by the lack of CASPR staining. Individual
components of CNS myelin is found to degrade at different rates during Wallerian

degeneration (Buss and Schwab, 2003), with myelin-associated glycoprotein (MAG) -
located in the peri-axonal oligodendroglia membranes of myelin sheaths - more rapidly than
either MBP or Nogo-A. This could explain this abnormal morphology with the myelin

proteins disbanding within the myelin sheath structure.

Tissue from younger postnatal animals (P1) provided the first glimpse of compact myelin in
the mouse cerebellar slice cultures with CASPR immunofluorescence. Qualitatively these
axons looked healthier with a higher axon density. Early postnatal ages are better suited for
culturing because the essentials of the cytoarchitecture are already established in most brain
areas, and the nerve cells survive explantation more readily. In general, the older the animal,
the less tissue survives and the greater the cell death is (Humpel, 2015). We can speculate
this is because neurogenesis begins at E11.5 in mice until P4, when the brain regions have

assumed their final morphology, mature neural cell types are present, and synaptic
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connections are beginning to form (Chen et al., 2017). After P4, mouse brain tissue may
struggle to replace the loss of mature neural cell types compared to younger <P4 tissue, and

ultimately these cultures die.

Slice cultures obtained from P0-2 C57BL/6 mouse spinal cords, produced well myelinated
axons. Additionally, we observed large amount of CASPR immunofluorescence strongly
suggesting the formation of compact myelin. This contrasts with previous cultures generated
from cerebellum and likely highlights intrinsic differences in the tissues used, particularly
the glial populations. In recent years it has become apparent that homogeneity of
oligodendrocytes does not exist (Foerster et al., 2019), and differing areas of the CNS
appear to be populated by a varying sub population of oligodendroglia. Khandker et al.,
2022, demonstrated that brain and spinal cord oligodendroglia precursors are
transcriptionally distinct, defined predominantly by cholesterol biosynthesis. A difference in
OPC populations is also known to exist between white matter and grey matter, with the
former proliferating more rapidly and having a shorter cell cycle time (Dawson et al., 2003).
This has been replicated in vitro (Hill et al., 2013). Recently, Floriddia et al., 2020
demonstrated that mature oligodendrocyte (MOLS) populations have spatial preference in
the mammalian CNS, with MOL type 2 (MOLZ2) being enriched in the spinal cord when
compared to the brain. Alongside providing new oligodendrocytes for myelination during
development and adulthood, OPCs have a central role in oligodendrocyte regeneration
(Franklin and Ffrench-Constant, 2017). In response to oligodendrocyte local OPCs
migrate to the site of CNS damage (such as demyelination), proliferate, and differentiate into
oligodendrocytes. Crawford et al., 2016 demonstrated that dorsal OPCs respond more
vigorously than ventral OPCs to focal acute demyelination in the spinal cord. If differences
do lie in OPC populations of spinal cord and cerebellum, this could explain the regenerative

differences between the two forms of slice culture.

Abnormal MBP immunofluorescence was observed in spinal cord slices of P1 C57BL/6
mice with circular staining, most likely a cell soma, which should not occur. MBP is a major
structural protein that plays a crucial role in the formation and maintenance of myelin. The
synthesis of MBP occurs within the endoplasmic reticulum of oligodendrocytes, where it
undergoes post-translational modifications and is subsequently transported to the myelin
membrane (Boggs et al., 2006). Therefore, MBP is a component of the myelin sheath and is
localized within the compacted regions of the myelin membrane, providing structural
stability, and facilitating the compaction of myelin layers. Therefore, MBP should not be

expressed and visualised on an oligodendrocyte soma. Similar staining was observed by
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Redmond et al., 2006 while investigating the role of a protein called JAM2 (Junctional
Adhesion Molecule 2) in the process of myelination. In wildtype mice, JAMZ2 in the soma
of a neuron inhibits an oligodendrocyte process from wrapping the somato-dendritic
compartment of the neuron during myelination. However, when JAMZ2 is absent or blocked,
the oligodendrocyte process is not inhibited, and continues to wrap myelin membranes on
the neuron cell body. We could hypothesise that what is observed in our spinal cord slice
cultures is the result in a gene mutation, where JAM2 is absent in the soma of neurons, and
wrapping of the soma is occurring, resulting in circular staining of MBP. Without further

investigation we cannot confirm this.

The toxin lysolecithin has been used to successfully demyelination slice cultures for decades
(Miron et al., 2010; Miron et al., 2013, Birgbauer et al., 2004) although the mechanisms
to how this is achieved is not fully understood. Here we showed the successful demyelination
of spinal cord slice cultures from P1 C57BL/6 mice, using lysolecithin, that were then
capable of re/myelinating with MBP observations approximately 9 days post treatment. This
spontaneous re/myelination time correlates with remyelination studies in literature
(Birgbauer, 2004). Toxin induced demyelination models do not attempt to mimic
demyelinating diseases such as MS but are mainly established as systems to study the

process of focal demyelination and re/myelination.

In summary, here we have determined and optimised an appropriate ex vivo slice culture
method from P1 C57 BL/6 mouse spinal cord for the study of CNS remyelination following
lysolecithin demyelination. This ex vivo model system enables us to study the capabilities of

our LS-mHep7/L to enhance repair in Chapters 5 and 6 of this thesis.
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Chapter 4

Low molecular weight mHeps modulate
Injury and repair in in vitro CNS models.
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4.1 Introduction
Previously published data (McCanney et al., 2019) demonstrated that LS-mHeps promotes

both remyelination and neurite outgrowth in in vitro models of CNS injury. These heparin
mimetics are a class of glycomolecules with structural similarities to resident heparan
sulphates (HS) and are made up of repeating disaccharide units with variable sulphation
groups (Yates et al.,, 1996). They are thought to modulate cell signalling by both
sequestering ligands (chemokine/cytokines in the ECM) (Vlodavsky et al., 1991; ElKin et
al., 2001; Massena et al., 2010) and acting as a cofactor in the formation of ligand-receptor
complexes (Yayon et al., 1991). For these to translate to the clinic it has been suggested
that low molecular weight reagents have better bioavailability (Baharvahdat et al., 2019;
Veber etal., 2002; Gordon et al., 1990; Rhones and Bond, 2008) and have a higher chance
of crossing the BBB (Carecho et al., 2020). Failure of the last is a well-recognised hurdle
for CNS therapeutics. Therefore, we generated a low molecular weight form of our lead
compound LS-mHep7 termed ‘LS-mHep7L’. This chapter aimed to validate the biological
properties of LS-mHep7L in comparison to LS-mHep7. For this reason, the ability of LS-
mHep7L to enhance myelination and neurite outgrowth in several in vitro models was
assessed. This chapter compared the properties and abilities of both forms to enhance
myelination and neurite outgrowth in vitro, and to sequester a known negative regulator of
remyelination (CCL5) (Schultz et al., 2021). CCL5 is known to be upregulated in MC-
DeMy and MC-Inj and is likely being sequestered by LS-mHep7 in vitro (McCanney et al.,
2019).

4.2 Aims
The overall aim of this chapter was to validate the abilities of LS-mHep7L to enhance repair

using several in vitro CNS injury models and compare its efficacy to the well-established

higher molecular weight form, LS-mHep7. This was achieved by assessing the following:

) The ability of LS-mHep7L to enhance remyelination after complement induced
demyelination in MC-DeMy

i) The ability of LS-mHep7L to enhance neurite outgrowth in the CNS injury model
(MC-Inj)

iii)  The ability of LS-mHep7L to sequester a known negative regulator of
myelination (CCL5) to restore myelin levels in MC-Dev

iv) The effect of LS-mHep7L to modulate on astrocytic responses after injury.
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4.3 LS-mHep7L enhances remyelination in MC-Demy

LS-mHep7 enhances remyelination in MC-DeMy (McCanney et al., 2019), by a
mechanism that is hypothesised to involve sequestration of negative regulators of
remyelination. Here we tested if LS-mHep7L retained the ability to achieve a similar
outcome by comparing LS-mHep7L alongside LS-mHep7. To validate LS-mHep7L,
cultures were treated with either LS-mHep7 or LS-mHep7L at 1ng/ml, 10 ng/ml, or 100
ng/ml on DIV 25, 24 hr after demyelination (DeMy) and maintained until DIV 30. At this
point they were immunolabelled with anti-PLP (proteolipid protein, myelin) and antibody
clone SMI-31 (neurofilament; axons). Quantification of re/myelination demonstrated that
both LS-mHep7 and LS-mHep7L significantly enhanced re/myelination compared to the

non-treated control (Figure 4.1).

Since the myelination is calculated by standardising the myelinated fibre pixel value by the
pixel value for SMI density as a percentage, the impact of treatments on axon density alone
was investigated. Axon density was quantified using the pixel value for SMI-31
immunoreactivity divided by the total number of pixels within each image. Figure 4.2
shows that there were no significant differences in axon density between any of the
treatments or compared to the untreated control. This suggests that LS-mHep7 and LS-
mHep7L have no effect on axons and verifies that demyelination using complement and
anti-MOG nor LS-mHep7/ LS-mHep7L have detrimental effects on culture viability and/or

are cytotoxic at any of the concentrations tested.
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Figure 4.1 |LS-mHep7 and LS-mHep7L enhance remyelination in MC-DeMy.
Myelinating cultures were allowed to mature until 24 DIV at which point, they were
demyelinated with MOG specific antibody Z2 (100 ng/ml) and rabbit complement
(100ng/ml). Cultures were treated with LS-mHep7 or LS-mHep7L at either 100 ng/ml, 10
ng/ml, or 1 ng/ml at DIV 25. Cultures were allowed to recover until 30 DIV, then fixed with
4%PFA, and immunolabelled with antibody clone SMI-31 (red, neurites) and anti-PLP
(green, myelin). (A) Representative images of MC-DeMy treated with LS-mHep7 at 100
ng/ml, 10 ng/ml, 1 ng/ml, or LS-mHep7L at 100 ng/ml, 10 ng/ml, 1 ng/ml. (B) Quantification
of remyelination shows enhanced remyelination with both LS-mHep7 and LS-mHep7L at
various concentrations, when compared to untreated demyelinated control cultures at 30 DIV.
(one-way ANOVA with Dunnett’s multiple comparison, * = P < 0.05), Scale bars 100 pm,
error bars SEM (n = 8; technical replicates = 3)
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Figure 4.2 |[Axon density does not change across any treatment. Myelinating cultures
were allowed to mature until 24 DIV at which point, they were demyelinated with MOG
specific antibody Z2 (100 ng/ml) and rabbit complement (100ng/ml). Cultures were treated
with LS-mHep7 or LS-mHep7L at 1 ng/ml at DIV 25. Cultures were allowed to recover until
30 DIV, then fixed with 4%PFA, and immunolabelled with SMI-31 (red, neurites).
Quantification of axon density shows no significant difference between treatments. (one-
way ANOVA with Dunnett's multiple comparison), error bars SEM (n = 5; technical
replicates = 3)
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4.4 Effect of LS-mHep7 and LS-mHep7L on neurite diameter

Typically, the axon diameters of myelinated axons are significantly larger than those of non-
myelinated axons (Basu et al., 2022). To determine if LS-mHep7 and LS-mHep7L affected
neurite diameter we analysed SMI-31- stained images of cultures treated at 1 ng/ml using
Image J. Figure 4.3 (D) indicates that there were no significant differences between the axon
diameter of treated and non-treated cultures. This indicates that enhanced myelination seen

in Figure 4.1 (B) was not associated with an increase in axon diameter.
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Figure 4.3 |Neither LS-mHep7 or LS-mHep7L affects axon diameter. Myelinating
cultures were allowed to mature until 24 DIV at which point, they were demyelinated with
MOG specific antibody Z2 (100 ng/ml) and rabbit complement (100 ng/ml). Cultures were
treated with LS-mHep7 and LS-mHep7L at 1 ng/ml at DIV 25. Cultures were allowed to
recover until 30 DIV, following which they were fixed with 4%PFA, and immunolabelled
with SMI-31 (A) (red, neurites). Ten images were randomly selected per treatment and for
each, 10 neurites were selected at random per image. Width was measured in um using
ImageJ and averaged (C). Quantification of axon width (D) shows no significant difference
between treatments. (one-way ANOVA with Dunnett’s multiple comparison), error bars
SEM (n = 4; technical replicates = 3)
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4.5 Neurite outgrowth was observed in MC-Inj following treatment with
either LS-mHep7 or LS-mHep7L in vitro

LS-mHep7 promotes neurite outgrowth in MC-Inj compared to the untreated control
(McCanney et al., 2019). To assess if LS-mHep7L similarly enhances neurite outgrowth in
our CNS injury model, myelinating cultures were cut using a 11mm single edge on DIV 24.
LS-mHeps (1ng/ml) were added immediately after creating the injury site. The injured
cultures recapitulate features of SCI observed in vivo, including focal demyelination,
astrogliosis, neurite density depletion and the absence of spontaneous neurite outgrowth
(Boomkamp et al., 2012).

Ten images of each injury site per cover slip was taken down the length of the entire injury
site. Neurite outgrowth was defined as a SMI 31 positive projection which enters and crosses
the lesion site. The lesion site was cropped, and the percentage of SMI-31
immunofluorescence was calculated against the total injury site pixel number. This enabled
the neurite outgrowth percentage per individual injury site. Any area around the lesion that

appeared uninjured was excluded from analysis.

Both LS-mHep7 and LS-mHep7L significantly enhanced neurite outgrowth into the injury
site compared to untreated injured control cultures (Figure 4.4), LS-mHep7 showed
significantly higher levels of neurite outgrowth compared to LS-mHep7L, suggesting the

higher molecular weight form is more efficacious at enhancing neurite outgrowth.
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Figure 4.4 |Both LS-mHep7 and LS-mHep7L enhance neurite outgrowth in MC-Inj.
Myelinating cultures were allowed to mature until 24 DIV at which point cultures were cut
using an 11 mm single edge razor blade (MC-Inj). Cultures were treated with LS-mHep7 or
LS-mHep7L (1 ng/ml) immediately after the cutting process. Cultures were allowed to
recover until 30 DIV, following which they were fixed with 4%PFA, and immunolabelled
with antibody clone SMI-31 (red, neurites) and anti-MBP (green, myelin). Quantification of
neurite outgrowth is represented as % SMI-31 fluorescence per injury region of interest. (A)
Control cultures showed minimal neurite outgrowth. Both LS-mHep7 and LS-mHep7L
enhanced neurite outgrowth compared to untreated cut controls. LS-mHep7 was more
efficacious than LS-mHep7L in promoting neurite outgrowth. Representative images of
MC-Inj control cultures (B) or treated with or LS-mHep7(C) or LS-mHep7L(D) all at 1
ng/ml. (one-way ANOVA with Dunnett’s multiple comparison, ** =P <0.01, *** = P <
0.001, **** =P < 0.0001, Scale bars 100 um, error bars SEM (n = 6, technical replicates =

3))
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Figure 4.5 |Repair is enhanced by immediate treatment after injury with LS-mHep7 or
LS-mHep7L in MC-Inj. Myelinating cultures were allowed to mature until 24 DIV at
which point cultures were cut using an 11 mm single edge razor blade (MC-Inj). Cultures
were treated with LS-mHep7 or LS-mHep7L (1 ng/ml) immediately after (Ohrs) or on 25
DIV (24hr) after the cutting process. Cultures were allowed to recover until 30 DIV, then
fixed with 4%PFA, and immunolabelled with antibody clone SMI-31 (red, neurites) and
anti-MBP (green, myelin). (A) Quantification of neurite outgrowth is represented as % SMI-
31 fluorescence per region of interest. Control treatments showed minimal neurite outgrowth.
LS-mHep7 and LS-mHep7L treated cultures showed significant neurite outgrowth when
treated at O hr. Treating at 24 hr post-injury reduced the amount of neurite outgrowth. (B-
D) Representative images of MC-Inj control cultures (B) or treated at O hr with LS-mHep7L
(C) or LS-mHep7L (D). Representative images of MC-Inj cultures treated at 24 hr with LS-
mHep7L (E) or LS-mHep7 (F). (one-way ANOVA with Dunnett’s multiple comparison, *
=P <0.1, *** =P <0.001, **** =P <0.0001, Scale bars 100 pm, error bars SEM (n = 3;
technical replicates = 3)
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4.6 LS-mHeps repair strategies are enhanced if present at earlier time
points post-injury in vitro

Previously, LS-mHep7 was observed to enhance neurite outgrowth in MC-Inj (McCanney
et al., 2019) when added at DIV 25, 24 hr after the initial injury. Here, we tested the
hypothesis that LS-mHeps sequester negative regulators that are present or upregulated
immediately after injury. Therefore, MC-Inj cultures were treated either immediately (O hr)
or 24 hr after injury to determine the effect of treatment timing on the ability to enhance
neurite outgrowth. MC-Inj cultures were treated with LS-mHep7 or LS-mHep7L at 1 ng/ml,
either O hr (DIV 24), or 24 hr (DIV 25) after injury.

When treatment commenced immediately after injury, both LS-mHep7 and LS-mHep7L had
a more beneficial effect compared to those cultures treated 24 hr after the initial insult
(Figure 4.5 A). Further, cultures that were exposed to an earlier treatment appeared to have
‘bridging’ of the injury gap (Figure 4.5 C, D), unlike those treated 24 hr after injury (Figure

4.5 E,F), where individual neurites could be counted.

To establish if this bridging was influenced by an increase in the rate of gap closure, we
imaged injury gaps at 0, 1, 2, 3 and 24 hr, following treatment with either LS-mHep7 or LS-
mHep7L (1 ng/ml). The percentage gap closure was calculated as a % of the initial injury
site measured at the 0-hr time point. After injury in control cultures, there was an increase
in gap width over the first 2 hr. This was not observed in LS-mHep7L treatment which had
a significant reduction in gap size compared to control. We observed a significant reduction
in gap size after injury in both LS-mHep7 and LS-mHep7L treated cultures after 24 hr,
compared to control (Figure 4.6, A). Further, an influx of cells into the cell free area was
observed after 24hr treatment with either LS-mHep7 and LS-mHep7L (Figure 4.6, B).
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Figure 4.6 |Effect of LS-mHep7 and LS-mHep7L treatment on gap injury in MC-Inj.
Myelinating cultures were allowed to mature until 24 DIV at which point cultures were cut
using an 11 mm single edge razor blade (MC-Inj) to create a cell free area within each
coverslip. Cultures were treated with LS-mHep7 or LS-mHep7L (1 ng/ml). Cultures were
imaged at 0, 1, 2, 3 and 24hrs. Percentage change of gap width was measured using ImageJ.
Gap width of each coverslip was standardised to its own 0 hr injury width (A) Quantification
of % gap width revealed that both LS-mHep7 and LS-mHep7L increased gap closure
significantly compared to control untreated cultures at 24 hr. LS-mHep7L also significantly
promoted gap closure at 2 hr compared to control. (B) Representative images of treatments
at each time point (two-way ANOVA with Dunnett’s multiple comparison,* =P <0.1, ***
=P <0.001, (n = 5; technical replicates = 3)

4.7 LS-mHeps appear to reduce signs of astrocytosis in vitro

It is not known if the LS-mHeps are exerting multiple benefits to multiple cellular targets
which in turn can mediate several different cellular processes. One of the cell types of interest
within our cultures are astrocytes. Reactive astrocytes lose their supportive role and gain
toxic function in the progression of neurodegenerative diseases (Liddelow et al., 2017).

The poor regenerative capability of CNS axons is thought to be related to the limited ability
of astrocytes to migrate and repopulate the injury site. Indeed, the slow repopulation of the
injury site by astrocytes correlates with the failure of injured axons to cross the injury site
(Rhodes et al., 2003; Silver and Miller 2004). Therefore, determining the effect of potential
therapeutics on the ability of astrocyte migration and reactivity may help overcome this
failure and contribute to CNS regeneration.

To investigate if LS-mHeps have any effect on astrocytes migrating to injury sites and
extending their processes, we investigated gap closure in an astrocyte injury model.
Neurosphere-derived astrocytes were treated with LS-mHep7 or LS-mHep7L (10 ng/ml),
and a cell free area was created by scratching the centre of each cover slip with a pipette tip.
Cultures were imaged at 0, 1, 2, 3 and 24 hr post-injury. Both LS-mHep7 and LS-mHep7L
demonstrated a significant increase in gap closure over the 24hr compared to control
untreated cultures, with significant gap closure already occurring at the 2hr time point, where
instead the control cultures reached their peak gap size (Figure 4.7 A). 24 hr after the initial
injury there was a significant difference between the size of the gap in LS-mHep7 and LS-

mHep7L treated cultures compared to the control, with LS-mHep7L showing the most
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significant differences, LS-mHep7. This data suggests that both LS-mHep7 and LS-mHep7L

are modulating astrocyte migration and facilitating gap closure.

Additionally, we examined nestin expression, a useful marker of astrocytosis, within these
cultures using western blotting. We observed a significant reduction in nestin levels at 2 hr,
in cultures treated with LS-mHep7, and after 24 hr, compared to control cultures (Figure
4.8). What is interesting is that we seem to see our most significant differences at the 2 hr

time point, both in gap change and nestin levels (Figure 4.7 and Figure 4.8).
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Figure 4.7 |LS-mHep7L and LS-mHep7 treatment reduced gap width in astrocytic
injury model (scratch assay). Neurosphere derived astrocytes were allowed to mature until
a confluent monolayer was achieved. Astrocytes were either treated with LS-mHep7 or LS-
mHep7L (10ng/ml), and a cell free area was created by scratching the centre of each cover
slip. Cultures were imaged at 0, 1, 2, 3 and 24hrs. Percentage gap width change was analysed
using ImageJ by taking an average width at each time point, and a expressing it as a
percentage change from 0 hr. Both LS-mHep7 and LS-mHep7L treatment show an increase
in gap closure at 2 hr and 24 hr post injury compared to control. (two-way ANOVA with
Dunnett’s multiple comparison, * =P < 0.1, ** =P <0.01 *** =P < 0.001(n = 4; technical
replicates = 3)
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Figure 4.8 |[LS-mHep7L and LS-mHep7 reduced gap width in astrocytic injury model
(scratch assay). Neurosphere-derived astrocytes were allowed to mature over 7 DIV until a
confluent monolayer was achieved. Astrocytes were treated with LS-mHep7 or LS-mHep7L
(10 ng/ml), and then a cell free injury area was created by scratching each cover slip 3 times.
Lysates were collected at 0, 1, 2, 3 and 24 hr and were analysed for levels of nestin via
western blot analysis. (A) Quantification of western blot analysis showed that LS-mHep7
and LS-mHep7L significantly reduced nestin expression 2 hr post-injury (yellow arrow). (B)
Representative western blot image of nestin expression at 2 hr post-injury. Nestin levels were
standardised to B-actin which was used as loading control. (C) Representative images of
control (untreated) cut astrocyte monolayers immunolabelled with DAPI (blue) and nestin
(red) at 0 and 2 hr post injury (two-way ANOVA with Dunnett’s multiple comparison, **
=P < 0.01 (n = 4; technical replicates = 3) scale bar represents 50 um
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4.8 Both LS-mHep7 and LS-mHep7L appears to sequester CCL5 - a
negative regulator of remyelination

Chemokine (C-C motif) ligand 5 (CCL5), is a negative regulator of myelination in vitro
(Schultz et al., 2021). Furthermore, CCL5 has been shown to play a role in
neurodegenerative diseases including multiple sclerosis and Parkinson's Disease (Reale et
al., 2008; Szczucinski et al., 2006). Unpublished data from the lab has demonstrated that
LS-mHep7 treated MC-Dev cultures rescued CCL5 induced hypomyelination. Here we
investigated the effects of CCL5 in MC-Dev cultures, and the effect of co-treatment with
either LS-mHep7 or LS-mHep7L, to investigate whether LS-mHep7L had the ability to do
the same. MC-Dev cultures were allowed to mature until 16 DIV, the point at which myelin
just begins to form along the axons. Cultures were treated with CCL5 alone (100 ng/ml) or
with LS-mHep7L or LS-mHep7 (10 ng/ml) at 16, 19 and 21 DIV. Quantification of
myelination at 24 DIV demonstrated a significant reduction in myelination after CCL5
treatment compared to the non-treated control. This affect is rescued with the additional co-
treatment of CCL5 with LS-mHep7 or LS-mHep7L. This raises the hypothesis that both LS-
mHep7 and LS-mHep7L can sequester negative regulators of repair, including chemokines

such as CCL5 (Figure 4.9).

Together this data validates LS-mHep7L to have similar bioactivity in sequestering negative

regulators of repair as that observed by LS-mHep7.
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Figure 4.9 |LS-mHep7 and LS-mHep7L treatment overcomes CCL5 induced
hypomyelination in MC-Dev. Myelinating cultures were allowed to mature until 16 DIV.
Cultures were treated with CCL5 (100 ng/ml) at 16, 19, 21 DIV. In addition, cultures were
either co-treated with CCL5+ LS-mHep7 or CCL5+LS-mHep7L (LS-mHep7 & LS-
mHep7L, 10 ng/ml). At 24 DIV cultures were fixed with 4%PFA, and immunolabelled with
antibody clone SMI-31 (red, neurites) and anti-MBP (green, myelin) (A) Quantification of
myelination at 24 DIV shows a significant decrease in developmental myelination after
CCL5 treatment. However, co-treatment with either LS-mHep7 or LS-mHep7L significantly
overcomes CCL5 induced hypomyelination. (B) Representative images of cultures treated
with CCL5, CCL5 + LS-mHep7 or CCL5 + LS-mHep7L. *** =P < 0.001(values are the
mean £ SEM, One-way ANOVA with Dunnett multiple comparison). Scale bars 100 um
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4.9 Discussion

The aim of this chapter was to validate the ability of a low molecular weight version of our
low sulphated heparin mimetic — LS-mHep7. Previously our lab showed that low sulphated
heparin mimetics have the ability to enhance repair in our in vitro CNS injury models.
However, a hurdle of CNS therapeutics, is the ability for molecules to cross the BBB. The
BBB prevents most pharmaceutical drugs from entering the brain via the blood and generally
only lipid soluble (lipophilic) molecules with a low molecular weight (under 400-600 Da)
and of positive charge can cross the BBB. However, studies have shown that ultralow
molecular weight (ULMW) heparin fragment C3 has the ability to cross the BBB (Ma et al.,
2002). Therefore, to increase the bioavailability of our heparin mimetics, the use of a low

molecular weight LS-mHep7 (LS-mHep7L) is essential.

Our first validation of LS-mHep7L was in our in vitro demyelination cultures (MC-DeMy).
Cultures were set up and maintained until DIV 25 and then demyelinated using anti-MOG
with compliment. Cultures were then left to recover until DIV 30 and fixed before being
immunolabelled. Both LS-mHep7 and LS-mHep7L treatment enhanced remyelination
compared to our untreated control. Currently, we can only hypothesise how the LS-mHeps
are able to enhance re/myelination in these cultures, as HSPGs regulate cellular
communication in a variety of manners. Oligodendrocytes are known to secrete CSPGs and
keratan sulphate proteoglycans but have only HSPGs associated with their surface. Secreted
proteoglycans are temporally modulated but adhesion-independent, whereas surface-
associated proteoglycans are adhesion-induced. Szuchet et al., 2000 reported a significant
fraction of the surface-associated HSPGs are assembled into a cell-associated matrix, which
implicates HSPGs in the establishment of oligodendrocyte differentiated phenotypes. This
could suggest that LS-mHep7 or LS-mHep7L are directly interacting with oligodendrocytes
to initiate their myelinogenic phenotype, and therefore enhancing myelination. Additionally,
other members of the HSPGs family - syndecan, perlecan, and glypican, have been suggested
to regulate oligodendrocyte progenitor proliferation, migration, and adhesion phenomena.
The appearance of these HSPGs occur to be upregulated during difference stages of
oligodendrocyte development. Syndecan-3 is synthesized by oligodendrocyte progenitors,
perlecan synthesis increases as oligodendrocytes undergo terminal differentiation and
glypican-1 is expressed by both progenitors and differentiated oligodendrocyte (Winkler et
al., 2002). All three of these HSPGs are shed from the oligodendrocyte cell surface and bind

to specific substrates — suggesting they maintain and regulate a developmentally specific
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environment around these oligodendrocyte cells — potentially involving growth factor
receptors in the ECM.

Although it is unknown how LS-mHep7 and LS-mHep7L are enhancing remyelination, it is
clear that HSPGs interact with oligodendrocyte cells throughout their differentiation and
could suggest our mHeps are able to enhance OPC proliferation, or the differentiation of

OPCs into mature myelin producing cells.

We next validated the LS-mHep7L in our MC-Inj cultures, which are designed to model
aspects of CNS injury by cutting mature cultures with a scalpel blade, generating a cell-free
area characterized by a persistent lack of neurite outgrowth (Boomkamp et al., 2012).
Unpublished data from the lab observed that the cell-free area becomes infiltrated with
reactive astrocytes, and microglia, as seen in animal models of CNS injury. Here we
demonstrated that both LS-mHep7 and our LS-mHep7L enhanced neurite outgrowth across
the cell free area. Heparan sulphates have previously been reported in modulating the
proteins that drive CNS regenerative axonal growth and sprouting through binding to co-
receptors. One example of this is the role heparan sulphate has with Neuropilin-1 and
Semaphorin 3A. Semaphorin 3A (Sema3A) is a protein secreted by neurons and surrounding
tissue to guide migrating cells and axons in the developing nervous system. Sema3A acts as
a repulsive axon guidance molecule, inhibiting CNS regenerative axonal growth and
sprouting, therefore, interfering with Sema3A increases neuron regeneration. Heparin has
been shown to interfere with the co-localisation of secreted Seam3A with its receptor
proteins, Neuropilin-1 and Plexin. Studies have shown that heparin binds to Sema3A’s co-
receptor neuropilin-1 — negatively regulating its activity (Perez et al., 2021). Also of note,
the overexpression of Plexin-Al, is found to be upregulated in MS patients (Williams et al.,
2007). This is just one example of how HSPGs can modulate repair through binding to, and
regulating factors important in neurite regeneration, but could be how the LS-mHeps are

working.

What is interesting however, is that whatever interactions are at play between our LS-mHeps
and neurite outgrowth, it seems to occur immediately after injury. Previously the lab
published data showing that LS-mHep7 enhanced neurite outgrowth in MC-Inj (McCanney
et al., 2019), however, the treatment with LS-mHep7 occurred 24 hours after the initial cut.
We have since validated both LS-mHep7 and LS-mHep7L in the same injury model,
however, we treated the cultures immediately after the injury. This was based on the
hypothesis that our LS-mHeps are sequestering injury secreted molecules that negatively
regulate repair. Therefore, if these injury factors are being released, then the faster our LS-
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mHeps can interact and sequester these molecules, the better it will be for repair. The results
from this showed that the earlier treated cultured had a significantly higher neurite outgrowth
across the cell free area compared to cultures that were treated 24 hours later. These results
from this experiment contributed to our hypothesis that our heparan sulphate mimetics are
interacting with these molecules, binding to them, and sequestering them away. Additionally,
HSPGs are well known to have many effects on axon growth and guidance, especially in the
involvement of the Wnt pathway. Wnt signalling regulates different aspects of neuronal
behaviour, from neural patterning to synapse formation and function. For instance, activation
of Wnt signalling induces neurite outgrowth in dorsal root ganglia neuron cultures (Lu et al.,
2004) and dendritogenesis in hippocampal neuron cultures (Rosso et al., 2005). Research
has also identified that Wnt signalling is regulated by HSPGs, with heparin activating Wnt-
mediated neuronal morphogenesis in rodent primary cultures (Colombres et al., 2008).
Therefore, one hypothesis of how the heparin mimetics are enhancing neurite outgrowth is
through this signalling pathway. However, it is not known if our mHeps are exerting multiple
benefits to multiple cellular targets which in turn can mediate several different cellular
processes. One of these cell types of interest within our cultures are astrocytes. After CNS
injury, astrocytes become reactive and secrete inflammatory molecules that modify the

environment around the injury or disease (Barnett & Linington, 2003).

An important factor to consider is the functionality of these neurite outgrowth. We are unable
to say at this point whether these neurites are functional across the cell free area.
Electrophysiological techniques such as patch clamp recording could be used to measure the
electrical properties of these neurite outgrowths, such as membrane potential, action
potential firing, and synaptic activity (Kornreich, 2007). This information can provide
insights into the functional connectivity and excitability of the developing neurites.
Concurrently, live imaging techniques like time-lapse microscopy can be utilized to
visualize the dynamic changes in neurite morphology and growth patterns over time, as well
as organelle transport (Li et al., 2010). Fluorescent markers can be employed to label specific
neuronal structures, allowing for the tracking of neurite extension and branching (Manzella-
Lapeira et al., 2021). By combining electrophysiological measurements with live imaging

in future experiments, we could determine the functionality of these neurite outgrowths.

Reactive astrocytes are well known to have a negative impact in remyelination studies,
and the glial scar is a major feature of both MS and SCI pathology. Astrocytosis occurs
following injury which is characterised by an alteration in astrocyte phenotype to a more

reactive state — notably with an increased production of the intermediate filaments nestin.
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Nestin is a type VI intermediate filament protein that is typically expressed in neural stem
cells during development (Lendahl et al., 1990). It is also present in reactive astrocytes, in
response to injury, inflammation, or other pathological conditions in the CNS (Clarke et al.,
1994). During astrogliosis, astrocytes become hypertrophic, proliferate, and migrate to the
site of injury. This response is characterized by an upregulation of various proteins, including
nestin (Lin et al., 1995; Brook et al., 1990). Nestin expression in astrocytes is considered a
marker of astrogliosis because its upregulation is associated with the activation and

remodelling of astrocytes.

The poor regenerative capability of CNS axons is thought to be related to the limited ability
of astrocytes to migrate and repopulate the injury site. Indeed, the slow repopulation of the
injury site by astrocytes correlates with the failure of injured axons to cross the injury site
(Rhodes et al., 2003; Silver and Miller, 2004). Therefore, we investigated the effects of
both LS-mHep7 and LS-mHep7L in an astrocytic injury model where monocultures of
astrocytes were ‘scratched’ down the centre of the cover slip and nestin production was
investigated over time. Additionally, the gap width of these scratches was also investigated.
Here we observed an increase in nestin expression in our control cultures- an expected result
in an astrocyte injury model. However, compared to control cultures, nestin expression was
decreased with the treatment of LS-mHep. This suggests that LS-mHep7 can potentially
influence the phenotypic change of an inactive astrocyte into a reactive state. Interestingly,
gap closure was also reduced in the astrocyte scratch assays treated with LS-mHep7/LS-
mHep7 compared to control cultures. This could be a contributing factor to the increased
neurite outgrowth seen in MC-Inj treated with LS-mHep7 or LS-mHep7L, where the
astrocyte monolayer underneath the myelinating cultures are keeping the cut closed enough
for more successful neurite outgrowth to occur. We could hypothesise that there is a
maximum injury distance that can occur that prevents or allows neurite outgrowth and if the
injury site is too wide, then successful outgrowth does not occur. Overall, this contributes to
our assumption that our heparan sulphates are exerting multiple benefits to multiple cellular

targets.

Finally, we aimed to validate LS-mHep7L’s ability to sequester CCL5. Newly published
data from our lab (Lindsay et al., 2023) demonstrated that CCL5 was found to significantly
reduce developmental myelination in MC-Dev, and the co-treatment of LS-mHep7 was able
to overcome this CCL5-induced hypomyelination. To validate the ability of LS—mHep7L
to also rescue this induced hypomyelination, myelinating cultures were set up and

maintained until DIV 16, the point at which myelination begins in our model. Cultures were
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then treated with CCL5 alone or co-treated with the addition of LS-mHep7 or LS-mHep7L.
Here we saw that both LS-mHep7 and LS-mHep7L were able to overcome CCLS5’s
hypomyelination. The hypothesis is that our mHeps can bind to — and sequester the CCL5
molecules, preventing them from downstream communications that are involved in the
negative regulation of myelination. Heparan sulphates can sequester cytokines and
chemokines such as CCL5 by interacting with basic amino acid residues in the binding
grooves oof these proteins (Turnbull et al., 2001). The HS chains contain specific binding
sites that can interact with complementary regions on the chemokine or cytokine molecules,
allowing for strong binding. Additionally binding can occur through -electrostatic
interactions as HS chains carry negative charges due to the presence of sulphate groups
(Crikns et al., 2020). Chemokines and cytokines, on the other hand, often contain positively
charged regions. This electrostatic interaction facilitates the binding of chemokines and
cytokines to HSPGs and could contribute to the interactions between LS-mHep7 and CCLS5.
The implications of CCL5 have been well documented in cases of neurodegenerative
diseases. While investigating brain tissue of people who had MS, CCL5 was amongst one
of the CC chemokines that was significantly elevated — mainly localized in reactive
astrocytes (Boven et al., 2000). Additionally, cerebrospinal fluid of patients with relapse
remitting MS had significantly higher levels of CCL5 compared to control patients
(Szczucinski, 2011). Van Veen et al., 2007 has hypothesised that a functional
polymorphism in CCL5 influences perivascular leukocyte infiltration, inflammation, axonal
loss, remyelination, and disease course, in patients with MS. CCL5 appears to have
implications in other neurodegenerative disease other than MS. Parkinson disease (PD) is
second only to Alzheimer disease as the most common human neurodegenerative disorder.
Neutralization of CCL5 in a mouse model of PD, prevented the loss of dopaminergic neurons.
It was observed by this attenuation of CCL5 reduced the infiltration of CD4+ and CD8+ T
cells into the nigra pars compacta, attenuated nigral expression of proinflammatory
molecules, and suppressed nigral activation of glial cells (Chandra et al., 2016). However,
it is still unclear if T cell infiltration is primary or secondary to nigrostriatal degeneration,
but CCL5 is well known to induce the migration and homing of classical lymphoid cells.
Although T-cells are not necessarily relevant in our MC-DEV cultures — being that they are
made of glial cells alone — this suggests that the attenuation of CCL5 via LS-mHep7/ LS-

mHep7L could be a potential therapeutic for a variety of degenerative disease including PD.

CCR5 is a seven-transmembrane G protein-coupled receptor that binds to CCL5 and
mediates a signal transduction cascades in response to CCL5-ligand binding. The CCR5

receptor is primarily found on the surface of certain immune cells, such as T cells and
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macrophages. It plays a crucial role in the immune response by enabling these cells to
migrate to sites of inflammation and infection (Zeng et al., 2022). The A32 mutation refers
to a specific mutation in the CCR5 gene. This mutation is characterized by the deletion of
32 base pairs in the CCRS5 gene, resulting in a non-functional or defective CCR5 receptor
(Hutter et al., 2011). It has been suggested that the A32 polymorphism is associated with a
slower rate of disease progression in RR-MS (D'Angelo et al., 2011). However, this is has
also been contradicted with other population studies where no link to disease progression
was found (Arababadi et al., 2010).

In summary, this chapter was able to validate the ability of LS-mHep7L to enhance repair in
our in vitro CNS models. Although it is difficulty to establish how LS-mHep7L can achieve
this, it is clear that it is most likely but regulating many different factors that can have a
plethora of effects on cellular targets which in turn can mediate several different cellular

processes.
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Chapter 5

Low molecular weight LS-mHeps enhance
repair in an ex vivo spinal cord injury model.
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5.1 Introduction

To continue validating the effects of LS-mHep7 and LS-mHep7L as a potential therapeutic
for CNS repair, we needed to introduce them to a more complex cellular environment more
typical of the in vivo environment of the CNS. Our co-cultures used in Chapter 4 have
limitations as they do not represent the three-dimensional multicellular structures and
cellular environment found in vivo. Ex vivo slice cultures provide a partly maintained
original tissue architecture with some intact functional neural networks and allow us to
validate the LS-mHeps in a more complex cellular model (Croft et al., 2019). After
optimising the slice culture method in Chapter 3, we used this ex vivo culture system to
investigate LS-mHeps ability to enhance repair. Like we have done in previous chapters, we
used both LS-mHep7 and LS-mHep7L to compare their ability to enhance repair after injury
in CNS cultures. This was achieved through the chemical demyelination of the spinal cord
slices with lysolecithin, and re/myelination levels were calculated across the treatments.
Additionally, we determined the ability of LS-mHep7L to sequester CCL5 and negate the

hypomyelination as seen in vitro.

5.2 Aims

The overall aim of this chapter was to validate the abilities of LS-mHep7 and LS-mHep7L

to enhance repair in an ex vivo spinal cord slice culture model. This was carried out as follows:

i) Assessing the ability of LS-mHep7/ LS-mHep7L to enhance re/myelination after
chemically induced demyelination using lysolecithin (SC-DeMy)

i) Assessing the ability of LS-mHep7/ LS-mHep7L to sequester CCL5 and negate
CCLS5 induced hypomyelination (SC-DEV)

iii) Identify key chemokine/ cytokine candidates that are released after injury that
could interact with LS-mHep7/ LS-mHep7L.
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5.3 LS-mHep7L enhances re/myelination in demyelinated spinal cord slice
cultures

In Chapter 4 we demonstrated that both LS-mHep7 and LS-mHep7L enhance
re/myelination in our in vitro MC-DeMy. However, demyelination in the spinal cord slice
cultures was chemically induced, via lysolecithin exposure, unlike in MC-DeMy where
demyelination was antibody and complement mediated. Cellular interactions and signalling
events may therefore differ between these two demyelination models. Additionally, these
slice cultures are cellularly more complex than the in vitro cultures, and LS-mHeps may no
longer be effective in sequestering chemokines/cytokines due to rapid and more dramatic
changes in the secretome. To investigate these differences, slice cultures were set up and
maintained for 14 days at which point they were demyelinated with lysolecithin (see section
2.4.5.4). Cultures were treated with either 200ng/ml LS-mHep7L or LS-mHep7.

LS-mHep7L significantly enhanced re/myelination when compared to untreated controls
(Figure 5.1 A). Although LS-mHep7 did not significantly enhance re/myelination there does
appear to be a trend towards this. Both LS-mHep7L and LS-mHep7 treated slices enhanced
myelination past control levels (naive) at DIV 14 (pre-DeMy) and DIV 28. Additionally,
cultures from DIV 14 (pre-DeMy) and naive DIV 28 demonstrated similar myelination
levels (~ 20%) suggesting a balanced maintenance level of myelination is achieved in control
cultures. This is also seen in the untreated DeMy slices where myelination levels were
restored to a similar level (~ 20%), suggesting that once demyelinated, slices spontaneously
remyelinate to pre-lysolecithin myelin levels. Axon density was not significantly changed
across the treatments (Figure 5.1 B), suggesting that the increase in myelination was not due
to a change in axon density, and further confirms that neither treatment with lysolecithin or
LS-mHeps have any toxic effect in the cultures.
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Figure 5.1 |LS-mHep7L enhances re/myelination after lysolecithin induced
demyelination in ex vivo spinal cord slice cultures (SC-DeMy). (A) Quantification of
myelination and axonal density in slice cultures maintained for 14 DIV, then chemically
demyelinated with 0.5 mg/ml lysolecithin for 24 hours. Slices were treated with 100 ng/ml
LS-mHep7 or LS-mHep7L for 14 days then fixed with 4% PFA. (A) Quantification of
myelinated axons showed LS-mHep7L significantly enhanced re/myelination. (B)
Quantification of axons did not reveal significant differences between the treatments. Data
were compared to the untreated demyelinated control using an unpaired one-way ANOVA
with Dunnett’s multiple comparison test. *** = P < (.001, **** = P < 0.0001. n=4, error
bars are SEM. (C) Illlustrative images of cultures immunolabelled with anti-MBP (green,
myelin), antibody clone SMI-31 (red, axons). Scale bars 200 pum.
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5.4 LS-mHep7 and LS-mHep7L have no effect on axon width following
re/myelination
Axon calibre is directly linked to myelination status, with smaller axon remaining

unmyelinated. To determine if LS-mHeps were directly affecting axon width and enhancing
re/myelination in the cultures we quantified axon width across treatments. Slice cultures
were set up and maintained for 14 days at which point they were demyelinated with
lysolecithin (see section 2.4.5.4). Cultures were treated with either 100ng/ml LS-mHep7L
or LS-mHep7 for 14 days, and then fixed and immunolabelled with antibody clone SMI-31
and axon calibre was quantified. Compared to control cultures there is no significant change
in axon width with either LS-mHep7 or LS-mHep7L treatment Figure 5.2 (B) (one-way
ANOVA with Dunnett’s multiple comparison, error bars SEM, n=3). This suggests that the
LS-mHeps do not influence axon width and therefore the enhanced re/myelination seen in
these cultures post demyelination, is likely due to the interactions of another glial cell in the
CNS.
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Figure 5.2 |LS-mHep7L/ LS-mHep7 have no effect on axon width in SC-DeMy during
re/myelination. Slice cultures were maintained for 14 DIV, then chemically demyelinated
with 0.5 mg/ml lysolecithin for 24 hours. Slices were treated with 100ng/ml LS-mHep7 or
LS-mHep7L for 14 days and fixed with 4% PFA. Cultures were immunolabelled with
antibody clone SMI-31 (red, axons). Axon width was unchanged across treatments (B) (one-
way ANOVA with Dunnett’s multiple comparison, error bars SEM n=3).

55 LS-mHep7 and LS-mHep7L do not enhance developmental
myelination levels in SC-DEV

In Chapter 4 we demonstrated that LS-mHeps have no effect on developmental myelination
in vitro, suggesting that LS-mHeps exert their effects via interactions with factors released
after injury/demyelination (McCanney et al., 2019). To validate the heparin mimetics
efficacy in a more translational relevant model we used ex vivo slice cultures to study
developmental myelination. These cultures are cellularly more complex than the in vitro
models used in Chapter 4 with more intercellular communications between glial cells that
better replicate in vivo, suggesting that interactions involved in the developmental process
may interact differently with LS-mHeps. Additionally, compared to in vitro cell cultures, ex
vivo slices are likely to sustain comparatively more damage during explanation of the tissue.
The release of damage-induced factors during the preparation of slice cultures may inhibit
myelination in our ex vivo model system, which we hypothesised could be enhanced by
treatment with LS-mHep7 or LS-mHep7L. Spinal cord slices were set up (see section 2.4.5.4)
and maintained for 14 days and treated with 100 ng/ml of LS-mHep7 or LS-mHep7L.
Myelination levels were quantified after fluorescent labelling with anti-MBP and antibody
clone SMI-31.

Developmental myelination levels were unchanged by the treatment of LS-mHep7 or LS-
mHep7L (Figure 5.3 A) corroborating with previous data in Chapter 4 (MC-Dev). Axon

density was also unchanged across the treatments during developmental phases (Figure 5.3

(B).
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Figure 5.3 |LS-mHep7L/LS-mHep7 treatment in SC-DEV has no effect on
developmental myelination. Slice cultures were set up and treated with 100ng/ml LS-
mHep7 or LS-mHep7L until DIV14. Cultures were fixed with 4% PFA and immunolabelled
with anti-MBP (green, myelin) and antibody clone SMI-31 (red, axons). (A) Myelin levels
did not significantly differ between treatments and (B) axon density was not significantly
different between treatments. (C) Illustrative images of cultures immunolabelled with anti-
MBP (green, myelin), antibody clone SMI-31 (red, axons) (one-way ANOVA with
Dunnett’s multiple comparison, error bars SEM n=3). Scale bars 200 um

126



56 | LS-mHep7L and LS-mHep7 treatment rescues CCL5-induced
inhibition of developmental myelination in SC-DEV

Previously in Chapter 4 we have shown that CCL5 is a negative regulator of developmental
myelination. However, the co-treatment with LS-mHep7 and LS-mHep7L rescued this
CCL5 induced hypomyelination. We hypothesised that LS-mHeps sequester CCLY5,
preventing downstream cellular communications that inhibit myelination. Here, we applied
the same experimental paradigm in a more complex ex vivo slice culture system to determine
iIf LS-mHeps co-treatment can rescue CCL5-induced hypomyelination. Spinal cord slices
were set up and maintained for 14 days and treated with 100 ng/ml CCL5 alone, or co-
treatment with 100 ng/ml LS-mHep7 or LS-mHep7L from DIV 0. At DIV 14 cultures were
fixed and immunolabelled with anti-MBP and antibody clone SMI-31, followed by
quantification of myelin. (Figure 5.4 (A)) Treatment with CCL5 resulted in significant

decrease in the percentage of myelinated axons per field of view (n =4, p < 0.05). However,

when co-treated with LS-mHep7 or LS-mHep7L, CCL5 induced hypomyelination was

rescued, with the significant restoration of myelination levels (n = 4, p < 0.001).

This further supports our hypothesis that LS-mHep7 and LS-mHep7L sequesters CCLS5,
producing a reparative effect in the CNS. This also validates that LS-mHep7 and LS-
mHep7L have similar biological properties despite differences in molecular weight and

supports their use as future therapeutics for CNS repair.
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Figure 5.4 |CCLS5 significantly reduces developmental myelination in SC-DEV, this
effect is rescued by both LS-mHep7L and LS-mHep7. Slice cultures were treated with
100 ng/ml CCL5 alone or co-treated with either 100 ng/ml LS-mHep7/ LS-mHep7L and
maintained for 14 DIV. Cultures were fixed with 4% PFA immunolabelled with anti-MBP
(green, myelin), antibody clone SMI-31 (red, axons). (A) Quantification of myelination
showed CCLJ5 treatment significantly reduces developmental myelination levels at DIV 14
(One-way ANOVA with Dunnett multiple comparison * = P <0.1). However, co-treatment
with both LS-mHep7 (*** = P <0.001) and LS-mHep7L (***=P < 0.001) overcomes this
CCLS5 induced hypomyelination (A). (B) Representative images of slices at DIV 14 treated
with; untreated, CCL5 alone, CCL5 + LS-mHep7, CCL5 + LS-mHep7L (one-way ANOVA
with Dunnett’s multiple comparison, error bars SEM n=4) Scale bars 200 pum,

5.7 Changes in the secreted chemokine/ cytokine profile of spinal cord slice

cultures after demyelination
To help identify other negative regulators of myelination released following injury that could

be sequestered by LS-mHeps we determined the relative expression of chemokines and
cytokines in our slice cultures after demyelination. This was achieved using a mouse
proteome profiler array, and conditioned media from the spinal cord slice cultures. It is
important to note that due to the inter-experiment variability, none of the specific protein
expression changes are statistically significant, hence findings should be interpreted with
caution. The aim of this array was to identify a shift rather than to make inferences on
specific factors. Some of the chemokines/cytokines that were upregulated in the
demyelination culture are most likely upregulated due to the demyelination process and have
no negative effect on remyelination or repair. However, this is a useful tool to identify
candidates for further investigation. To allow a fair comparison between the shift observed
in vitro (Lindsay et al., 2023) and that observed ex vivo the same array profiler (R&D
systems) was selected. Media was collected on DIV 14 before demyelination (UCM —
uninjured conditioned media) and collected from the same slices 20 hours after
demyelination (DCM — demyelinated conditioned media). Analysis demonstrated significant
differences in the chemokine/cytokine expression profiles of DCM and UCM (Figure 5.5
A&B). Comparison of the dot plots identifies a large increase in many chemokines and
cytokines that are expressed following demyelination, producing a distinct chemokine/
cytokine profile compared to healthy control conditions. Average pixel intensity of dots
visualised in both UCM and DCM, enabled the comparison of both chemokine secretion
profiles. 110 chemokines/cytokines were analysed between control and demyelinated media
with 95 of those being upregulated in the demyelinated media, and only 15 that were
downregulated. Factors that were upregulated included CCL5, CXCL5, CCL2, CCL3, FGF-
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21, and IL-1 alpha (Figure 5.5C). Downregulated factors include adiponectin, CD160 and
PDGF-BB.

CCLS5 has already been identified as a negative regulator of re/myelination as previously
described in Chapter 4 and here in Chapter 5. LS-mHeps are thought to sequester these
molecules, preventing them from exerting their negative effects on myelination. However,
heparan sulphates are involved in many cellular communications, suggesting that another
chemokine/cytokine could be interacting with LS-mHep7 or LS-mHep7L to produce these

positive repair effects in vitro and ex vivo.
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Figure 5.5 | Changes in chemokine/cytokine secretion profile after demyelination in
SC-DeMy. Pre-demyelination conditioned medium (UCM) and demyelinated conditioned
medium (DCM) were collected from slice cultures. The cytokine profile was assessed using
a mouse proteome profiler array. The dot blots of the cytokine arrays for both UCM (A) and
DCM (B). Comparisons between the UCM and DCM can be visualised with the side-by-
side comparison of the average pixel density of the dots from the candidates with the largest
changes (C). Changes in cytokine secretions can be identified, suggesting a shift in the
secretome following injury.

5.8 | CXCL5 does not significantly reduce developmental myelination in
SC-DEV

To identify a candidate from the cytokine array to for further investigate in relation to LS-
mHep7 interactions, we referred to unpublished data collected from the Barnett lab.
Previously the lab used an LS-mHep7 affinity pull-down column using conditioned media
from demyelinated in vitro cultures (MC-DeMy) and control conditioned media from
cultures pre-demyelination. The affinity pulldown experiment identified secreted factors that
were able to bind specifically to LS-mHep7. Analysis of the array identified several LS-
mHep7-binding factors including, CCL5, CCL20, CXCL1, CXCL5, CXCL10 and vascular
endothelial growth factor (VEGF). Here we can see that CXCLS5 is identified in both the LS-
mHep7 affinity pull down and is also identified as up regulated in the slice culture

cytokine/chemokine array (Figure 5.5), making it an attractive candidate for further study.

Here we investigated the effects of CXCL5 in the SC-DEV model. Spinal cord slices were
set up and maintained for 14 days (as described in 2.4.5.4) and treated with 100 ng/ml of
CXCLS5 alone or co-treated with 100 ng/ml LS-mHep7 or LS-mHep7L until DIV 14,

CXCLS5 alone does not appear to reduce developmental myelination when compared to the
untreated control after 14 days (Figure 5.6). However, co-treatment with LS-mHep7/LS-

mHep7L saw a significant increase in developmental myelination compared to CXCL5 alone.
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cultures were treated with 100 ng/ml CXCLS5 alone or co-treated with either 100 ng/ml LS-mHep7
or LS-mHep7L and maintained for 14 days. Cultures were fixed with 4% PFA immunolabelled with
anti-MBP (green, myelin), antibody clone SMI-31 (red, axons). (A) Quantification of myelination
showed CXCLS5 treatment did not significantly reduce developmental myelination levels at DIV 14.
However, co-treatment with both LS-mHep7 (** = P < 0.01) and LS-mHep7L (* = P < 0.5) with
CXCLS5 significantly increased myelination levels compared to CXCL5 treated cultures. (B)
Representative images of slices at DIV 14 treated with; untreated, CXCL5 alone, CXCL5 + LS-
mHep7, CCL5 + LS-mHep7L (one-way ANOVA with Dunnett’s multiple comparison, Scale bars
200 pm, error bars SEM n=3
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5.9 | Discussion

Previously in Chapter 4, we investigated how both LS-mHep7 and LS-mHep7L can enhance
repair in our in vitro models of the CNS. In this chapter, however, we have explored how
the LS- mHeps can enhance repair in a more complex cellular model of the CNS, that
maintains the three-dimensional multicellular structures seen in vivo. To do this we used our
established method of ex vivo spinal cord slice cultures that were described in Chapter 3 —

bridging the gap between our in vitro work, and future in vivo work.

In SC-DeMy we observed enhanced re/myelination with the treatment of LS-mHep7 which
corroborated previous data collected in Chapter 4, and published work (McCanney et al.,
2019). We can only speculate how LS-mHeps are eliciting their effect in our cultures as HSs
have numerous mechanisms-of-action to regulate cell signalling including acting as a co-
factor in the formation of functional ligand-receptor complexes (Yayon et al,
1991), functioning as an endocytic receptor, aiding in the cellular internalisation of ligands
(Belting, 2003) and sequestering of ligands in the ECM (Vlodavsky et al., 1991). One
mechanism involved could be the relationship between HSPGs and FGF signalling. One
major function of HSPGs is to interact with FGFs and their receptors (FGFRs) to form
signalling complexes — making them essential for FGF signalling (Wu et al., 2003; Venero
et al., 2015; Yayon et al., 1991). FGFs have a critical role in myelination in the CNS. For
example, myelin growth, and myelin sheath thickness is controlled by FGF signalling
(Furushoetal., 2012), and FGFs are also involved in OPC proliferation (Bdgler et al., 1990;
Butt 2005). Additionally, LS-mHep7 could be interacting with a multitude of molecules at
the same time to elicit these effects. The chemokine CXCL10 is known to bind to HSPGs
(Luster et al., 1995) and has shown to be a negative regulator of myelination in vitro (Nash
et al., 2011). CXCL10 signalling has also been shown to promotes OPC apoptosis through
a caspase-dependent mechanism (Tirotta et al., 2011). LS-mHep7/L could be sequestering
CXCL10 in SC-DeMy, reducing OPC apoptosis, and indirectly re/myelination. Due to the
high prevalence of HS binding myelination-associated factors, it is unlikely that there is a
single protein target through which the low-sulphated HS mimetics exert their pro-
remyelination effect (Zong et al., 2017)

The relationship between axon calibre and myelination is well documented, with larger axon
width being associated with myelination status and low axon width often being unmyelinated
(Friede, 19752; Goebbels et al., 2017; Mayoral et al., 2018). In SC-DeMy, it was found

that neither treatment with LS-mHep7 or LS-mHep7L increased the calibre of axons during
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the remyelination period. This leads to the assumption that enhanced remyelination in these
cultures is not linked to the direct effect of LS-mHeps on neurons and their axons —

increasing their size.

Investigations into LS-mHeps effect in SC-DEV, showed that neither compound enhanced
developmental myelination. The absence of any effect from LS-mHep7/L on developmental
myelination leads us to hypothesise that any endogenous HS in the cultures that may
contribute to developing myelin during this time are sufficiently present. Previously,
McCanney et al., 2019 investigated LS-mHep7’s effect on OPC proliferation in vitro and
found that there was no increase in OPC proliferation with mHep treatment during
development. This implies that the promotion of remyelination reported in the SC-DeMy
cultures, is not the result of a direct effect by mHeps on oligodendrocytes, which would be
consistent across both cultures (SC-DeMy and SC-DEV). Any effect LS-mHep7/L has on
myelination in the developing slice cultures is most likely due to the interactions of LS-

mHeps with injury secreted factors, and not developmental factors.

Known negative regulators of developmental myelination were investigated in the slice
cultures. Previously in Chapter 4 we observed the CCL5 induced hypomyelination in
developmental myelination cultures. Here, observed that the addition of CCL5 alone in SC-
DEV lead to hypomyelination which could be rescued with the addition of either LS-mHep7/
LS-mHep7L. This corroborates with our previous results in Chapter 4, further validating the

ability of LS-mHeps to sequester this negative regulator of myelination.

After validating LS-mHep7/LS-mHep7Ls ability to enhance repair in our spinal cord slice
cultures we assessed if there were any changes in the secretion profile of cytokines following
CNS injury. There are many known chemokines and cytokines that are HS binding, so
identifying potential candidates is essential in understand the mechanisms behind the
positive repair observed. This was achieved by assessment of conditioned media from the
spinal cord slice cultures on a Proteome Profiler XL array. Again, it is important to note that
due to the inter-experiment variability, none of the specific protein expression changes are
statistically significant, hence findings should be interpreted with caution. The aim of this
array was to identify a shift rather than to make inferences on specific factors. Some of the
chemokines/cytokines that were upregulated in the demyelination culture are most likely
upregulated due to the demyelination process and have no negative effect on remyelination
or repair. However, this is a useful tool to identify candidates for further investigation.
Analysis of the full data set demonstrated differences in the chemokine/cytokine expression
profiles of DCM compared to the UCM, suggesting that demyelination in the CNS induces
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a chemokine secretion profile distinct from the normal CNS. 110 chemokines/cytokines
were analysed between control and demyelinated media with 95 of those being upregulated
in the demyelinated media, and only 15 that were downregulated. Factors that were
upregulated included CCL5, CXCL5, CCL2, CCL3, FGF-21, IFN-y and IL-1 alpha. The
upregulation of CCL5 in SC-DeMy further confirms this chemokine as an important
regulator in CNS injury and repair and is a likely candidate for how the LS-mHeps are

enhancing re/myelination.

The pro-inflammatory cytokine IFN-y is chronically elevated in patients with MS (Beck et
al., 1988) and has recently been associated with inducing quiescence in human OPCs
(Saraswat et al., 2020). HSPGs have been found to modulate IFN-y signalling following
demyelination, directly antagonize IFN-y to rescue human OPC proliferation and
differentiation in vitro and blocked the IFN-y -mediated inhibitory effects on OPC
recruitment in vivo (Saraswat et al., 2021). Additionally, Saraswat et al., 2020 found that
HSPGs acts via inhibition of OPC-expressed sulfatases (Sulf1/2) to enhance remyelination,
and IFN-y signalling in OPCs resulted in activation of Wnt and Bmp target genes, suggesting
a possible mechanism by which oligodendrocyte differentiation was delayed. The
mechanisms in which these HSPGs act upon, could be a similar molecular pathway that LS-

mHeps use to enhance remyelination.

CCL5 was upregulated in the cytokine array which further confirms this chemokine as an
important regulator in CNS injury and repair and is a likely candidate for how the LS-mHeps

are enhancing myelination.

A candidate for further interest was CXCL5. This chemokine was upregulated after
demyelination in the array but was also found to be a LS-mHep7 binding chemokine.
Previously the lab has shown that CXCLS5 is an LS-mHep7 binding protein after performing
an affinity pull-down and the resultant eluate was assessed on a Proteome Profiler array.
CXCL5 may play a central role in the inflammatory cascade of TBI and has recently been
suggested as a potential inflammatory biomarker in patients with TBI (Dyhrfort et al., 2019).
Additionally, CXCLJ5 has been found to be overexpressed in patients with multiple sclerosis,
where CXCLS5 serum levels were shown to correlate with blood—brain barrier dysfunction
(Rumbles et al., 2015; Haarman et al., 2019).

CXCL5 was assessed in SC-DEV to investigate if CXCLS5 treatment, or co-treatment with
LS-mHep7/LS-mHep7L had any effect on myelin development. CXCL5 alone had no

significant effect on myelin levels in SC-DEV. However, co-treatment of CXCL5 and LS-
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mHeps had a significant increase in myelination levels, that increased past a control level.
Previously we have shown that our LS-mHeps alone do not influence developmental
myelination, which has been shown numerous times including in our in vitro cultures. This
suggests that our LS-mHeps could be acting as a co-factor for CXCL5 to induce enhanced
myelination. Although CXCLS5 has previously been associated with BBB dysfunction and is
associated with MS inflammatory lesions, it is also reported to have reparative effects in
optic nerve regeneration (Liu et al., 2021). CXCL5/CXCR2 promoted retinal ganglion cell

(RGC) survival, neurite outgrowth and microglia activation in vivo.

In summary, this chapter validated the ability of LS-mHep7 and LS-mHep7L to enhance and
repair the CNS in our ex vivo spinal cord slice cultures. Here we observed repeated outcomes
where results from our in vitro models were re-observed here in our more complex ex vivo

models. This continues to establish LS-mHeps as potential therapeutics for CNS repair.
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Chapter 6

Validation of recombinant heparan sulphate
panel for CNS repair
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6.1 Introduction
In previous chapters we have validated both LS-mHep7 and LS-mHep7L as a potential

therapeutic for CNS injury repair. We have discussed that these mHeps are modified from
the blood-thinning drug heparin whose structure resembles heparan sulphate. However, the
heparin is manufactured and obtained from pig intestines, the supply of which can risk
contamination (such as viral, bacterial, and previously, over-sulphated chondroitin sulphate)
or suffer shortages. Currently 80% of the world’s heparin supply is sourced from China from
porcine intestines (McCarthy et al., 2020). Having such a huge reliance on a specific animal
source for any new therapeutic comes with an elevated risk. This includes the threat of
outbreaks of disease within the pig population (in 2007, an outbreak of a respiratory disease
called blue-ear pig disease in Asia resulted in considerable shortages of heparin), leading to
mass culls and therefore shortages of a source to generate heparin. Furthermore, animal
derived heparin products have previously been contaminated with over-sulphated
chondroitin sulphate, resulting in anaphylactic like re-actions and deaths in the USA and
other countries (Kishimoto et al., 2008). Recently, the modification of the mammalian
heparan sulphate biosynthetic pathway has produced recombinant heparin in cultured
mammalian cells as an alternative to animal derived heparin (Thacker et al., 2022, TEGA
Therapeutics, Inc.). These recombinant heparan sulphates (rHS) represent an attractive
source of heparin for patient use and for therapeutics derived from heparin. Thacker et al.,
2022 employed CRISPR-Cas9 technology to edit the genome of Chinese hamster ovary
(CHO) cells, to target 26 genes involved in heparin biosynthesis to enhance the production
of heparin precursors, specifically the heparan sulfate chains. Each cell line had altered
expression of key enzymes involved in heparin biosynthesis, such as over expression of
heparan sulfate 2-O-sulfotransferase (HS2ST) or heparan sulfate 6-O-sulfotransferase
(HS6ST), which contributes to the production of a rHS with varying sulfate groups. Through
the combination of either under or over production of these enzymes, a panel of rHS was
produced with high purity, and specific sulphation levels on the HS chains. We were
provided with 3 rHSs from this panel of rHS compounds by TEGA Therapeutics, - rHS02,
rHS09 and rHS10, all with varying levels of sulphation and molecular weight. To assess
these heparin mimetics to enhance repair in our CNS injury models, we compared their
capacity to remyelinate and repair, and compared the results to our ‘gold standard’ mimetic,
LS-mHep7. This side-by-side comparison will enable us to determine if rHSs are a suitable
cell-derived alternative for heparin-based therapeutics.
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All experiments completed in this chapter were done in collaboration with Dr Susan Lindsay

at the University of Glasgow, compounds were provided by TEGA Therapeutics, Inc. (San

Diego, California, U.S.A).
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Figure 6.1 |Schematic of heparan sulphate mimetics and their sources. The heparan
sulphate mimetics discussed in this thesis are produced semi-synthetically by chemical
selective desulphation of porcine mucosal heparin. Currently 80% of the world’s heparin
supply is sourced from China from porcine intestines. Heparan sulphate mimetics have
recently been produced via the modification of the mammalian heparan sulfate biosynthetic
pathway to produce recombinant heparin in cultured mammalian cell. These mimetics can
easily be added to models of CNS injury to ascertain their reparative abilities in neurite

outgrowth, re/myelination, and astrocyte reactivity.
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6.2 Aims
The overall aim of this chapter was to validate the ability of recombinant heparan sulphates

to enhance repair in our models of CNS injury in vitro and ex vivo. This was achieved by

assessing the following:

) the abilities of rHS02, rHS09 and rHS10 to enhance re/myelination after
compliment induced demyelination in MC-DeMy

i) the abilities of rHS02, rHS09 and rHS10 to enhance neurite outgrowth in our
CNS injury model (MC-Inj)

i) the effects of rHS02, rHS09 and rHS10 on astrocyte reactivity after injury

a 100
w
580 [ No sulphate
26 Il N-sulphate
5 & 60 Bl 2-O-sulphate
mﬁ [ 6-O-sulphate
235
= 24071
2T
820
rHS02 rHS09 rHS10 mHep7
HS Reagent
b | Heparan Disaccharide Average Number
Sulphate Compostition (per Chain Size Mono-
Reagent 100) saccharides
LS-mHep7 81 sulphate groups 12 kDa 50
rHS02 64 sulphate groups 40 kDa 166
rHS09 238 sulphate groups |20 kDa 61
rHS10 101 sulphate groups |40 kDa 160

Figure 6.2 | Comparison of the predominant structure of rHS02, rHS09, rHS10 and
LS-mHep7. Heparan sulphates are purified from cultured cells from porcine tissue. (a) The
number of sulphate groups per 100 disaccharides present in recombinant HS mimetics and
LS-mHep7. rHS10 and LS-mHep7 are both predominantly N-sulphated. rHSQ9 is highly
sulphated containing N-, 2-O-, and 6-O groups. rHS02 has a predominant mixture of no
sulphate and N-sulphate. (b) The predominant reagent structure detailing information on
approximate disaccharide composition, average chain length and approximate number of
monosaccharides. Data for rHS provided by TEGA therapeutics Inc and for LS-mHep7 by
Dr Edwin Yates (University of Liverpool).
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6.3 Effect of rHS02, rHS09 and rHS10 on in vitro re/myelination
Three recombinant HS mimetics were used to treat MC-DeMy cultures - rHS02, rHS09 and

rHS10, following anti-MOG induced demyelination with compliment. These rHSs have
varying levels of sulphation (Figure 6.1) which has been shown by McCanney et al., 2019
to influence whether HS mimetic positively or negatively influence repair in CNS injury
models Therefore, it was likely that our recombinant panel would regulate repair in varying

capacities.

Myelinating cultures were established and demyelinated by overnight treatment with MOG
antibody and complement as previously described (see 2.4.5.2). The following day, cultures
were treated with rHS02, rHS09 or rHS10 at 1, 10 or 100 ng/ml followed by an assessment
of the level of re/myelination 5 days post-treatment (Figure 6.2). Treatment with rHS02 at
10 ng/ml and rHS10 at 1 ng/ml both significantly promoted re/myelination to similar levels
to that published previously for LS-mHep7 at 1 ng/ml (Figure 6.3 (a), represented by dashed
line). rHS09 had no effect on re/myelination compared to controls. Fold change (FC)
increase of re/myelination levels indicates rHS10 at 1 ng/ml promoted re/myelination by
2.76-fold. This was comparable to the 2.68-fold increase exerted by LS-mHep7 at 1 ng/ml
(Figure 6.3 (i)). Additionally, rHS02 promoted a 1.74-fold and rHS09 promoted a 1.61-fold

suggesting that very low sulphated compounds are more efficacious.

Treatment with rHS02, rHS09 or rHS10 indicated no significant difference in axon density
between treatments (Figure 6Figure 6.3 (b)). This suggests that both demyelination using

compliment/anti-MOG and treatment with rHSs has no toxic effect on neurites in cultures.

This data suggests that low sulphated rHS compounds have a positive effect on
re/myelination whilst high sulphated rHS compounds (rHS09) have no effect. This
corresponds to previous observations from McCanney et al., 2019, as well as repeated
observations throughout this thesis that low sulphated HS (LS-mHep7/LS-mHep7L)

promotes CNS repair.
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Figure 6.3 |[rHS10 and LS-mHep7(H7) enhance re/myelination in vitro (MC-DeMy).
Myelinating cultures were allowed to mature until DIV 24 then demyelinated with MOG
specific antibody Z2 (100 ng/ml) and rabbit complement (100ng/ml). Cultures were treated
on DIV 25 with either LS-mHep7, rHS02, rHS09 or rHS10 at 1, 10 or 100 ng/ml. Cultures
were allowed to recover until DIV 30, following which they were fixed with 4% PFA, and
immunolabelled with SMI-31 (red, neurites) and anti-MBP (green, myelin). (a)
Quantification of re/myelination shows significantly enhanced re/myelination with cultures
treated with either rHS02 at 10ng/ ml or rHS10 at 1ng/ ml. The level of re/myelination
produced by LS-mHep7 is illustrated by the dashed line. (b) Quantification of axon density
showed no significant effects of any of the compounds tested. (c-h) Representative images
of, (c) control naive cultures DIV 30, (d) cultures 24 hr post-demyelination (DeMy 24 hr),
(e) untreated DeMy cultures DIV 30, (f) rHS02 (10 ng/ ml) DIV 30, (g) rHS09 (10 ng/ ml)
DIV 30, and (h) rHS10 (10 ng/ ml) DIV 30. (i) The table details the average fold change
(FC) in re/myelination compared to Day 5 in DeMy cultures. (one-way ANOVA with
Dunnett's multiple comparison, * = P < 0.05), **=P < 0.005). Scale bars 50 pm, error bars
SEM (n number represented by individual data points on the graph; technical replicates = 3)

6.4 Effect of rHS02, rHS09 and rHS10 and LS-mHep7 on neurite

outgrowth and lesion width after injury in MC-Inj
To assess the effect of rHS02, rHS09 and rHS10 on neurite outgrowth in the CNS injury model (MC-

Inj) myelinating cultures set up and described (section 2.4.5.1) (Boomkamp et al., 2012). After
cutting, cultures were treated with either 1 ng/ml or 10 ng/ml rHS02, rHS09 or rHS10. At DIV 30 (5
days post injury) assessment of neurite outgrowth across the injury site was made — neurite outgrowth
was assessed by the amount of pixel immunoreactivity in the region of interest (lesion site) using
thresholding. As previously shown in Chapter 4, LS-mHep7 at 10 ng/ml was found to significantly
promote neurite extension into the injury lesion gap compared to the non-treated control MC-Inj
cultures. Additionally, rHS09 at 10 ng/ml (similarly to LS-mHep7) significantly promoted neurite
outgrowth compared to control injured cultures. To assess the size of the gap in MC-Inj, the resulting
width was analysed in ImageJ to determine the average gap size of each treatment at DIV 30. The
measurements of injury gap width revealed that LS-mHep7 and rHS09 at 10 ng/ml had
correspondingly reduced gap width suggesting both these compounds had beneficial effects on
neurite extension and prevention of injury site expansion (Figure 6,4 (b)). Additionally, rHS10 at 1
ng/ml significantly reduced the injury area width compared to control non-treated injured cultures.
Treated cultures were compared to control cut cultures, which received no treatment. rHS09
promoted neurite outgrowth by 14.56-fold which was comparable to LS-mHep7 at 12.40-fold. Both
rHS09 and LS-mHep7 had similar reductions in average injury gap width reductions compared to
controls of 60.29% and 61.47%, respectively (Figure 6.4 (I)). Re/myelination adjacent to the lesion
after treatment with rHS02, rHS09, rHS10 or LS-mHep7 was quantified (Figure 6.4 (c)). There
were no differences in the level of re/myelination in any of the treatments tested, although LS-mHep7
had the highest levels in general. Overall, this data suggests that highly sulphated rHS09 is the most
efficacious in promoting neurite outgrowth.
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Figure 6.4 |[Effect of LS-mHep7, rHS02, rHS09 and rHS10 on neurite outgrowth and
myelination after injury (MC-Inj). Myelinating cultures were allowed to develop until
DIV 24 where they were cut using an 11 mm single edge razor blade. Cultures were
immediately treated with LS-mHep7, rtHS02, rHS09 or rHS10 (1 or 10 ng/ml). Cultures were
allowed to recover until 30 DIV, following which they were fixed with 4%PFA, and
immunolabelled with SMI-31 (red, neurites) and anti-MBP (green, myelin). (a)
Quantification of neurite outgrowth is represented as % SMI-31 positive threshold pixels per
injury region of interest. Both LS-mHep7 and rHS09 at 10 ng/ml significantly promoted
neurite outgrowth into the lesion compared to control cultures. (b) Quantification of injury
gap width revealed that LS-mHep7 and rHS09 at 10 ng/ml also significantly reduced the
width of the area compared to control cultures. In addition, rHS10 at 1 ng/ml significantly
reduced the size of the gap injury area. (¢) Quantification of % myelination adjacent to the
lesion showed no significant effects of any of the compounds tested. (d-g) Representative
images of (d) control untreated cut cultures, () cut cultures treated with LS-mHep7(10
ng/ml), (f) cut cultures treated with rHS09 (10 ng/ml), and (g) cut cultures treated with rHS10
(10 ng/ml), all at DIV 30. (h-k) Representative images of % myelination adjacent to the
lesion of cultures treated with (i) LS-mHep7, (j) rHS09 (k) rHS10, all at 10 ng/ml. (1) Table
detailing the average fold change (FC) in neurite outgrowth and the average % reduction in
injury gap width compared to compared to tied cut control cultures. (one-way ANOVA with
Dunnett's multiple comparison, * = P < 0.05), **=P <0.005, *** =P < 0.001). Scale bars
50 pum, error bars SEM (n number represented by individual data points on the graph;
technical replicates = 3)
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6.5 Effect of rHS10 on ex vivo slice culture re/myelination

In Chapter 5 we investigated the effects of LS-mHep7 and LS-mHep7L on their ability to
enhance re/myelination in an ex vivo spinal cord demyelination model (SC-DeMy). We
observed that LS-mHep7L significantly increased re/myelination 14 days post
demyelination treatment. Therefore, to assess the abilities of these rHS in a cellularly more
complex model of CNS injury, spinal cord slice cultures were set up and maintained for 14
DIV and demyelinated over-night with lysolecithin. The following day, slices were treated
with LS-mHep7 or rHS10 at 100 ng/ml. These cultures were then maintained for an
additional 14 days, then fixed with 4% PFA and immunolabelled with MBP (myelin) and
SMI-31 (axons). After demyelination there was a loss of MBP wrapped axons, however
there was no change in axon density across any of the treatments following demyelination
(Figure 6.5 (b)). Treatment with rHS10 significantly promoted re/myelination to a similar
extent as LS-mHep7 when compared to untreated slices (Figure 6.5(a)). There was no
difference between the myelination levels between LS-mHep7 and rHS10 when compared
to controlled (no demyelination) slices, suggesting that these treatments do not enhance past
control levels seen in this model. This data confirms that rHS10 promotes re/myelination
like LS-mHep7 and suggests that N-sulphation is an important facet for promoting CNS

myelination following injury.
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Figure 6.5 [rHS10 and LS-mHep7 enhances re/myelination after lysolecithin induced
demyelination of ex vivo spinal cord slice cultures. P1 mouse spinal cord slice cultures
were maintained for 14 DIV, then chemically demyelinated with 0.5 mg/ml lysolecithin for
24 hours. Slices were treated with either LS-mHep7 or rHS10 at 100 ng/ml for 14 days and
fixed with 4% PFA. Cultures were immunolabelled with anti-MBP (green, myelin), antibody
clone SMI-31 (red, axons). Quantification of myelination was established using CellProfiler.
(a) Both LS-mHep7 and rHS10 enhance re/myelination compared to untreated controls. (b)
Axon density per field of view remained unchanged across the treatments. (¢) Representative
images of cultures at DIV 30. (one-way ANOVA with Dunnett’s multiple comparison, ** =
P <0.01, Scale bars 200 pum, error bars SEM n=4)

6.6 Effect of rHS02, rHS09 and rHS10 and LS-mHep7 on astrocytes — gap
closure

Previously in Chapter 4 we investigated the effects of LS-mHep7/LS-mHep7L on astrocyte
reactivity. One of the hallmarks of CNS injury is that astrocytes move into a reactive
phenotype, defined by their upregulation of the intermediate filaments GFAP and nestin, as
well as morphological changes, becoming hypertrophic and extending their processes. The
poor regenerative capability of CNS axons is also thought to be related to the limited ability
of astrocytes to migrate and repopulate the injury site. Indeed, the slow repopulation of the
injury site by astrocytes correlates with the failure of injured axons to cross the injury site
(Rhodes 2003, Silver 2004). Therefore, determining the effect of potential therapeutics on
the ability of astrocyte migration and reactivity may help overcome this failure and
contribute to CNS regeneration. To investigate if rHS02, rHS09 or rHS10 has any effect on
the astrocyte migration of the transition to a reactive astrocytic phenotype, we investigated

using an astrocytic scratch injury model.

Neurosphere derived astrocytes were allowed to mature until a confluent monolayer was
achieved. A cell free area was created by scratching the center of each cover slip with a
pipette tip. Immediately after injury, cells were treated with rHS02, rHS09, rHS10 or LS-
mHep7 at 10 ng/ml. Cultures were imaged at 0, 1, 2, 4 and 24 hrs. It was found that like
LS-mHep7, rHS10 promoted a faster recovery of astrocyte gap closure at 4 hr compared to
untreated astrocytes (Figure 6.6(a, c)). Additionally, LS-mHep7 promoted faster gap closure
compared to control untreated cultures at 24 hr (Figure 6.6 (b, c)). Treatment with rHS09
prevented astrocyte scratch closure with a significantly wider gap width compared to control
at both 4 hr and 24 hr (Figure 6.6 (a, b, c)).
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Figure 6.6 |Effect of LS-mHep7, rHS02, rHS09 and rHS10 on astrocyte reactivity after
injury. Neurosphere derived astrocytes were allowed to mature until a confluent monolayer
was achieved. Once confluent a cell free area was created by scratching the centre of each
cover slip. Immediately after injury cells were treated with rHS02, rHS09, rHS10 or LS-
mHep7 (10 ng/ml). Measurements of scratch width were made on phase images at 1, 2, 4
and 24 hr following the same injury site over time and gap width is presented as a % of the
original width at time Ohr (c). (a) LS-mHep7 and rHS10 promoted a faster closure of gap
width at the 4 hr timepoint compared to control cultures, whereas rHS09 caused the gap to
become wider. (b) LS-mHep7 promoted a faster recovery of astrocyte gap closure at 24 hr
compared to untreated astrocytes, whereas rHS09 significantly prevented closure. (d)
Representative phase images of scratch astrocytes immediately after injury (Time 0 hr) or 2
hr after injury (Time 2 hr) in control, rtHS02, rHS09 or rHS10 treatment.). (two-way ANOVA
with Dunnett's multiple comparison, * =P <0.1, ** =P <0.01 (n = 3; technical replicates =
3)

6.6 Effect of rHS02, rHS09 and rHS10 and LS-mHep7 on astrocyte

reactivity — GFAP expression
GFAP expression was investigated to determine astrocyte reactivity after monolayers of

astrocytes were scratched. Astrocyte monolayers were injured using a pipette tip and
immediated treated with rHS02, rHS09, rHS10 or LS-mHep7 at 100 ng/m, or left untreated.
At each time point 0, 1, 2, 4 and 24 hr, coverslips were either fixed with 4% PFA (and
immunolabelled with GFAP/astrocytes, DAPI/ nuclei) or protein lysates were taken for
western blot analysis. Quantification of GFAP immunoreactivity immediately adjacent to
the lesion edge using global thresholding revealed an increase in GFAP expression 1 and 2
hr after injury in untreated injured cultures (Figure 6.7a-b). Additionally cells treated with
rHS09 revealed an increase in GFAP immunoreactivity at both 1 and 2 hr post cut compared
to uninjured control cultures at Ohr. This increased expression post scratch was not found in
LS-mHep7, rHS02 or rHS10 treated cultures with a significant reduction in GFAP staining
compared to control 1 hr post-injury in LS-mHep7 and rHS10 treated cultures. This suggests
that both LS-mHep7 and rHS10 are reducing astrocyte reativity in these cells after induced
injury immediately at the lesion edge. Quantification of global GFAP expression by western
blot showed that after injury there was a significant increase in GFAP expression at 1 and 2
hr after injury compared to uninjured cultures (Figure 6.7 d-e). However, there were no
significant changes in any of the treatments compared to either uninjured or cut astrocytes,
suggesting the changes in GFAP expression are more localised to the lesion edge rather than

the entire astrocyte population (Figure 6.7 c)
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Figure 6.7 |Effect of LS-mHep7, rHS02, rHS09 and rHS10 on astrocyte reactivity after
injury (GFAP expression). Neurosphere derived astrocytes were allowed to mature until a
confluent monolayer was achieved. Once confluent a cell free area was created by scratching
the centre of each cover slip. Immediately after injury cells were treated with rHS02, rHSQ9,
rHS10 or LS-mHep7 (10 ng/ml). At each time point cell lysates were collected and analysed
for levels of B-actin and GFAP via western blot. Lysates were collected at 1 and 2 hrs.(a)
Quantification of GFAP immunohistochemistry using Image J thresholding of images
captured at the lesion edge at 1 and 2 hr post injury, showed an increased in GFAP
immunoreactivity in control astrocytes at the lesion edge which was not found in LS-mHep?7,
rHS02 and rHS10 treated astrocytes. (b) There was a significant reduction in GFAP staining
in LS-mHep7 and rHS10 treated astrocytes at 1 hr post injury. rHS09 showed a similar
increase in GFAP at 1 and 2 hr to that found in untreated injured astrocytes. (n number
represented by individual data points on the graph, ANOVA with Dunnett’s post-test,
*p<0.05, **p<0.01). (c) Representative immunohistochemical images of GFAP
Immunoreactivity immediately adjacent to the lesion in untreated, LS-mHep7, rHSQ9 or
rHS10 treated cut cultures 1 hr post-injury. GFAP (astrocytes, red), DAPI (nuclei, blue). (d)
Quantification of GFAP from protein lysates showed a significant upregulation of GFAP 1
and 2 hr post injury in cut cultures compared to uncut controls. There was no difference in
the level of GFAP expression in any treatment of the time points analysed when compared
to untreated cut cultures. (n=4, Two-way ANOVA, Dunnett’s post-test, *p<0.05).) (e)
Western blot analysis of global GFAP levels in cut astrocytes treated with rHS02, rHS09,
rHS10 or LS-mHep7 lysed at 1 and 2 hr post injury. B-actin was used as a loading control.
(Dashed line indicates injury edge) (Scale bar represents 50 pm)

6.8 Discussion

The aim of this chapter was to assess the abilities of rHS to enhance repair in several CNS
injury models in vitro and ex vivo — and to compare this ability to our ‘gold standard’ repair
seen with the well-established LS-mHep7. This was to determine if rHS have similar
bioactivity in CNS injury models as animal derived heparin mimetics for future therapeutic
investigations. Previously in Chapter 4 and Chapter 5 we showed that LS-mHep7/LS-
mHep7L could enhance repair in in vitro CNS injury models. This included enhanced
re/myelination after antibody and complement mediated demyelination (MC-DeMy), neurite

outgrowth in MC-Inj, and reduced astrocytosis in our astrocyte injury model.

As previously discussed, heparin is currently sourced (80% of global production) from China
from porcine intestines (McCarthy et al., 2020). Such reliance on a specific animal source
of heparin comes with risk of shortage; in 2007, massive out-breaks of porcine reproductive
and respiratory syndrome resulted in a worldwide heparin shortage. Concern and risk for
alternative animal heparin sources exists. Before the use of porcine intestines, heparin was

sourced from bovine, but in the late 1980s, bovine spongiform encephalopathy (BSE, or
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“mad cow disease”) was reported first in the United Kingdom and later in several other
countries, raising concerns about the use of bovine-sourced heparin products in humans.
Soon after bovine sourced heparin was banned. Production of Administration in the United
States continues to address concerns about foreign heparin production and its quality control
(Committee on Energy and Commerce, 2016). In 2008, non-naturally occurring over-
sulphated chondroitin sulphate (OSCS) in heparin led to over 200 deaths worldwide and
more than 800 reports of serious hypertension and adverse allergic reactions (Kishimoto et
al., 2008). An alternative to animal derived heparin is to source heparin from cell lines,
creating recombinant heparins. TEGA pharmaceuticals (San Diego) through mammalian cell
multiplex genome engineering, can direct cellular synthesis of heparin and HS (Thacker et
al., 2022) and has a library of HS compositions available commercially. Thus, these cells
provide an important alternative for commercial human clinical use, as they can be grown in
serum-free medium, and under GMP control. The production of these recombinant heparins
by TEGA pharmaceuticals observes high batch-to-batch consistency alongside laboratory
confirmed sulphate content, chain length and purity. This therefore has the potential to be a
clinically relevant source of HS mimetics, which would allow an easier transition to the
clinic. We were provided a panel of rHS from TEGA pharmaceuticals to determine their

effects in models of CNS injury (see Figure 6-1 for composition comparison).

In the MC-DeMy cultures we observed that rHS10 significantly promoted re/myelination.
Interestingly, rHS10 (~90 N-sulphate groups per 100 disaccharides) which has similar
disaccharide composition and sulphate composition to the well-established LS-mHep7 (~ 95
N-sulphate groups per 100 disaccharides) suggests that N-sulphation could be important for
promoting re/myelination after injury. N-sulphation is already known to be essential in
mediating specific protein interactions (Roy et al., 2014)

Additionally, rHS02 was found to significantly promote re/myelination, but was less
efficacious than rHS10 as shown by fold change analysis. When comparing the two rHS we
can see that rHS02 also receives most of its sulphate groups via N-sulphation, however, has
~55 N-sulphate groups per 100 disaccharides compared to rHS10 and LS-mHep7 which have
~90 and ~95 N-sulphated groups per 100 disaccharides, respectfully. In SC-DeMy, we again
observed that rHS10 enhanced re/myelination alongside LS-mHep7, to very similar levels.
This further supports that N-sulphation is important for promoting re/myelination after injury

since both these reagents enhance repair in a similar manner.

In MC-Inj rHS09 promoted neurite outgrowth alongside LS-mHep7. In Chapter 4 we
observed that LS-mHep7 strongly promoted neurite outgrowth across the cell free area
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created by the blade. Interestingly however, rHS09 has the highest sulphation across the rHS
panel, and previously we hypothesised that only LS-mHeps promoted neurite outgrowth.
This contradicts previous work with mHeps where LS-mHeps enhance neurite outgrowth
and HS-mHeps did not. It has been postulated that there is a sulphation code that regulates
axon guidance as other HSs with varying sulphation modifications disrupts axons guidance
(Holt and Dickson, 2005). Previously the Barnett lab shown that heparins bearing one
sulphate substitution per repeating disaccharide unit at either the 2-O- or N-sulphated
positions promote neurite outgrowth (McCanney et al., 2019) The alteration of sulphation
on the uronic acid in various ways may contribute to the HS to either promote or negate
neurite outgrowth by modifying various factors that play a role in the biological process. For
example, Caenorhabditis elegans mutants which lack the enzymatic activity of 2-O-
sulphation, display axonal patterning defects, confirming the importance of 2-O sulphation
in neurite outgrowth and pathfinding (Kinnunen et al., 2005). Additionally, other HS have
shown that different sulphation modifications disrupt axons guidance in the Xenopus visual
system, with 2-O- and 6-O-sulphated HS showing marked effects (Irie et al., 2002).

The poor regenerative capability of CNS axons is thought to be related to the limited ability
of astrocytes to migrate and repopulate the injury site. Indeed, the slow repopulation of the
injury site by astrocytes correlates with the failure of injured axons to cross the injury site
(Rhodes et al., 2003; Silver and Miller, 2004). Therefore, determining the effect of
potential therapeutics on the ability of astrocyte migration and reactivity may help overcome
this failure and contribute to CNS regeneration. While investigating rHSs effect on astrocyte
reactivity in our injury models, we examined gap closure within our scratch assay.
Astrocytes become reactive and secrete inflammatory molecules that modify the
environment after CNS injury or disease (Choi et al., 2014; Mizee et al., 2014; Jo et al.,
2014; Yi et al., 2014). Our analysis revealed that LS-mHep7 and rHS10 promoted gap
closure at early time points. A proposed mechanism is the relationship between HSPGs,
FGFs, and astrocytic outgrowth. FGFs are known heparin-binding growth factor (such as
FGF-2) and bind to HSPGs on the cell surface and within the extracellular matrix (Chua at
al 2004; Fortsen-Williams, 2005). FGFs are known to modulate many glial activity
including astrocytic outgrowth and scar formation (Santos-Silva et al., 2007), OPC
proliferation (Chandran et al., 2003) and differentially regulate maturation and proliferation
of stem cell-derived astrocytes (Savchenko et al., 2019). Here, LS-mHep7 and rHS10 could
be interacting with FGF-1/FGF-2, inducing astrocytic outgrowth and proliferation.
Additionally, we observed rHS09 (the most highly sulphated compound in the panel)

reducing gap closure, creating a larger cell free area compared to the initial control lesion.
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Previously it has been demonstrated that highly sulphated heparan sulphates negatively
repair injury in the CNS (McCanney et al., 2019) and induce strong boundaries between
olfactory ensheathing cells (OECs) and astrocytes (Higginson et al., 2012; Santos-Silva,
2008), which was not observed with low sulphated forms. With these observations, boundary
formation was dependent on O-sulphation, since N-acetylated heparin (in which N-sulphates
are replaced with N-acetyl groups) also induced boundary formation. We can hypothesis that
O-sulphation sulphation level is a major contributor to the astrogliosis modulation observed
by LS-mHep7 and rHS10 as these molecules have similar O-sulphation levels compared to
the other heparan sulphate molecules.

Astrocyte reactivity was determined via GFAP expression in our cultures. After severe
activation, astrocytes secrete various neurotoxic substances and express an enhanced level
of GFAP which is considered a marker protein for astrogliosis (Eng and Ghirnikar, 1994).
Previously, we have found little evidence of GFAP modulation following LS-mHep7
treatment in astrocyte scratch assays assessed by western blots (McCanney et al., 2019).
Global GFAP saw no significant changes in any of the treatments compared to either
uninjured or cut astrocytes, however, thresholding analysis of GFAP staining intensity
immediately at the lesion edge showed that the low-sulphated compounds (LS-mHep7 and
rHS10) reduced GFAP immunoreactivity at early time points. This suggests that changes in
GFAP expression are more localised to the lesion edge rather than the entire astrocyte
population. Non-stimulated astrocytes in culture expressed eight cytokines, including G-
CSF, GM-CSF, GROo (CXCL1), IL-6, IL-8 (CXCL8), MCP-1 (CCL2), MIF and Serpin E1.
Following stimulation, activated astrocytes newly produced IL-1p, IL-1ra, TNF-a, IP-10
(CXCL10), MIP-1a (CCL3) and RANTES (CCL5) (Choi et al., 2014). As discussed in
previous chapters, LS-mHeps modulate CCL5 activity in MC-DeMy and SC-DeMy and has
high affinity binding to LS-mHep7/L. CXCL10, was identified as LS-mHep7 binding in
Chapter 5 and could be sequestered and modulated in the astrocyte injury model leading to

reduced communications and molecular pathways that lead to astrocyte reactivity.

An important consideration to make while comparing the rHS to LS-mHeps is the molecular
weight and size of the recombinant molecules — especially for the use in therapeutics. As
discussed in previous chapters, molecular weight is important for novel molecules in CNS,
to cross the BBB, and for better bioavailability (Merli et al., 2010). The approximate
molecular weight of rHS02 (~40kDa) and rHS10 (~40kDa) being almost four times, and
rHS09 (~20kDa) being twice as large as LS-mHep7 (~12kDa) could potentially explain why
LS-mHep7 appears the most efficacious for repair across the myelinating culture screens.
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Studies into the use of heparin as a cancer therapeutic demonstrated improved survival in
patients treated with low molecular weight heparin (~6kDa) compared to standard heparin
(~15kDa) (Khorana et al., 2004). Heparin inhibited endothelial cell proliferation but had no
effect on endothelial tube formation, whereas LMWH with a mean molecular weight of ~6
kDa had greater inhibitory effects on proliferation and reduced tube formation. Therefore,
the importance of molecular weight of the rHSs in terms of the repair potential requires

further investigation.

In conclusion, this chapter has shown that recombinant HS derived mimetics have the
potential to be beneficial for CNS repair. In particular, the low-sulphated compound, rHS10,
promoted re/myelination and modulated astrocyte reactivity like LS-mHep7, while the
highly sulphated, rHSQ9, promoted neurite outgrowth. This confirms the importance of HS
sulphation for CNS repair and provides excellent preliminary evidence of the in vitro repair

benefits of rHS compounds.
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Chapter 7

Discussion
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7.0 General Discussion
The overall aim of this PhD was to validate a low molecular weight version of our lead

compound LS-mHep7, to enhance repair in the CNS. To validate this low molecular weight
compound — LS-mHep7 — we investigated its ability to enhance repair in several in vitro
CNS models including MC-DeMy, MC-Inj and an astrocyte scratch assay. Additionally, we
optimised a method for culturing ex vivo slice cultures for remyelination studies, to validate

LS-mHep7L in a cellularly more complex model of CNS demyelination (SC-DeMy).

There are three principal findings of this thesis: 1) spinal cord slice cultures from P0-2 mice
can produce successful cultures for the study of remyelination and screening of novel
therapeutics for CNS disease. 2) LS-mHep7L can enhance repair in both in vitro and ex vivo
models of CNS injury. 3) recombinant heparan sulphate mimetics are able enhance repair in
both in vitro and ex vivo models of CNS injury — providing an additional source for heparin

derived therapeutics.

7.1 Limitations of the study
There are several limitations to this study that need to be considered and discussed. Firstly,

all in vitro studies in this thesis (including MC-DeMy, MC-Inj, MC-Dev and astrocytic
scratch assays), do not replicate the in vivo environment. Although most glial cells are found
to be present in all the myelinating cultures (Boomkamp et al., 2012), their numbers are
unlikely to be comparable to those found in vivo. This could have heavy implications for
remyelination studies, as plenty of literature links other glial cells e.g. microgliato influence

remyelination and intercellular communications could differ.

Although some of these limitations were overcome in Chapter 5 with the addition of the ex
vivo spinal cord slice cultures, many key features to a degenerating/ injured CNS
microenvironment were still missing. For example, while culturing these spinal cord slices,
the media was changed every 2-3 days to allow fresh nutrients to be delivered for successful
cell survival, however, when this is performed, old media containing cytokines and
chemokines that are released during injury (are therefore maintained in vivo) are taken away.
In vivo at the site of injury however, the chemokine microenvironment is likely to be
different with the contained influx of cytokines and chemokines that are released (Garcia et
al., 2016; Lock et al., 2002; Morganti-Kossman et al.,1997)
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These important factors could change the effectiveness of novel therapeutics in vivo and so
this must be taken into consideration while validating the effectiveness of mHeps and rHSs

to remyelinate and repair the CNS.

We must consider that the tissue used within Chapter 5 was taken from young mice (P0-2),
as we struggled to effectively maintain slice cultures from older animals. It is known that
remyelination is more efficient in younger animals than older ones, and therefore this can
make improvements in remyelination difficult to detect. This should be acknowledged when
screening pro-remyelination therapeutics (such as the LS-mHeps and rHSs) as these are
being sought mostly for translation into therapies for adult human patients where
remyelinating abilities may be reduced due to age. Additionally, when setting up these ex
vivo cultures, chopping spinal cord slices damages the tissue at these surfaces, which can
affect both axons and myelin. This variability must be considered while studying the
influence of therapeutics that induce or accelerate myelination. Furthermore, variability
within the slice must also be considered as sagittal slices of the spinal cord will have differing

amounts of white and grey, matter.

7.1.1 Effective models of CNS injury?
Another limitation for using animal models to screen compounds for CNS repair is that there

IS no one models that can replicate the intricacy of the molecular pathways involved in the
CNS. For example, there is no single animal model that can capture the entire spectrum of
heterogeneity of human MS, and its variety in clinical and radiological presentation. Here
we have used two pathways to induce demyelination in our cultures — lysolecithin and
antibody mediated demyelination. However, when it comes to injury of the human CNS
system, are either approaches relevant to disease pathology? In the case of MS — the presence
of PNS immune cells is a critical highlight in MS biology along with inflammation, immune
surveillance, and immune-mediated tissue injury. None of the in vitro or ex vivo models
described in this thesis incorporate the cellular complexity seen human MS pathology.
However, toxin induced demyelination models (such as our ex vivo spinal cord slice cultures)
do not attempt to mimic MS as a disease but are mainly established as systems to study the
process of focal demyelination and remyelination (Blakemore et al., 2008). Additionally,
it be argued that MC-Inj does not replicate spinal cord injury, and is not an effective model
of SCI. This injury model lacks many cellular pathways seen in vivo, lacks the contained
release of chemokine and cytokine release from cellular injury observed in SCI (due to
continuous changing of media) and again lacks any PNS cells, such as lymphocytes, that
have access lesions of SCI (Beck et al., 2010). Like with many in vitro models of disease,

we are merely attempting to model aspects of SCI, including demyelination, reduced neurite
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density adjacent to the lesion, infiltration of microglia and reactive astrocytes into the
lesioned area — which are all seen in this model (Boomkamp et al., 2012). With this, MC-
Inj does provide and excellent in vitro model to screen potential candidates for CNS repair

to later be used in animal in vivo models that can better replicate SCI.

7.2 Reparative compounds for CNS injury

7.2.1 Multiple sclerosis
Nine classes of DMTs with varying mechanisms of action and routes of administration, are

available for RRMS, and only one for PPMS - called ocrelizumab (Ocrevus). Current
therapies only reduce CNS inflammation, decreasing the frequency of attacks and preventing
further damage but do not tackle disabling symptoms that are currently irreversible. The key
promise to a remyelination therapeutic would be to repair the myelin sheaths damaged by
MS and therefore restore some of the patients’ key functions, such as mobility, cognition, or
vision. There are currently no DMT’s for MS that focus on remyelination — however recently
there have been novel compounds/molecules going through clinical trials that focus on
different strategies for remyelination. These include the Lingo-1 antibody (Opicinumab
(Biogen)) (Cadavid et al., 2019)- which focuses on OPC maturation; a myelin protein
stimulant (BIIBO61 (Biogen)) and highly concentrated biotin (MD1003) (MedDay
Pharmaceuticals) (Cree et al., 2020) which focuses on increasing activation of cellular
processes in oligodendrocytes to produce myelin. However, in October 2020 Biogen halted
the development of opicinumab, as in the Phase 2 affinity trial, the trial drug did not promote
significant functional improvements or delay disability progression, when compared with
placebo. This really highlights the need for the development of novel compounds for
remyelination — such as the potential future use of LS-mHep7. Many novel therapeutics do
not successfully progress through clinical trials, due to many reasons, but often due to the
negative side effects and cost of the drugs (Fogel, 2018). LS-mHep7 is derived from heparin,
which is already an FDA approved pharmaceutical, with relatively low cost. This makes
heparin exciting candidate for a novel remyelinating therapeutic -if successful in future work.

Remyelination is typically incomplete in patients with MS (Prineas et al., 1979). An
analysis of MS patient’s shadow plaques displayed that extensive remyelination occurs in a
subset of patients (Patrikios et al., 2006). From patients investigated, 20% of them had
extensive remyelination with 60-96% of the global lesion area being remyelinated. This
extensive remyelination was associated with older age at death. This data suggests that

patients that have better remyelination have better outcomes. Therefore, a remyelinating
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therapeutic would be beneficial for patients that have a lower extent of spontaneous
remyelination and could increase life duration reduce disease progression. A novel
remyelinating therapeutic could work as successful combination therapy alongside current
DMT’s for MS, to help repair damage that has occurred during a relapse during RRMS and
as a continuous therapy for PPMS.

7.2.2 Spinal cord injury
After SCI, long tracts of the injured spinal cord may survive, but become demyelinated. The

ultimate objective of SCI is the regeneration of spinal cord axons to restore movement and
mobility. In many patients with non-penetrating SCI a population of surviving axons remains
at the injury site but do not conduct impulse due to demyelination. Spontaneous
remyelination is well known to occur after SCI (Bartus et al., 2019), but the efficiency of
that process remains a matter of debate and therapeutics to enhance this repair would be
hugely beneficial for patient’s locomotor recovery. In terms of SCI, new therapeutics must
include cell survival, axonal growth, remyelination and synapse formation. Over the last
decade, researchers have been investigating molecules and compounds for regenerative
therapies in SCI. However, despite this active research and clinical studies, there is no
effective and globally accepted standard treatment for SCI. A major impediment to recovery
after an SCI is the absence of meaningful axonal regeneration, hence, the mechanisms that
govern axonal regeneration have been intensively investigated. Clinical trials have evaluated
agents that can neutralize axonal growth inhibitors, such as the Rho-ROCK inhibitor
(Fehlings etal., 2021), Cethrin/VX-210 (Fehlings et al., 2018), and anti-NOGO monoclonal
antibody (Kucher et al., 2019). However, none of these agents have become successful in
terms of an approved therapeutic for SCI. Additionally, investigations into stem cell
therapies have recently gone through human trials (Curtis et al., 2018). Currently, strategies
to promote remyelination after SCI are largely limited to cellular transplantation (Assinck
et al., 2017), which has additional risks. These risks include migration of cells to other areas
of the CNS (Steward et al., 2014; Tuszynski et al., 2014), administration of trophic factors
that are necessary for graft survival which can instigate sensory dysfunction (Gold et al.,
2010), poor survival of transplanted cells (Anderson et al., 2017) and differentiation into
unwanted, nonregenerative cell types (Nguyen et al., 2017). Additionally, stem cell
therapies are incredibly invasive and often expensive on health services. This highlights the
importance of novel therapeutics such as heparin mimetics that are already FDA approved,
non-invasive and generally low cost in comparison to stem cell therapies. These LS-mHeps

could prove promising for neural regeneration as seen in in vitro studies, as they work on
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the many failings of SCI including neuronal outgrowth and remyelination and reduce
astrogliosis and potential reduction in the glial scar. Because SCI impacts nearly every aspect
of daily activities, even partial restoration of motor function may improve patients' autonomy

and enhance quality of life.

7.3 Low molecular weight heparin mimetics
One of the main aims of this thesis was to determine the abilities of a low molecular weight

version of our lead compound LS-mHep7 to enhance repair in the CNS. This was performed
with the understanding that low molecular weight molecules have a higher probability of
crossing the BBB — a limiting factor for novel therapeutics of the CNS. The BBB prevents
the uptake of most pharmaceuticals, which arises from the epithelial-like tight junctions
within the brain capillary endothelium. Even in the case of LMW molecules it is thought that
~98% of all small molecules are still prevented from crossing the BBB (Pardridge, 2005).
Although in this thesis we provide evidence of LMW heparin mimetics enhancing CNS
repair — these molecules may still be too big to cross an undisturbed BBB. LS-mHep7L is
approximately ~7kDa in size, however reports suggest that for molecules to cross the BBB
(mainly via lipid-mediated free diffusion) the molecules must be ~400Da and only forms ~8
hydrogen bonds (Pardridge, 2012). However, in a rodent pharmacodynamic model, which
used CSF concentration and brain deposition as a read-out, it was demonstrated that
following intravenous and subcutaneous delivery, ultralow-MW heparin - average MW of 2
kDa (6- 8mers) - crossed the BBB (Ma et al., 2002). In the case of demyelinating diseases
such as MS, however, there is breakdown of the BBB during MS pathology (which is often
a criterion for diseases progression) (Polman et al., 2011), which suggest that our LMW
heparin mimetics could have the potential to access the CNS. If able to cross the BBB,
continual administration of HS mimetics would most likely need to occur and would most
likely only result in the compounds accessing the CNS in areas of inflammation and damage.
Of course, the efficacy of this strategy would depend on the absence of adverse off-target

effects from prolonged treatment.

7.4 Clinical use of heparin mimetics
A main challenge to overcome for heparin to be re-purposed as s a therapeutic for CNS

injury is the source from which the compounds are generated. We have previously discussed
that most of the world heparin is sourced from pigs, and that world shortages occur. However,

the purification of heparin is also of concern. Heparin being sourced from animal tissue,
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requires HS purification, and purification and separation of GAGs is notoriously difficult.
The extraction and purification processes of heparin from porcine tissue consist of 1) tissue
autolysis 2) tissue digestion 3) precipitation of impurities 4) removal of molecules weight of
less than 3,000 daltons by ultrafiltration 5) fractional precipitation of contaminating
glycosaminoglycans and 6) further purification of the obtained heparin by anion exchange
chromatography (van der Meer et al., 2017). Contaminating GAGs have been related with
adverse complications following heparin treatment, with the US Food and Drug
Administration reporting 149 deaths associated with heparin contamination between 2007-
2008 (Pan et al., 2010). Over sulphated chondroitin sulphates have been identified as one of
these contaminants (Kishimoto et al., 2008). CSPGs are known to be inhibitory to axon
growth in vitro (McKeon et al., 1991; Smith-Thomas et al., 1994; Niederos et al., 1999),
and chondroitinase have been found to promotes functional recovery after spinal cord injury
(Bradbury et al., 2002). Introduction of these contaminants into SCI patients could be
incredibly detrimental to their recovery. The time and effort required to remove all these
contaminants - which have safety implications for patients - from naturally derived heparin,
prompts the need to develop an alternative source of heparin. This highlights the importance
for investigating recombinant heparin mimetics-with incredibly high purity- for the use of
heparin mimetics for CNS repair. TEGA therapeutics have demonstrated that production of
rHS using optimised bioreactors can substantially improve GAG production. rHS have high
batch-to-batch consistency alongside laboratory confirmed sulphate content, chain length
and purity. Cellular production also offers an animal free source and allows the entire supply
chain to be under GMP control (Glass et al., 2018).

7.5 Future work
The data established in this thesis has provided exiting results in terms of pre-liminary data

for a novel therapeutic for remyelination and repair in CNS injury. There is currently a huge
demand for novel therapeutics of the CNS, and the screening of these glycoproteins has
created a new insight into re-purposing FDA approved drugs (such as heparin) to be multi-
functional in human disease. However, the mechanisms to how these heparan sulphate
mimetics are eliciting their reparative effects is still relatively unknown. We have established
that one mechanisms of use could be via the sequestering of negative regulators of
myelination such as CCLS5, however this doesn’t explain the mechanisms behind
re/myelination observed in our ex vivo cultures, as CCL5 appeared to only affect

developmental myelination.
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7.5.1 Oligodendroglia populations: Flow cytometry
To better understand the mechanisms behind repair observed in SC-DeMy, it will be

important to investigate oligodendroglia populations during this re/myelination process. LS-
mHeps could be involved in the increase of OPC proliferation, resulting in more mature
myelin producing cells available for remyelination. Additionally, they could be involved in
OPC differentiation into myelin producing cells, or they could be helping resident mature
oligodendrocytes to remyelinate. Currently we are unable to make a sound hypothesis
without further investigations. Flow cytometry is a powerful technique for analysing and
sorting cell populations based on their physical and molecular characteristics. By using
specific antibodies or fluorescent dyes, we can identify and quantify oligodendrocytes within
a heterogeneous cell population. Flow cytometry could provide information about
oligodendrocyte subtypes, cell surface markers, and cellular properties. This will allow us to
identify changed in oligodendrocyte population with the treatment of LS-mHeps during the
remyelination process. Additionally primary oligodendrocyte cultures can also be prepared
from brain tissue, which allows for the isolation and maintenance of oligodendrocytes in

vitro, providing a controlled system for this study.

7.5.2 Movement across the BBB: Cuprizone model
Additionally, it is important for us to establish if LS-mHep7L can cross the BBB in vivo.

Our lab is currently investigating the use of LS-mHeps in an EAE models, however in this
experimental model of demyelination the BBB is disrupted and is ‘leaky’, compromising the
close off CNS system from the periphery. Therefore, we are not able to say with certainty
that the LS-mHeps are crossing the BBB due to their LMW and instead could be passing
through via disruption. One way that we can investigate this is by using the Cuprizone model
of demyelination instead of EAE, alongside the production of a fluorescently tagged LS-
mHep7L that we can visualise crossing the BBB in histology samples. The BBB in the
cuprizone model is not compromised, meaning that any LS-mHep7 that crosses has occurred
via transport of some sort. With a fluorescently tagged version of our mHeps we can then
determine through histology if and where these mHeps are in the CNS tissue. However, it
must be noted that tagging a molecule with a fluorescent label could increase its molecular
weight and therefore make it difficult for LS-mHep7L to cross the BBB. The confirmation
of LS-mHep7L to cross into the BBB is an important factor to establish before moving into

any expensive in vivo research, and further clinical investigations.
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7.5.3 LS-mHeps and microglia
This thesis investigated the effects of LS-mHeps and glial cells such as astrocytes and their

reactivity, however little was investigated in other glial cells such as microglia. As stated
previously in this thesis, microglia play an important role in the CNS and are involved n the
clearence of myelin debris, detect and respond to demyelination cues and transition between
phenotypic states (pro-inflammatory to pro-regenerative). The different phenotypes are
observed to secrete difference cytokines and chemokines that are essential for these roles;
pro-inflammatory secretions include iNOS+ TNFo+ CCL2+, while pro-regenerative
microglia secretions include Arg-1+ CD206+ IGF-1+. To investigate if LS-mHeps have a
role in reducing or increasing microglia activity, microglia can be cultured and then exposed
to Granulocyte-macrophage colony-stimulating factor (GM-CSF), which stimulates
microglia into a reactive state. With the addition of LS-mHeps at this time we can then
collect supernatant from these cultures and perform ELISAs for specific chemokines and
cytokines levels such as IL-23, IL-6 and IL- . Additionally we can label these microglia for
analysis via FCAS to determine a change in populations between those treated with GMC-
SF and LS-mHeps or GM-CSF alone. This could help us determine if LS-mHeps help reduce
leucocyte recruitment in vivo and determine if LS-mHeps are involved in microglia
reactivity.
7.5.4 Zebrafish and SCI

Although preliminary data is currently being produce by the Barnett group to investigate
both LS-mHep7 and LS-mHep7L in an established EAE model (Lindsay et al., 2022), it
will be important to test these mimetics in other in vivo models of the CNS injury, such as
dorsal incisions of larvae zebrafish as a model for SCI (Keatinge et al., 2021; El-Daher &
Becker 2020), to demonstrate that LS-mHeps can repair a variety of CNS injury. In this
thesis we have investigated neurite outgrowth in vitro, however as stated above, although it
does mimic some aspects of SCI (such as focal demyelination and astrocyte reactivity), it
does not reflect SCI in vivo. Zebrafish possess a remarkable ability to regenerate their spinal
cord after injury. Unlike mammals, zebrafish can regenerate functional neurons and restore
motor function following a spinal cord injury. This regenerative capacity makes zebrafish
an excellent model to study the cellular and molecular mechanisms underlying spinal cord
regeneration. Zebrafish embryos are small and optically transparent, making them amenable
to advanced imaging techniques. Future research could combine live imaging approaches,
such as confocal microscopy or two-photon microscopy, to study the dynamics of spinal

cord neurons, axonal growth cones, and synapse formation which would providde valuable
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insights into the cellular behaviours and interactions occurring during spinal cord

development and regeneration in the presence of LS-mHeps.

7.6 Concluding remarks

The results of this thesis demonstrated that low sulphated heparin mimetics have the
potential to become novel therapeutics for remyelination and neurite outgrowth for diseases
and injury of the CNS. Heparin is currently an FDA approved drug with few side effects on
patients making them a relatively safe drug for use. Although LS-mHeps themselves are
unlikely to be primary therapeutic drug for demyelinating disease such as MS, they could
provide an excellent combination drug along side a drug that reduced relapses, allowing the
mHeps to help in remyelination of demyelinated lesions in the brain and spinal cord. This
could have a huge impact on patients with MS, especially for those with PPMS, where there
is currently only one (very recently approved) DMT that has limited success and aims to
reduce leukocyte recruitment instead of improving remyelination. Additionally, this thesis
optimised an ex vivo slice culture system using mouse spinal cords that can be an excellent
screening technique for new drugs in remyelination studies, as well as help study glial
development, proliferation, and differentiation without the cost that in vivo work requires.
Ex vivo screening allows for the rapid and cost-effective evaluation of many compounds in
the early stages of drug discovery. This initial screening helps identify promising candidates
that have the potential to be further developed into effective drugs. Additionally, a good
screening system helps reduce the reliance on animal models for initial drug testing. By
providing valuable data on drug efficacy, toxicity, and pharmacokinetics, ex vivo systems
can aid in the selection and prioritization of compounds for further testing in animals,

minimizing the number of animals used in preclinical research.
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