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Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood
And looked down one as far as I could
To where it bent in the undergrowth;
Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,
And both that morning equally lay
In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.
I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—
I took the one less traveled by,
And that has made all the difference.

The road not taken – Robert Frost, Mountain Interval 1916
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Abstract
Oligodendrocytes are the myelinating cells of the central nervous system, ensheathing axons and
enabling rapid conduction of nerve impulses. Demyelination involves loss of functional myelin around
one or a group of axons. Various diseases are caused by demyelination, with multiple sclerosis (MS)
being the most common. While MS is caused by demyelination, inflammation is an important
determinant of progression to its progressive form. There are still many questions about demyelination,
including the role that inflammation plays in its development and progression. Diffusion weighted
magnetic resonance imaging (DWMRI) is widely used to study myelinated axon tracts. However, the
cellular changes that cause alterations to the DWMRI signal are not well understood.

To investigate the changes that occur as a result of aberrant myelination and their effect on DWMRI,
three demyelinating mouse models and one dysmyelinating model were characterised histologically
before undergoing DWMRI. To assess the role of inflammation in demyelination and subsequent
remyelination, microglia were depleted or inhibited pharmacologically in the Sox10iCreERT2:Myrf(fl/fl)
genetic model and changes in phenotype and histology were quantified.

My histological studies of de-or dys-myelinating models showed an inflammatory reaction involving
resident microglial cells always accompanied acute demyelination. When the severity of demyelination
reached a certain critical threshold, infiltration of peripherally-derived macrophages was triggered,
precipitating rapid worsening of the physical phenotype. DWMRI signal was relatively insensitive to
demyelination per se, at the signal to noise ratio and resolution in this study, however, I found evidence
that the presence of actively phagocytosing immune cells had a major effect on DWMRI signal.
Pharmacological

depletion of

microglia caused a

worsening of

demyelination in the

Sox10iCreERT2:Myrf(fl/fl) model, indicating an overall beneficial effect of microglia during the initial
stages of demyelination. However, the effect of microglial activation was variable, depending on when
microglial depletion was initiated relative to the time course of demyelination.
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Chapter One – Introduction
1.1 Aims of my PhD work
This thesis describes work completed in partial fulfilment of the requirements for the degree of Doctor
of Philosophy. It addresses two main questions, both focused on demyelination:

1. What changes occur in a mouse brain as a result of demyelination and how do these changes
alter the diffusion-weighted magnetic resonance imaging (DWMRI) signal?
2. Is inflammation beneficial or deleterious in demyelination?

Multiple sclerosis (MS) is the most prevalent demyelinating disease, but there are many others including
periventricular leukomalacia, cerebral palsy, progressive multifocal leukoencephalopathy, central
pontine and extrapontine myelinolysis, carbon monoxide poisoning, various mitochondrial diseases and
vanishing white matter disease (Love, 2006). Better understanding of the underlying pathology may
allow improved detection and treatment of these diseases.

In this Introduction I first summarise the structure of the central nervous system (CNS) and then
describe oligodendrocyte (OL) physiology in health and disease. I go on to describe the DWMRI
concepts and sequences used in this thesis, including an account of the current theory of cellular origins
of the DWMRI signal and the clinical situations in which DWMRI is commonly used. Finally, I
describe the inflammatory response to demyelination in the brain and the interaction between microglia
and OLs.
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1.2 Cells of the central nervous system
The CNS is principally made up of neurons and a large class of cells collectively called glia. The glial
population comprises five different cell types: OLs, microglia, astrocytes, ependymal cells and radial
glia. The constituents of the CNS and some of their known functions are summarised as follows:

1. Neurons
•

Transmit information throughout the brain by the process of depolarisation, action
potential propagation and neurotransmitter release at synapses or extra-synaptic sites
(volume transmission) (Hodgkin and Huxley, 1952)

2. Astrocytes
•

Form footplates on cerebral vasculature contributing to the blood-brain barrier (BBB)
(Alvarez et al., 2013)

•

Modulate synaptic activity at “tripartite synapses” (Bergles and Jahr, 1997)

•

Provide metabolic support to surrounding cells (Hertz and Zielke, 2004)

3. Oligodendrocytes
•

Wrap neuronal axons in several layers of myelin (Bunge et al., 1962)

•

Modulation of neuronal circuit dynamics – thought to be why OL precursors are
necessary for motor learning (McKenzie et al., 2014)

•

Provide metabolic support to the axons they ensheath (Lee et al., 2012)

4. Microglia
•

Immune cells of the CNS distributed throughout the parenchyma to phagocytose
cellular debris or non-self antigens (Perry et al., 1993)

•

Synapse pruning to regulate neuronal connectivity during development (Paolicelli et
al., 2011)

5. Ependymal cells
•
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Along with astrocytes form the BBB (Del Bigio, 1995)

•

Formation of cerebrospinal fluid (CSF) (Abbott et al., 2006)

6. Radial glia
•

Multipotent cells, predominantly found during embryogenesis but now known to
persist into adulthood (Gubert et al., 2009)

Glial cells were first described by Rudolf Virchow, Santiago Ramón y Cajal and Pío del Río-Hortega,
the three scientists at the forefront of the genesis of neuroscience in the 19th century (Jäkel and Dimou,
2017). The importance of glia was not appreciated at the time, with the name coined for them meaning
“glue” in ancient Greek. The supposed supportive role played by glial cells led to a neuron-centric
research culture within neuroscience for the ensuing century.

The number of glial cells in the brain relative to neurons was revised downwards from 50-20:1 to 1:1
(von Bartheld et al., 2016). Even this conservative estimate means they constitute half of all brain cells.
Using in situ hybridisation (ISH) in wild-type adult rats Pringle et al. (1992) reported that plateletderived growth factor receptor alpha (PDGFRα)-positive OL precursor cells (OLPs) make up
approximately 5% of all cells in the CNS, a figure corroborated ten years later by Dawson et al. (2003)
using antibodies to Chondroitin sulphate proteoglycan (NG2) to label OLPs. The latter also showed
2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP)-positive mature OLs make up from 5 to 45% of cells
in the CNS depending on the area. A recent study quantified all cells of the OL lineage together and
reported that OLs are the most populous glial cell type, with approximately 17.4 million cells in an adult
mouse brain, making up 20% of the total cell number (Valério-Gomes et al., 2018).

1.3 Glial-neuron interaction
Glial functions should always be considered in terms of interaction with other cell types, primarily
neurons, because of their intimate relationships and associations.
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Many glial-neuron interactions take place at synapses. The concept of the synapse began as a
description of the interface between two neurons but has changed to involve glia as well. The term “tripartite synapse” was first coined in 1999 to convey the idea that astrocytes interact with neuron-toneuron synapses. Astrocytes have subsequently been shown to not only interact with but modulate
these tri-partite synapses (Araque et al., 1999; Bazargani and Attwell, 2016; Durkee and Araque, 2019;
Jolly et al., 2018; Volterra and Bezzi, 2002). OLs are also capable of forming synaptic connections
with axons in white and grey matter, with demonstration of NG2+ OLPs synapsing with excitatory
hippocampal neurons in 2000 (Bergles et al., 2000; Li et al., 2020). Glia can actively transmit
information, both through “neuron-like” transmission at synapses, and volume transmission between
non-synapsed cells (Agnati et al., 1986; Gundersen et al., 2015). “Gliotransmitters” describe the
molecules used by glia to transmit information to neurons and other glial cells (Schell et al., 1997).

Microglia also interact with neurons, by removing excess dendritic spines formed during development.
This process, commonly called “synapse pruning” ensures the formation of efficient neuronal circuits,
allowing for normal neurodevelopment (Paolicelli et al., 2011; Schafer et al., 2012). Recently,
pathological over-pruning by microglia has been linked to schizophrenia, demonstrating its ongoing
importance after neurodevelopment is complete (Sellgren et al., 2019).

Microglia and astrocytes will be mentioned further when relevant, however OLs are the focus of this
thesis and are now discussed in detail.

1.4 Oligodendrocytes
1.4.1 Oligodendrocyte and myelin structure

Vesalius distinguished between grey and white matter in the brain as early as 1543 but myelinated
fibres were not described (by Leeuwenhoek) until 1719 and Virchow coined the term ‘myelin’ in 1854
(Leeuwenhoek, 1719; Vesalius, 1543; Virchow, 1854). In 1872 Ranvier described what would
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eventually become his eponymous nodes. By using carmine and silver nitrate staining in mouse thoracic
nerves Ranvier noted regular interruptions in the myelin sheath (Ranvier, 1872). His drawing of the
“node of Ranvier” is shown in Figure 1.1, from Boullerne (2016).

A

Figure 1.1. Depiction of myelin by Ranvier in 1878. A) One of the earliest depictions of what can
be considered the modern understanding of myelination by Louis-Antoine Ranvier

Saltatory conduction, namely the “jumping” of action potentials from each node of Ranvier to the next,
would be discovered as the primary consequence of myelination. Ichiji Tasaki proved the function of
saltatory conduction in 1939 (Tasaki, 1939; Tasaki, 1941, 1942) and Huxley and Stämpfli confirmed
this following World War II (Huxley and Stämpfli, 1949). By insulating stretches of axon with myelin,
the axial resistance is increased, and capacitance of the axon-myelin unit is reduced. Conversely,
clustering of the voltage-gated sodium ion channels at the node reduces the axial resistance for inward
current flow. Combination of the increased resistance over the myelinated axon length with the
reduction in resistance at nodes allows for “jumping” of the action potential from one node of Ranvier
to the next, increasing transmission speed and also reducing the energy cost of an action potential. The
increase in speed is determined by both the length of the node of Ranvier itself and the length of
myelinated axon between nodes, called the internode (Arancibia-Carcamo et al., 2017).

In

unmyelinated axons the principle determinant of action potential transmission speed is axon diameter,
meaning for fast transmission large axons are required. For example, the axon diameter of a large nonvertebrate, e.g. a giant squid, can approach 1 mm (Huxley and Stämpfli, 1949). Myelination allows for
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much higher conduction speeds while axons remain compact. Much longer axons which can convey
impulses within reasonable periods of time and do not take up prohibitive amounts of space are possible
in myelinated organisms. This evolutionary leap was necessary for the development of early vertebrate
organisms, in which the central nervous system is confined in space by the skull and spinal column
(Zalc et al., 2008).

While myelination had been observed over a century ago, it was not until the invention of electron
microscopy that OLs could be proven to be the source of myelin. OLs were first discovered in 1899
but were not named until 1921 by Del Río-Hortega (Del Rio-Hortega, 1921). See Figure 1.2 for a
comparison of Del Río-Hortega’s drawing with modern staining and imaging techniques. While Del
Río-Hortega proposed a connection between OLs and myelin the following year but it was not until
1958 that De Robertis showed a physical link between myelin and OLs (De Robertis et al., 1958) and
this was followed by Richard and Mary Bunge demonstrating the spiralling of OL myelin around
peripheral axons (Bunge et al., 1962; Bunge et al., 1961; Bunge, 1968). In 1978 Hildebrand and Hahn
described the variation of myelin thickness with axon diameter applying the concept of “g-ratio”, first
introduced in the context of Schwann cells and peripheral axons, to OLs and CNS axons (Hildebrand
and Hahn, 1978) (g-ratio is the ratio of the outer myelinated fibre diameter to the diameter of the axon
within). With this the description of the basic physical characteristics of OLs was complete and the
effort to understand their biological properties began.
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Figure 1.2. Cells of white matter. A) Confocal image
of adult mouse corpus callosum showing PDGFRa+ OLPs
and DAPI+ cell nuclei, note cell processes are visible as
tyramide amplification was used. Corpus callosum area
bordered by dashed lines. B&D) Drawings of human
white matter by Del Río-Hortega: O (oligodendrocyte), M
(microglia), FA (fibrous astrocyte), DA (dwarf astrocyte)
and V (vessel), from Perez-Cerda (2015). C) Confocal
image of mouse corpus callosum showing Plp+ mature
OLs. D) Confocal image of mouse corpus callosum
showing GFAP+ astrocyte processes and IBA1+
microglia. Note the accuracy of Del Río-Hortega’s
drawings, done a century before these confocal images
were taken. Confocal images all captured at 20x
magnification. Scale bar :100 µm.
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1.4.2 Central nervous system myelination
As Vesalius first observed, the brain can be divided into “white” and “grey” matter. White matter is
heavily myelinated axon tracts and makes up approximately 40% of brain volume in mice (Zhang and
Sejnowski, 2000). The high fat content of these areas gives them a pale appearance (Morell and Norton,
1980). Major white matter tracts in the brain in mice include the corpus callosum (CC), which extends
to the subcortical white matter, the fimbria and fornix, the anterior commissure, and the optic nerve
(Moore et al., 1976). These tracts contain myelinated axons with few neuronal cell bodies, many OLs
and OLPs and a small number of microglia and astrocytes. So-called grey matter is much less densely
myelinated, containing many neuronal bodies and fewer OLs.

The pattern of white and grey matter in the brain is established during development. Myelination occurs
relatively late in development beginning around birth and reaching a stable state around postnatal day
60 (P60) in mice (Snaidero and Simons, 2014). The degree of myelination and structure of individual
myelin sheaths is constantly changing throughout adulthood, with subtle changes in myelination
contributing to some forms of learning and memory (Fields and Bukalo, 2020; McKenzie et al., 2014;
Pan et al., 2020; Sampaio-Baptista et al., 2013; Steadman et al., 2020).

1.5 Oligodendrocyte development and physiology
1.5.1 Morphogen coordination of nervous system development
Understanding of how the complex pattern of myelination is established, maintained and modified in
the brain is critical to understanding the function of OL lineage cells in both health and disease. Neural
development in vertebrate embryogenesis is started by formation of the neural tube. Within the neural
tube multipotent embryonic neural stem cells undergo differentiation to form the entire range of neurons
and glia present at birth (Hamburger, 1988). The spatial distribution needed for these cells to form a
functioning nervous system is coordinated by several diffusible molecules called “morphogens”. These
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morphogens act upon stem cells in a concentration-specific manner. The pattern of morphogens with
concentration gradients across the embryo determines the exact cellular makeup of the CNS (Patten and
Placzek, 2000).

1.5.2 Generation of oligodendrocytes in the brain

In the forebrain two morphogens, sonic hedgehog (Shh) and fibroblast growth factor (FGF) are required
for the formation of OLPs from neuroepithelial stem cells during embryogenesis. Shh is expressed
from early developmental stages by precursors in the medial and lateral ganglionic eminences (MGE
and LGE), inducing the expression of the transcription factors Olig1 and Olig2 in pluripotent stem cells
(Nery et al., 2001; Tekki-Kessaris et al., 2001). Progenitors expressing these Olig genes generate OLPs
which populate the forebrain but may also generate neurons (Yung et al., 2002). FGF signalling is also
necessary for these cells to form OLPs in the ventral forebrain. Conditional knockout of FGFR1 or
FGFR in the ventral forebrain at embryonic day 10.5 (E10.5) using Foxg1-Cre resulted in a reduction
of the number of OLPs in the ventral forebrain from E12.5-16. In FGFR1/2 double knockouts, OLPs
were almost entirely absent (Furusho et al., 2011). Messenger ribonucleic acid (mRNA) for Shh and
its receptor Patched were still present in the ventral telencephalon indicating that they were not affected,
and that both Shh and FGF must be present for OLP production (Furusho et al., 2011; Kessaris et al.,
2004).

OLs of the postnatal brain are formed in three sequential “waves” during embryogenesis. Each wave
comes from a different location within the forebrain following the fate switch of neuroepithelial stem
cells from neurons to glia. The first wave starts forming around E12 from the MGE and anterior
entopeduncular area in the ventral telencephalon (Kessaris et al., 2006). These cells migrate dorsally
to populate the entire forebrain including the cerebral cortex by approximately E18 but are almost
entirely eliminated from the cortex postnatally. The second wave of OLPs comes from the lateral and
caudal ganglionic eminences starting around E15.5. This wave contributes to most regions of the
postnatal telencephalon, which means that at E18 all OL lineage cells in the telencephalon, including
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the cortex, are ventral in origin (Kessaris et al., 2006). However, around the time of birth (E18.5/P0)
the third wave of OLPs are produced from Emx1-expressing progenitors in the cortex of the dorsal
telencephalon; these dorsally-derived OLPs mostly remain within the cortex and sub-cortical white
matter, so that by the end of the first postnatal week 80% of OLPs in the white matter are dorsally
derived. The waves of OL lineage cells are summarised in Figure 1.3 from Kessaris et al. (2006).

Figure 1.3. Successive waves of OLs populating the embryonic forebrain. Nkx2.1 is a
homeodomain transcription factor expressed in the medial ganglionic eminence allowing localisation
of cells originating here using Nkx2.1-Cre crossed with the Rosa26R-GFP reporter line. Gsh2 is a
transcription factor which is strongly expressed in the lateral ganglionic eminence, again allowing for
localisation of cells originating here by combination of Gsh2-Cre with the Rosa26R-GFP reporter line.
Emx1 is expressed in cortical precursors allowing localisation of cells originating here by combination
of Emx1-Cre with Rosa26R-GFP lines. Combination of these animals with immunohistochemistry for
OLP markers allows identification of OLPs originating from different areas of the embryonic mouse
brain. Figure reproduced from Kessaris et al. (2006).

1.5.3 Generation of oligodendrocytes in the spinal cord

In the developing mouse spinal cord, OLPs are generated around E12.5 in the ventral ventricular zone
of the neural tube (Pringle and Richardson, 1993; Sun et al., 1998). In an analogous way to the forebrain
a dorsal source of OLPs is generated around E15.5 in the dorsal ventricular zone (Cai et al., 2005;
Fogarty et al., 2005). The formation of ventrally derived OLPs requires Shh but dorsally derived OLP
formation is Shh independent, possibly requiring FGF or bone morphogenic protein (BMP) (Richardson
et al., 2006).

In the spinal cord Olig2 is the crucial transcription factor for the fate switch of ventral stem cells from
motor neuron to OLP production (Lu et al., 2002; Takebayashi et al., 2002; Zhou and Anderson, 2002).
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Dephosphorylation of serine 147 in the Olig2 basic helix-loop-helix domain causes the fate switch of
pMN domain stem cells from motor neurons to OLPs (Li et al., 2011).

1.5.4 Oligodendrocyte heterogeneity based on site of origin

The different developmental origins of OLPs may result in functional heterogeneity in OLPs and OLs
found in the adult brain. In both the brain and spinal cord ventrally derived cells are widely distributed
throughout the tissue, whereas dorsally derived cells are predominantly found in the dorsal funiculus of
the spinal cord and the cerebral cortex in the brain. Genetic ablation of any one population does not
have profound effects, with no obvious alteration in the amount of myelin in adults (Kessaris et al.,
2006). This suggests both that there is functional redundancy and that none of the origins are
indispensable. Consistent with this, ventrally and dorsally derived OLPs have been seen to have similar
membrane properties, responses to neurotransmitters and proliferation rates. However, differences in
migration and myelination settling patterns were observed and transcriptional heterogeneity within the
mature and immature OL population, is now being recognised, though the exact importance of this is
unclear (Falcao et al., 2018; Marques et al., 2016; Tripathi et al., 2011).

1.5.5 Myelination throughout life

OLPs that are generated in late gestation or perinatally proliferate and differentiate to populate the entire
CNS. Many OLPs do not differentiate but provide a stable progenitor population that persists
throughout life, constituting approximately 5% of all neural cells (Dawson et al., 2003; Pringle et al.,
1992). These OLPs proliferate throughout adulthood (Dawson et al., 2003; Kang et al., 2010;
Psachoulia et al., 2009; Rivers et al., 2008; Young et al., 2013). Mature OLs produced by OLPs replace
dead or dying OLs, myelinate previously unmyelinated axons, and increase myelin density along
already myelinated axons (Young et al., 2013). Alteration in myelination can modulate transmission
speeds and/or meet changing metabolic demands of neuronal circuits which has behavioural effects, for
example in learning and memory (Chung et al., 2018; McKenzie et al., 2014; Xiao et al., 2016). The
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mature OLs generated by OLPs are remarkably long lived, particularly in the CC, with over 90% of
resident OLs surviving for 1.5 years in mice or 50 years in humans. This suggests that adult-born OLs
are needed less for replacing dying OLs than adding new myelin (Tripathi et al., 2017; Yeung et al.,
2014).

1.5.6 Determinants of myelination

The initial myelination pattern and its maintenance and modification throughout life is complex. To
achieve this complexity multiple factors determine whether an axon is myelinated. As already
discussed, one factor is the spatial distribution of cells which is partially determined by the presence of
mitogens. However there are several factors which determine whether a specific axon is myelinated or
not. One is axonal diameter, with larger diameter axons being preferentially myelinated. Lee et al.
(2013) showed synthetic nanorods of exclusively greater than 0.4 microns diameter are myelinated by
OLs in vitro. However, in vivo, in certain white matter tracts such as the optic nerve, virtually all axons
are myelinated by adulthood (Moore et al., 1976). In other tracts, only a subpopulation of axons is
myelinated, despite many of the unmyelinated axons being of sufficient diameter, and there is
significant overlap in the diameters of myelinated and unmyelinated axons (Sturrock, 1980). So, the
threshold of 0.4 microns from Lee et al. (2013) is not absolute.

Neuronal activity is another major determinant of myelination (Barres and Raff, 1993; Morris, 1999).
For activity to modulate myelination, activity-dependant signals must influence the development of
OLs to meet myelination demands. Patneau et al. (1994) showed that OLPs express α-Amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) in vitro and Bergles et al. (2000) then
showed that OLPs in the hippocampus and elsewhere including the CC are post-synaptic to axons,
providing evidence of a potential mechanism for interaction between neurons and OLPs (Kukley et al.,
2007; Ziskin et al., 2007). Kougioumtzidou et al. (2017) knocked out the GluA2, A3 and A4 AMPAR
subunits in OLPs and found the number of mature myelinating OLs and myelin sheaths was reduced
from the early postnatal period through to adulthood, but the average length, number and thickness of
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myelin internodes of each individual surviving OL was not altered. Thus, glutamate release by neurons
and astrocytes, seems to promote myelination through enhanced OL survival. Mitew et al. (2018)
showed that pharmacogenic stimulation of neuronal activity increases proliferation and differentiation
of OLPs in the adult brain, as well as myelin thickness. These studies suggest that axonal activity
influences both OL proliferation and/or survival and myelin synthesis.

Activity dependant OLP proliferation may be the mechanism by which myelination modification occurs
in learning and memory (McKenzie et al., 2014; Xiao et al., 2016). Functional imaging studies have
been used to assess white matter changes occurring as a result of behavioural tasks. Training-specific
skills, such as juggling or playing the piano, led to changes in fractional anisotropy (FA), a measure of
white matter structure in diffusion MRI, in the sub-cortical white matter (Bengtsson et al., 2005; Scholz
et al., 2009). Imaging studies provide some evidence of activity-dependant myelination but are limited
by a lack of cellular specificity and low resolution relative to the cellular and subcellular level
myelination (a typical voxel size is ~1 mm3). While activity can regulate myelination, the FA signal
changes seen in learning could be caused by other correlative tissue changes, such as astrocyte
hypertrophy, axon swelling or shrinkage and blood flow alterations. These tissue changes are called
neurite orientation changes which can affect FA signal without representing white matter structural
changes (Hines et al., 2015; Kougioumtzidou et al., 2017; Mensch et al., 2015; Zhang et al., 2012).

1.5.7 Oligodendrocyte metabolic support of neurons

In addition to the conduction benefits of myelination OLs also provide an important source of
metabolites to neurons (Nave, 2010). The metabolic needs of the brain will therefore also determine its
myelination pattern. Lactate is the principal neuronal energy source when glucose availability is
inadequate. This occurs in highly active tissues as glycolysis cannot be increased sufficiently to match
demand (Almeida et al., 2001; Lappe-Siefke et al., 2003). Along with astrocytes, OLs provide lactate
to the neurons through monocarboxylate transporters (MCTs) to bridge this energy gap. In a seminal
2012 paper, Lee et al. caused an experimental decrease in MCT1 in OLs which resulted in an energy
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deficit causing gradual axonal damage, thus demonstrating the effects of disruption of OL metabolic
support (Funfschilling et al., 2012; Lee et al., 2012; Pellerin and Magistretti, 1994).

To provide the right amount of lactate OLs must respond to neuronal activity, the principle driver of
energy use in the axon. Micu et al. (2016) showed activity dependant neurotransmitter release by areas
of myelinated axons, with a corresponding rise in Ca2+ levels mediated by glutamate channels.
Extracellular vesicle transport has recently become recognised as an important method of cellular
communication and modulation of the tissue microenvironment. More specifically, extracellular
vesicle transport in response to neuronal activity has been demonstrated as another method of OL
neuronal communication (Frühbeis et al., 2013). Exosomal transport is hypothesised to provide
metabolic support to neurons from OLs (Fröhlich et al., 2014; Krämer-Albers, 2020; van Niel et al.,
2018). Glutamate and exosomal transport are two mechanisms of communication between OLs and
neurons which may coordinate metabolic support to neurons or changes in myelination for example in
learning.

1.5.8 Oligodendrocyte differentiation

To establish and maintain the specific myelination pattern of the brain OLs must differentiate in a highly
controlled manner. OL myelination proceeds in several clear steps. 1) OLPs exit the cell cycle and
establish stabilised contact with axons in their vicinity, 2) OLs ensheath the axons by extending and
wrapping their cell membrane around them to form a single wrap, 3) they continue to spirally wrap the
axon, displacing previously-generated membrane wraps in the process, to form multiple tight myelin
wraps (Snaidero and Simons, 2014, 2017).

As myelination occurs OLPs undergo differentiation with each stage characterised by the expression of
specific antigens and morphological changes. PDGFRα and NG2 are proteins specifically transcribed
in OLPs. As OLPs exit the cell cycle and differentiate into OLs they rapidly downregulate transcription
of PDGFRα and NG2 and upregulate alternative markers such as Pcdh17it (Kasuga et al., 2019) or
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Enpp6 (Xiao et al., 2016). Mature OLs are defined by myelin production for which myelin gene
regulatory factor (Myrf) is required. The transcription of Myrf leads to the production of mature OL
markers including proteolipid protein (PLP) and adenomatous polyposis coli (APC, recognised by
monoclonal antibody CC1) (Bujalka et al., 2013; Emery et al., 2009; Koenning et al., 2012; Mitew et
al., 2014).

Changes in OL marker expression are accompanied by significant changes in cell

morphology: OLP cell bodies are small and bipolar or slightly ramified, differentiating pre-myelinating
OLs have bigger cell bodies and become more ramified, and mature OLs have many processes. These
processes each ensheath a stretch of axon with a single OL being able to myelinate up to 50 different
axons (Baumann and Pham-Dinh, 2001). A stretch of myelinated axon is denoted the ‘internode’. On
a single axon, adjacent internodes are often formed by different OLs. Markers expressed at various
stages of the OL lineage, with a focus on those used in this thesis, are summarised in Figure 1.4.

Figure 1.4. Multi-stage oligodendrocyte development and lineage marker expression. OLPs
differentiate from neural stem cells found in various niches within the developing and adult brain.
Differentiation of OLPs into mature and myelinating OLs involves transitioning through several
developmental stages characterised by stereotypical morphologies and expression of stage-specific
protein markers. Markers most relevant to my thesis are shown.
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1.5.9 The process of myelination

How OLs enwrap axons was unclear until relatively recently, and many questions remain (Stadelmann
et al., 2019). Time-lapse imaging in zebrafish has shown that OLs use their processes to explore the
surfaces of several axons at the same time (Czopka et al., 2013; Hines et al., 2015; Mensch et al., 2015).
Contact with an axon either results in the retraction of the process or a stable association. What
determines whether a contact is stabilized or not, is not known. Repulsive guidance molecules such as
polysialic acid (Charles et al., 2000), Junction adhesion molecule 2 (Redmond et al., 2016) and Class 3
semaphorins (Syed et al., 2011) expressed at neuronal surfaces prevent OLs from forming neuronal
contacts, however this is likely to only be one aspect of the process.

Once a stable connection between and OL and neuron is made the full ensheathing process begins. In
a study combining a zebrafish genetic approach with high resolution in vivo imaging and electron
microscopy (EM), Snaidero et al. (2014) showed that myelin thickening occurs by consecutive
wrapping of the inner tongue, also known as the leading edge, around the axon underneath the previous
myelin wraps. Recent studies have shown that actin dynamics are crucial in this wrapping of the leading
edge around the axon (Nawaz et al., 2015; Zuchero et al., 2015). At the same time as this layering there
is lateral extension of the myelin membrane layers towards the nodal regions where they eventually
form a set of closely opposed ‘paranodal loops’ (Snaidero et al., 2014). During this lateral extension,
the glial membrane appears to be attached to the axon possibly by Neurofascin155, Caspr, and contactin
(Pedraza et al., 2009; Zonta et al., 2008). When paranodal loops are at their final position they are
stabilised by proteins like ankyrin-G (Chang et al., 2014).

Myelin’s structure is highly specialised to provide the same long-term stability as the OLs which
produce it, and the short-term flexibility required to myelinate an axon (Tripathi et al., 2017). To
achieve this myelin consists of 70% lipid and 30% proteins (Baumann and Pham-Dinh, 2001). The
three major protein components of myelin are PLP, CNP and myelin basic protein (MBP).
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As the main transmembrane protein in myelin PLP is hypothesised to act as an adhesive between myelin
leaflets through its extracellular hydrophilic domains (Boison et al., 1995). However the main
pathology in PLP knockout mice is axonal degeneration and swelling rather than failure of myelin
adhesion, indicating that other additional molecules may provide adhesion between myelin leaflets
(Griffiths et al., 1998).

MBP is essential for the compaction of myelin into two phospholipid bilayers with minimal cytoplasm
separating them and is the largest protein component of myelin. MBP binds to the two adjacent
cytoplasmic surfaces of the myelin membranes and rapidly polymerises into a fibrous network
providing the force for membrane compaction (Aggarwal et al., 2013). Polymerisation of this dense
meshwork of MBP molecules between the myelin membranes leads to the extrusion of any bulky
proteins with greater than 20 amino acids in their structure (Aggarwal et al., 2011). The internal,
cytoplasmic connections between myelin membranes are held together tightly but the extracellular
connections between myelin leaflets are attached by weaker PLP interaction. These relatively weak
interactions of myelin leaflets allows newly synthesised membrane bilayers to glide along each other
during myelin growth or remodelling (Bakhti et al., 2013).

CNP acts in direct opposition to the myelin compaction of MBP (Snaidero et al., 2017). CNP is critical
in maintaining cytoplasmic channels within myelin by directly associating with the actin cytoskeleton
to oppose MBP polymerisation (Snaidero et al., 2017). By doing this CNP maintains a small number
of non-compacted cytosolic channels. These channels are hypothesised to by necessary for transport of
metabolites and other necessary molecules through the otherwise compact myelin (Edgar et al., 2009).

Transport of metabolites, proteins and lipids through myelin is necessary to maintain structure and
support the underlying neuron. Myelin phospholipids are generated in the endoplasmic reticulum,
preassembled together along with PLP and transported as vesicles (Simons et al., 2000). These vesicles
are transported to the inner tongue through tube shaped cytosolic channels, formed by CNP, which
connect the cell body with the innermost layer of myelin. When PLP containing vesicles reach the
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myelin membrane via these cytosolic channels they undergo targeted membrane fusion by a complex
of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) (Feldmann et al.,
2011; Feldmann et al., 2009). Unlike PLP, MBP is transported by non-vesicular means. MBP mRNAs
are transported as granules. They are assembled in the cell body and transported by kinesin-dependent
microtubule motors to the myelin membrane where local translation occurs (Torvund-Jensen et al.,
2014).

Myelin’s innermost layer is non-compacted allowing it to form new myelin at the inner tongue. It is at
risk of loss of structural stability resulting in outfoldings of the myelin membrane. These outfoldings
are seen during development, as a method for elongation of the axon-myelin unit, but in the adult, they
are characteristic of myelin diseases. To prevent this septin filaments form a scaffold underlying the
innermost membrane layer of compact myelin to stabilise the adaxonal connection (Nawaz et al., 2015;
Patzig et al., 2016). At the outer surface of the myelin sheath the inner and outer membranes separate
to form a cytoplasmic channel called the outer cytoplasmic loop or tongue. This loop runs the full
length of the myelin sheath, connecting to the OL soma via a slender cytoplasm-filled process and to
the inner tongue via the intra-myelin cytosolic channels described above. This route allows transport
of mRNAs and proteins from the cell body to the inner tongue, where they are required for assembly of
new myelin. . A basic diagram of myelination is shown in Figure 1.5.
To OL cell body

PLP

Phospholipid
bilayer
CNP
MBP

Inner tongue

Abaxonal membrane

Axon

Adaxonal membrane

Figure 1.5. Basic structure of the myelin sheath. Schematic diagram of a myelinated CNS axon
adapted from Snaidero et al. (2017).
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1.6 Oligodendrocyte pathology
1.6.1 Demyelination

Demyelination is the loss of functional myelin around one or a group of axons. It can be caused by
pathology in the myelin itself, death or dysfunction of myelin producing OL(s), or death or dysfunction
of the neuron that is myelinated. Demyelination rarely results in the denudement of the axon, but rather
the loss of a compact myelin sheath (Love, 2006). Myelin pathology exposes antigens within the
extracellular space which results in activation of microglia and leads to phagocytosis of myelin debris
by these cells (Zorina et al., 2018).

Demyelinating diseases can be classified into MS and non-MS with many different pathologies making
up the latter. One of particular note involves myelin oligodendrocyte glycoprotein (MOG) which is
uniquely expressed in the mammalian OLs. Lebar et al. (1989) first identified MOG as an autoimmune
target in guinea pigs, but it was not until recently that anti-MOG antibodies have received considerable
attention as markers and, potentially, causes of non-MS demyelinating diseases e.g. acute disseminated
encephalopathy and neuromyelitis optica spectrum disorder (Reindl and Waters, 2019). Alongside MS,
anti-MOG pathology is the other major focus of current research into demyelinating disease.

1.6.2 Multiple sclerosis

There are two broad classifications of MS based on speed of progression, called relapsing-remitting MS
(RRMS) and primary-progressive MS (PPMS) (Lublin et al., 2014). RRMS has a variable disease
course characterised by isolated episodes of demyelination followed by recovery and may convert into
secondary progressive MS with rapid worsening of symptoms. PPMS involves a steady worsening of
symptoms from the onset of the disease. MS is diagnosed by the presence of demyelinating legions in
separate locations in the CNS at more than one time. MRI is most commonly used for diagnosis (Filippi
et al., 2018).
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MS receives significant research funding. While its worldwide prevalence is low at 2.8 per 100,000
people, prevalence in Western countries is much higher at 100 per 100,000 individuals (Filippi et al.,
2018). As developed countries fund most biological research MS has been prioritised at the expense of
other demyelinating diseases, resulting in demyelination research becoming synonymous with MS
research. This is important because MS is a complex disease with demyelination, remyelination failure
and autoimmune inflammatory processes all contributing to the pathology (Filippi et al., 2018). Animal
models of MS therefore often include both demyelination and remyelination components as well as
inflammation to attempt to mimic the disease. The result has been a conflation of evidence with regards
to MS disease models and demyelination.

1.6.3 Animal demyelination models

The animal demyelination models used in this thesis are either genetic or toxin induced. While
autoimmune inflammatory-induced demyelination (experimental autoimmune encephalomyelitis
(EAE) (Rivers and Schewentker, 1935) and virus infection-induced demyelination (Lipton and Dal
Canto, 1976) are also studied, I will not discuss these further.

1.6.4 Myrf gene discovery

Transcriptomic analysis of mouse forebrain OLs identified a gene expressed only by postmitotic OLs,
which was subsequently named Myelin gene regulatory factor (Myrf) (Cahoy et al., 2008; Emery et al.,
2009). Myrf is the mouse ortholog to the human transcription factor C11Orf9 and has a highly
conserved DNA binding region (Bujalka et al., 2013). The gene is upregulated in newly differentiated
and mature OLs purified by immunopanning (Emery et al., 2009). ISH showed that Myrf displayed the
same distribution as the already established OL marker Plp, predominantly within white matter tracts
within the CNS. Myrf labelling is CNS specific with no expression in the peripheral nervous system,
although there was expression in the heart. By using myc-tagging Emery et al. (2009) demonstrated
that Myrf is predominantly a nuclear protein. During development Myrf’s expression mirrors Plp and
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the brain’s myelination state, only being expressed in the hindbrain and cerebellum at P3 and
subsequently spreading rostrally throughout the white matter tracts over the first two weeks of a mouse’s
life (Emery et al., 2009). Dual fluorescent ISH for Myrf and Plp showed that within the cerebellum at
early developmental stages many cells positive for Myrf were either Plp- or only weakly positive, by
P14 however the two genes showed near 100% colocalization. This indicates that Myrf expression
precedes Plp within differentiating OLs. Corroborating this, Northern blot analysis revealed that Myrf
transcripts appear and increase from P3 to P14, peaking prior to the Plp transcript (Emery et al., 2009).

1.6.5 Function of the Myrf gene
To determine Myrf’s function Emery et al. (2009) transfected cultured OLPs with siRNA (small
interfering RNA) specific for Myrf which reduced its expression (Emery et al., 2009). When OLP
differentiation was induced MBP expression was delayed and reduced and OLPs failed to express
myelin oligodendrocyte glycoprotein (MOG). The cells still differentiated, downregulating NG2 and
GalC, and did not express the astrocyte marker glial fibrillary acidic protein (GFAP). After two days
of differentiation the Myrf knockdown resulted in increased apoptosis compared to non-transfected
cells. Transfection of mouse OLPs with a Myrf containing plasmid was sufficient to recover the
phenotype with upregulation of MBP and MOG and a flattening of morphology indicating successful
differentiation. This finding was mirrored in vivo in chick neural tube by in ovo electroporation. These
experiments demonstrated that Myrf is necessary for OLPs to successfully differentiate (Emery et al.,
2009). Aprato et al. (2020) showed that Myrf cooperates with Sox10 to induce genes required for
differentiation and myelin formation. Conversely Myrf inhibits Sox10 from acting on genes required
during earlier phases of OL development, thereby determining much of the transcriptional profile of the
mature OL. Those genes which in turn regulate Myrf expression have been elusive, though two essential
enhancers in the Myrf gene have recently been identified using a novel mapping technique (Kim et al.,
2019).
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1.6.6 Olig2Cre:Myrf fl/fl mouse model

Emery et al. (2009) generated a floxed Myrf allele and combined it with a constitutively expressed
Olig2Cre mouse line to generate an OL lineage specific Myrf knockout. Reverse transcriptase
polymerase chain reaction showed successful deletion of Myrf exon 8. These mice displayed severe
tremor and ataxia from P11 onwards, they develop seizures during the third postnatal week and die
shortly after, a typical demyelination phenotype. On histological examination the mice had reduced
MBP expression and a complete loss of myelination within the CNS. In contrast peripheral nerves were
unaffected. Demyelination in these animals was driven by a loss of mature CC1+ OLs through apoptosis
(Emery et al., 2009).

1.6.7 PLPCreERT:Myrf fl/fl mouse model

In a subsequent paper the same lab crossed the floxed Myrf animals with a tamoxifen inducible Cre
expressed under the transcriptional control of Proteolipid protein (PLP) (Koenning et al., 2012).
Recombination in adult PLPCreERT:Myrffl/fl mice results in demyelination over 8 weeks.

The

demyelination is preceded by rapid downregulation of many myelin genes, coincides with a loss of
mature markers in recombined OLs and is associated with death and replacement of many of the
recombined OLs, indicating that Myrf is required both during developmental myelination and
maintenance of myelination in adulthood (Koenning et al., 2012).

The demyelination seen in this inducible model is relatively slow. Myelin is a remarkably stable
structure with a half-life of months in vivo (Toyama et al., 2013). While MBP gene expression is
reduced within 1 week of tamoxifen administration it is not until at least 4 weeks that the level of MBP
protein is reduced detectably (Koenning et al., 2012). This indicates that the slow turnover of myelin
means that relatively little new MBP protein is needed for OL maintenance. By six weeks postinduction the Myrf knockout increases apoptosis of OLs and the PLPCreERT:Myrf fl/fl mice develop a
motor phenotype around the same time.
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The demyelination in PLPCreERT:Myrf

fl/fl

is partially

recoverable, with animals reaching a peak clinical severity score at 8 weeks post tamoxifen induction
subsiding to only a mild phenotype within 4 months. This presumably reflects the fact that PLP is not
expressed in OLPs, which therefore retain their Myrf genes intact and continue to survive, proliferate
and differentiate into new myelin-forming OLs to replace those that are lost in the immediate aftermath
of tamoxifen-induced demyelination (Koenning et al., 2012). The replacement myelin generated during
remyelination has an increased g-ratio (reduced myelin thickness) relative to myelin that was formed
during normal development.

Koenning et al. (2012) observed secondary effects following demyelination, including infiltration of
CD68+ cells (microglia or macrophages) into white matter, many of which appeared to be engulfing
myelin. There was no evidence of CD3+ T cells or CD45R/B220+ B cells. GFAP+ cell labelling
indicative of reactive astrocytes was increased throughout the demyelination period (Emery et al., 2009;
Koenning et al., 2012).

1.6.8 Sox10iCreERT2:Myrf(fl/fl) mouse model
The first genetic model that I examine in this thesis is the Sox10iCreERT2:Myrf(fl/fl) (S10-Myrf) mouse
model (McKenzie et al., 2014). Administration of tamoxifen causes excision of exon 8 of Myrf through
Cre-lox recombination in all Sox10 expressing cells. Sox10 is a marker of the entire OL lineage so
OLPs are targeted in addition to differentiated OLs. As described later in this thesis, this causes slow
demyelination over a period of 7 weeks with severe demyelination causing a debilitating phenotype by
the end of the time course.

1.6.9 OpaliniCreERT2:Myrf(fl/fl) mouse model
The second genetic model I used was OpaliniCreERT2:Myrf(fl/fl) (Opalin-Myrf). These animals are
similar to the S10-Myrf animals but with the Opalin gene as the driver of recombination instead of
Sox10. Opalin (also called transmembrane protein 10, Tmem10 (Kippert et al., 2008)) is a mammalian
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transmembrane glycoprotein expressed in post-mitotic OLs but not Schwann cells (Aruga et al., 2007).
Opalin is localised to membranes of paranodal myelin suggesting a role in the specific intermembrane
interactions that are necessary within the paranodal myelin loops (Kippert et al., 2008; Yoshikawa et
al., 2008). Opalin expression is induced during differentiation after the appearance of other myelin
genes such as Mbp, making it a marker of mature OLs (Golan et al., 2008). Opalin driven recombination
will only affect mature OLs, which, as described in Chapter 3, causes demyelination without an obvious
phenotype by 7 weeks post-induction. This model has not been previously reported in the literature.

1.6.10 Shiverer mouse model

Shiverer (Shi) mice were used as the final genetic model and do not use the Cre-lox recombination
system. Shi mice were discovered in 1973 as a spontaneous mutation in the Mbp gene on chromosome
18 (Biddle et al., 1973; Chernoff et al., 1974; Sidman et al., 1985). Specifically, it is an autosomal
recessive 20-kb deletion removing exons 3-7 of the gene (Molineaux et al., 1986). Shi mice develop
rapid shaking of the hindlimbs and caudal trunk during locomotion from P10-14 onwards, with
occasional tonic seizures from one month of age, precipitated by almost any stressor. Shi mice
eventually die between day 50 and 100 during a seizure as a result of anoxia (Chernoff, 1981). There
is an almost complete failure of CNS myelination because of an absence of MBP (Bird et al., 1978;
Rosenbluth, 1980). The amount of compact myelin in the peripheral nervous system of these mice is
normal (Kirschner and Ganser, 1980; Privat et al., 1979). The phenotype of Shi mice are entirely
mediated by MBP deficiency with germ line insertion of wild-type Mbp rescuing the phenotype
(Readhead et al., 1987).

1.6.11 Cuprizone mouse model

Cuprizone diet was used a toxic model of demyelination.

Cuprizone (bis-cyclohexanone-

oxaldihydrazone) is a copper chelating agent which was first used for quantification of copper content
in serum (Peterson and Bollier, 1955). Blakemore (1972, 1973) described the effects of the copper
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chelator on OLs, with demyelination after two weeks administration of 0.5% (w/v) cuprizone diet and
remyelination following withdrawal of the treatment. Demyelination induced by cuprizone promotes
microgliosis and astrocytosis and the BBB is supposed to remain closed. The mechanism by which
cuprizone acts and the exact cells affected in the first instance are unknown. Administration of copper
at the same time as cuprizone did not reduce its effects, making it unlikely to be a pathological chelator
(Carlton, 1967). Cuprizone seems to cause mitochondrial dysfunction, which may predominantly affect
OLs because of their large metabolic burden (Bénardais et al., 2013). There is variance in the response
to cuprizone based on the dose, brain area investigated, strain and age of the animals, though the overall
effect seems to be moderate and sex-balanced in the now widely used C57BL/6 mice (Gudi et al., 2014;
Hiremath et al., 1998; Irvine and Blakemore, 2006; Yu et al., 2017). Cuprizone’s unknown mechanism
means it is not an ideal demyelinating model despite the agent being widely available and easy to
administer. However, it provides a useful comparison for the genetic models in this thesis.

1.6.12 Summary of mouse models
I have described each of the four mouse models used in this thesis in detail. The rationale for choosing
the models was based on two factors. Firstly, the model should be informative, both in their own right,
and in comparison, to one another. Secondly, they had to be available, either by breeding from lines
within our own facility or easily procurable from elsewhere.

S10-Myrf was the first model chosen as it was initially thought to be a demyelination model free of
inflammation which would therefore be informative for changes related specifically to demyelination.
The Opalin-Myrf model was a natural comparator to the S10-Myrf model as in the former only mature
OLs are affected whereas in the latter the entire OL lineage is affected.

This meant that the

remyelination capacity in the Opalin-Myrf model should be considerably greater than in the S10-Myrf
model, allowing for comparison of the importance of remyelination. In addition, the Opalin-Myrf
model is similar to the PLPCreERT:Myrf fl/fl mice reported in Koenning et al. (2012), allowing for
comparison to published data.
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Once it became clear that the S10-Myrf model developed significant inflammation I attempted to
identify a model without this confounding factor. Shiverer mice never develop myelin and would
therefore be expected to have a limited inflammatory response as there is little to no demyelination
occurring in these animals. A second feature of these animals which makes them useful comparators
is that they have an extreme lack of myelination making them useful for assessing both MRI and
histological findings at the end of the dysmyelination spectrum.

Finally, a pharmacological comparator was considered important as all of the above genetic models
suffer from some similar confounders arising from the comparison of mice with and without a relevant
genetic mutation. Cuprizone was considered an ideal candidate for this as it has been previously
characterised with MRI and there had already been some recent work within our research group using
the drug, meaning that the phenotype when used in our mice was known.

These four models were chosen through a mix of scientific reasoning and pragmatism as the work
underlying this thesis developed. The above synthesis should clarify how the models relate to one
another and the results acquired in each as described in the results chapters of this thesis.

1.6.13 Summary

I have described the structure of the CNS and the physiology of OLs in health and disease, as well as
the models I have used to study them. I now describe the principles of MRI and the diffusion MRI
methods I have used to investigate de- and dys-myelination.

1.7 MRI Background
1.7.1 General principles of MRI

MRI signal is derived from the natural phenomenon of nuclear magnetic resonance (NMR). By
applying a strong magnetic field denoted B0, over a sample, and a targeted radiofrequency (r.f.) pulse,
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small electrical currents can be detected as signal resulting from transverse spin magnetisation (Bloch,
1946; Rabi, 1938). A special application of NMR where the magnetic field is linearly varied over space
allows for localisation of the NMR signal and the structure of the object can be visualised (Mansfield
and Maudsley, 1977). This application was called nuclear magnetic resonance imaging but then
modified to magnetic resonance imaging (MRI) to allay fears of radiation in patients (Levitt, 2007;
McRobbie et al., 2017).

Whether a particle is detectable by NMR is determined by a property called spin. Nuclear isotopes of
atoms that have zero spin in their lowest energy (“ground”) state are NMR-silent, while isotopes that
have spin in their ground state are detectable by NMR (Gerlach and Stern, 1922). 1H atoms constitute
the vast majority of NMR detectable atoms in the body (Hume and Weyers, 1971). While MRI can be
sensitised to signal from different NMR-visible isotopes, for the remainder of my thesis I will be
discussing MRI with respect to the 1H isotope.

All substances are magnetic, i.e. they have the capability of interacting with magnetic fields. In the
majority of substances and those of interest here, this magnetism is induced and only appears in the
presence of an external magnetic field. Magnetism within a sample comes from three principle sources:
1) the circulation of electrical currents, 2) the magnetic moments of electrons and 3) the magnetic
moments of atomic nuclei. Despite being the smallest contributor of the three, atomic nuclear
magnetisation is the most important in MRI as in most substances the pairing of electron spins cancels
out the electron magnetisation (Levitt, 2007).

A fundamental theorem requires that the spin angular momentum and magnetic moment are
proportional to each other. This is derived from the Wigner-Eckart theorem of quantum mechanics and
explains why only those atoms with spin in their ground state are NMR-visible as an atom with no spin
will have no magnetic moment (Abragam, 1961; Eckart, 1930).

Spin is a form of angular momentum akin to the rotation of an object, however, it is an intrinsic property
of the particle rather than the result of physical motion (Gousmit and Uhlenbeck, 1926; Thomas, 1926).
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Spin can be represented as a vector with a direction which indicates the axis of the angular momentum.
The angular momentum of a particle with spin may point in any direction in space. In general, the spin
angular momentum vectors point in all possible directions. When a magnetic field is applied to a sample
the spin angular momentum moves around the magnetic field. The vector (i.e. the axis) of the spin
angular momentum and magnetic moment is maintained at a constant angle to the magnetic field while
moving in a circle as a result of the angular momentum and magnetic moment. This motion pattern is
called precession (Hahn, 1950a). The angle between the spin angular momentum and the magnetic
field is determined by the initial spin polarisation when the magnetic field is applied. For example, if
the spin is initially oriented perpendicular to the field then it will remain perpendicular, precessing as a
flat disk (precessing on a cone with an angle of 90 degrees). Alternatively, if the spin is initially oriented
exactly in line with the magnetic field then it will remain in line without precession (formally described
as precessing on a cone with an angle of zero degrees). The majority of spins lie between these two
extremes with a precession angle between zero and 90 degrees to the magnetic field (Rigden, 1986).
Spin and precession is summarised in Figure 1.6.

A

B

B

0

θ

Figure 1.6. Spin and precession. A) The direction of the spin angular momentum of a particle with
spin may point in any possible direction within an object which is not in the presence of a strong external
magnetic field. B) Once a strong external magnetic field (B0) is applied to a particle with spin, the spin
angular momentum will move in a circular precessing motion around B0. The constant angle between
the spin angular momentum and B0 (θ) is determined only by the initial spin angular momentum vector.
θ may possess any value between 0 and 90° and precession can occur in either direction. Adapted from
Levitt (2007).
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The gyromagnetic ratio (γ) is a proportionality constant that links spin and magnetism with units of rad
s-1 T-1. The gyromagnetic ratio is important as, in combination with the magnetic field, it determines
the frequency of spin precession by the following equation (derived as a consequence of the WignerEckart theorem of quantum mechanics (Eckart, 1930)):

𝜔0 = −𝛾𝐵0

The frequency at which a particle precesses is known as its Larmor frequency (Larmor, 1897).

Therefore, the basic state of particles within a magnetic field is of precession at some angle around the
axis of the magnetic field, at a rate given by the Larmor frequency. However, the precession of the
particles within a sample is not entirely stable, with two properties termed T1 and T2 relaxation
describing the changes that occur within the sample.

1.7.2 T1 – longitudinal relaxation

Consider all 1H nuclei in a sample. In the absence of an external magnetic field the spin polarisations
are equally distributed in all directions, meaning the total magnetic moment of the sample is close to
zero (Bloch, 1946). Once a magnetic field is turned on all the 1H atoms spins begin Larmor precession
around the field. This precession does not change the total magnetic moment. However, there are
exceedingly small variations in the magnetic field at the molecular level. These variations are the result
of the constant vigorous motion of particles and fluctuate rapidly because of the thermal motion of the
environment. The precession of a given 1H atom depends upon the sum of the external magnetic field,
which is static, and the microscopic molecular field, which varies over time. This variation is both in
terms of magnitude and direction. Therefore, at any given time, the magnetic field experienced by a 1H
atom will be different to that of its neighbour (Bloch, 1946; Goldman, 2001).

Magnetic field fluctuations between 1H atoms are small but important. The different magnetic fields
experienced by neighbouring particles causes a slow breakdown of the constant angle at which the
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nuclear spins precess. For each 1H atom the angle between the spin magnetic moment and the external
field will vary slightly. Over a long time (in the order of seconds) the magnetic moment of each nuclear
spin “wanders” covering the entire range of orientations.

Importantly this wandering motion is not uniform. It is slightly more probable that a nuclear spin will
go towards an orientation with low magnetic energy than one with high magnetic energy. Therefore,
the wandering motion is slightly predisposed towards spin orientations with magnetic moments parallel
to the magnetic field. This gradual reduction in energy results in some thermal energy being released,
though this is not normally noticeable. Eventually a stable anisotropic distribution of nuclear spin
polarisations occurs. Anisotropy of the magnetization distribution results in a small net magnetic
moment along the field. When the magnetic field is applied (either through being turned on or the
sample being brought into the field) the macroscopic nuclear magnetisation is initially zero but
gradually grows along the axis of the magnetic field (longitudinally), because of the non-uniform
wandering of precessions.

Build-up of longitudinal magnetisation is given by an exponential growth curve, with the greatest rate
of increase initially and reducing over time until the maximal longitudinal magnetisation is reached.
Felix Bloch first modelled this process in his seminal 1946 paper (Bloch, 1946). T1 is the time constant
used to determine the magnetisation at a time t and was historically, and is still sporadically, called the
spin-lattice relaxation time constant. T1 is given by the time required for the longitudinal magnetisation
to reach approximately 63% of its maximum value and is usually in the range of milliseconds to
seconds. T1 is dependent upon the nuclear isotope being sampled and the state of the sample. Relaxation
is the term used to mean the re-establishment of thermal equilibrium. Establishment of thermal
equilibrium along the longitudinal axis of the magnetic field is a process of relaxation, and therefore T1
is called the longitudinal relaxation time constant.
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1.7.3 T2 – transverse magnetisation and relaxation

Longitudinal nuclear spin magnetisation is almost impossible to detect because of its small magnitude.
Therefore, NMR takes a different approach, measuring the nuclear spin magnetisation perpendicular to
the field rather than along it. In a sample which has reached equilibrium within a large magnetic field
the nuclear magnetisation has a value along the direction of the external magnetic field. This direction
is conventionally denoted the z-axis. By applying a perpendicular r.f. pulse along the 𝑥 axis the direction
of every spin is rotated by 90 degrees around the 𝑥 axis, resulting in the net longitudinal magnetisation
now being along the – y axis. This net magnetisation is now called the transverse magnetisation. Once
the r.f. pulse is turned off the spins resume their precessional motion. However, as every spin precesses
the bulk magnetic moment of the transverse magnetisation also precesses, which results in the bulk
nuclear magnetisation rotating in the xy-plane, perpendicular to the external B0 magnetic field. The
precessional frequency of the transverse magnetic moment is equal to the nuclear Larmor frequency,
but slowly decays as it precesses. This decay occurs because small inhomogeneities creating slightly
varying magnetic fields for each 1H particle which results in slightly different Larmor frequencies and
therefore different rates of precession eventually leading to a complete loss of coherence.

Reduction in transverse magnetisation is given by an exponential decay curve, with the greatest rate of
decay initially and reducing over time until the minimum transverse magnetisation is reached. Felix
Bloch modelled transverse relaxation along with longitudinal relaxation in his now famous equations
(Bloch, 1946). T2 is the time constant used to calculate the magnetisation in the transverse planes (x
and y) at a time t and was historically, and is still sporadically, called the spin-spin relaxation time
constant. T2 is given by the time required for the transverse magnetisation to fall to approximately 37%
of its maximum value and is usually shorter than the T1 time. As with T1, T2 is dependent on the nuclear
isotope being sampled and the state of the sample. Establishment of thermal equilibrium along the
transverse axis of the magnetic field is a process of relaxation, and therefore T2 is called the transverse
relaxation time constant.
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1.7.4 The r.f. pulse

Larmor frequency is determined by the magnetic field strength and gyromagnetic ratio of the particle.
For field strengths currently used in MRI (0.5-21.1 T) this results in a Larmor frequency in the tens to
hundreds of MHz. These frequencies are part of the electromagnetic spectrum used for radio waves
and are therefore termed radiofrequency.

As I have already mentioned, a perpendicular r.f. pulse along the x axis results in rotation of spin
directions by 90 degrees around the x axis into the -y axis. I will now briefly discuss why this occurs.
When a r.f. pulse at (or near) the Larmor frequency of the sample is applied the spin of a given particle
experiences two magnetic fields: a static field generated by the magnet and an oscillating field from the
excitation coil used to generate the r.f. pulse. The static magnetic field is many orders of magnitude
larger than the oscillating r.f. pulse. However, the r.f pulse produces a large effect on the nuclear
magnetisation because it is resonant with the precession of the spin of that particle. As the spin
precesses the r.f. field continues to act upon it because of the matching frequency, allowing the r.f. field
effect to accumulate. As the magnetisation of particles which are precessing at the Larmor frequency
is altered the spin of these particles will also be changed, as the two are proportionally linked. How
much the spin is modulated by is known as the flip angle and is proportional to the magnitude and
duration of the pulse. Conventionally a flip angle of 90 degrees is used, in which the angle of spins is
flipped by 90 degrees entirely into the -y axis, however smaller flip angles may be used for specific
applications such as gradient echo imaging (Wang et al., 2006). As the r.f. pulse is tuned to the Larmor
frequency of the isotope of interest (1H in this thesis), only 1H atoms are affected by the r.f. pulse and
produce detected NMR signal.

By application of the r.f. pulse at the resonant Larmor frequency the nuclear spin polarisation is flipped
into the – y axis. This allows for both T1 longitudinal relaxation along the z axis and transverse
relaxation in the x and y axes to occur (Bloch, 1946).
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1.7.5 Detecting signal

The transverse magnetisation following an r.f. pulse is small but detectable because of its well-defined
frequency.

Through Maxwell’s equations a changing magnetic field such as the transverse

magnetisation, which is precessing, is associated with an electric field (Maxwell, 1865). If there is a
nearby wire coil with a winding axis perpendicular to the sample, then the electrical field causes motion
of the electrons within the wire coil generating an oscillating electric current which is recorded as signal.

1.7.6 Locating signal

Linear variation of the magnetic field with space is known as a magnetic field gradient. Gradients have
three main functions:

1. Slice selection – allows longitudinal localisation of the MRI signal
2. Frequency and phase encoding – allows for transverse localisation of signal
3. Diffusion weighting – sensitises the scan to diffusion of particles when used

Slice selection and frequency and phase encoding allow for the localisation of NMR signal within threedimensions. Localisation using gradients is based on the principle that the Larmor frequency for a given
particle is given by the magnetic field it experiences and its gyromagnetic ratio. As only signal from
H atoms is being used the gyromagnetic ratio is fixed at 267.522 106 rad⋅s−1⋅T−1. By using gradients,

1

the magnetic field experienced by a given 1H atom will be determined by its location. This in turn
means that the Larmor frequency of a given 1H atom is determined by its location and therefore specific
areas will be excited by specific frequency r.f. pulses allowing for anatomical localisation of signal
(Brown et al., 1982; Mansfield, 1977; Mansfield and Maudsley, 1977).
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1.7.7 K-space

K-space is the representation of how the data from an MRI scan is acquired. The data is represented in
k-space in an analogous way to the MRI image with vertical and horizontal axes called k y and kx
respectively. Unlike the MRI image k-space is arranged by spatial frequency rather than spatial
position. K-space data is then converted into the visually interpretable MRI image by the Fourier
transform; however this is simply a different way of representing the same data (Ljunggren, 1983).
Therefore, once data has been acquired from all of k-space, all the data for an image has been collected.
This is referred to as k-space being filled. The speed at which k-space is filled is a major determinant
and descriptor of the time required to obtain an image (Twieg, 1983).

1.7.8 Echo planar imaging

Echo planar imaging (EPI) is a special data handling technique which allows for faster reading of kspace and therefore shorter scan times. EPI was first described by Mansfield in 1977 and used to
produce images in the subsequent year (Mansfield, 1977; Mansfield and Pykett, 1978; Ordidge, 1999).
EPI involves a strong frequency encoding gradient, which switches, as well as an intermittent lowmagnitude phase encoding gradient. Combination of these two gradients means that all lines of k-space
may be traversed from one excitation. This is in contrast to the traditional method of k-space filling
which requires an excitation for each line of k-space (Mezrich, 1995). Originally EPI referred to a
sequence in which data from the entirety of k-space for one 2D plane could be collected following a
single set of r.f. excitation pulses (Stehling et al., 1991). However, now, EPI may refer to a sequence
in which a few excitations are required to traverse the entirety of k-space for a single slice. The number
of excitations is known as the number of shots of an EPI sequence. EPI may also be combined with
other pulse sequences described above and later in this thesis is combined with stimulated echo for a
stimulated echo EPI sequence (Frahm et al., 1985).
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1.7.9 Pulse sequences

Many different pulse sequences are used for MRI. Some of the most frequent are fast spin echo,
stimulated echo and gradient echo, with all three being using as candidate sequences for the experiments
in this thesis.

1.7.10 Fast spin echo imaging

Fast spin echo sequences are the commercial implementations of the rapid acquisition with refocused
echoes (RARE) technique which was first described in Hennig et al. (1986). After the 90-degree and
180-degree r.f. pulses, additional 180-degree refocussing r.f. pulses are used. These allow multiple
echoes to be achieved during one time to repetition (TR). For each 180-degree refocussing pulse, and
therefore each echo, the phase-encoding gradient is changed, and a different line of k-space can be
filled, allowing for many times more data per TR cycle. Imaging time for fast spin echo is inversely
proportional to the number of echoes in a given TR interval, which is known as the echo train length
(Walker et al., 2000).

1.7.11 Stimulated echo imaging

Stimulated echo involves at least three r.f. pulses. Hahn (1950b) first described stimulated echo by
using three 90-degree r.f. pulses. By using a third r.f. pulse at time ‘TM’ after the second r.f. pulse,
which is separated from the first r.f. pulse by a shorter time ‘TE/2’, this creates a stimulated echo at a
time 2TE/2+TM after the first r.f. pulse (echo B in Figure 1.7) (Burstein, 1996). In normal fast spin
echo diffusion sequences the diffusion encoding gradients are on either side of the second r.f. pulse.

In stimulated echo diffusion MRI, the diffusion encoding gradients are prior to the second r.f. pulse and
after the third r.f. pulse (Merboldt et al., 1991). The third r.f. pulse provides a refocusing in the xy plane
meaning that signal is recovered after TM and diffusion times up to the order of a second can be
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achieved with detectable signal. As the fast spin echo signal decays with T2 a long diffusion time will
reduce the signal and make even moderate diffusion times (>100 ms) with fast spin echo impractical.

Figure 1.7. Stimulated echo imaging pulse diagram. Schematic diagram of a stimulated echo
sequence . TE – time to echo, TM – mixing time

1.7.12 Diffusion MRI

Diffusion MRI is a specialised use of MRI designed to acquire information about the diffusion
properties of particles in a sample. To sensitise the signal to diffusion two equal gradients in opposite
directions are required. Application of a gradient means that the magnetisation will vary slightly across
the sample. Therefore, the magnetisation an atom receives will depend on its spatial position within
the sample. First, consider the action of the two gradients upon a single stationary spin. Ignoring T2
relaxation, the spin experiences equal and opposite gradients, thus its phase is unaffected. In the case
of a spin which moves during the time between the application of the two gradients it does not
experience two equal and opposite gradients. Therefore, the phase of the spin does not return to its
original state. Now consider many randomly moving spins. As a result of experiencing two magnetic
fields which did not cancel each other out during the two diffusion gradients each spin will have a
random phase change, both positive and negative, centred around the original phase. This lack of
coherence will cause the attenuation of signal (Stejskal and Tanner, 1965). Whereas, areas in which
there is little movement of protons and therefore minimal phase decoherence will be recorded as strong
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signal. Note that if the two diffusion gradients are on either side of a 180-degree r.f. pulse then in reality
they will both be in the same direction, however their effects will cancel out in a particle with no
diffusion (Le Bihan et al., 1986). A simplified example sequence is given in Figure 1.8 as a pulse
diagram.

Signal from a diffusion scan may be based to a greater or lesser extent on diffusion signal and is
therefore described as “diffusion weighted”. How heavily diffusion weighted a scan is can be quantified
as what is known as the b value of the scan, which is given by the magnitude and duration of the
diffusion gradient applied. The formula for a b value was derived in Stejskal and Tanner (1965):

b = γ² G² δ² (Δ−δ/3)
With γ being gyromagnetic ratio, G gradient strength, δ time duration of the gradient and Δ being the
time duration from the start of the first diffusion gradient to the start of the second diffusion gradient
(Sinnaeve, 2012). A typical diffusion imaging protocol will start with a series of b0 images, i.e. images
with no diffusion weighting which provide purely structural information on which the diffusion images
can be overlaid. b0 images are followed by a series of diffusion-weighted images with the same b value
but with different gradient directions. The minimum number of gradient directions to determine threedimensional diffusion information is three perpendicular directions. Often more are used to provide
higher quality final images. These multiple different diffusion direction images are averaged to create
the diffusion-weighted image which equally weights diffusion in any direction (Minati and Węglarz,
2007).
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Importantly, diffusion weighted images are dependent on T2 effects as well as diffusion, which gives
rise to anomalies known as T2 shine-through or T2 blackout. T2 signal effects reflect the length of time
it takes for MR signal to decay in the transverse plane. A long T2 means that the signal decays slowly
and substances with longer T2 values will appear white even after a long time (Elster, 1988). T2 shinethrough can be seen in DWMRI images containing substances with long T2 values, whereas blackout
can occur when substances have short T2 values (Hiwatashi et al., 2003).

180°
90°

Figure 1.8. DWMRI pulse diagram. Schematic diagram of an example DWMRI spin-echo sequence.
Note both diffusion gradients in the readout plane are represented in the same direction, however as
they are on either side of a 180-degree r.f. pulse their effects will cancel out.

1.7.13 Apparent diffusion coefficient images

To overcome the T2 effects, a measure known as the apparent diffusion coefficient (ADC) can be
calculated by combining data from the unweighted and DW images (DWI). The signal acquired from
a diffusion sequence for a specific diffusion direction will give a coefficient value for that direction.
The values obtained in n directions can then be represented in a diffusion tensor. The diffusion tensor
is a mathematical representation of directionality using values for each vector in the form of a 3x3 array.
The average value of diagonal elements representing the principal diffusion directions of the array is a
single number which represents the magnitude of the diffusivity regardless of direction and is the ADC.
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Signal for T2 invariant ADC maps can be calculated as using what is known as the equation for the
geometric mean:

SDWI = S0e-b∙ADC
Where S0 is the signal of the pixel on the b0 image and b is the diffusion weighting value (Schaefer et
al., 2000). The diffusion-weighted geometric mean will be proportionally inversely related to its ADC
value, as given by the equation. Therefore, an ADC map will appear to be the opposite of a DW image
with lesions that restrict diffusion such as a stroke being bright on DWI but dark on ADC maps. A
lesion which does not correspond to this, i.e. dark or bright on both DWI and ADC maps indicates T2
effects (blackout if dark, shine-through if bright) (Burdette et al., 1999; Hiwatashi et al., 2003).

1.7.14 Diffusion Tensor Imaging

Both diffusion-weighted imaging and the ADC maps are based on averaging of the diffusion tensor.
Information is lost through averaging making these models quite basic. Diffusion tensor imaging (DTI)
represents the diffusivity of a voxel as a three by three tensor preventing the need for averaging and can
be used to generate different images which display various diffusion features of the tissue, rather than
purely mean diffusivity (Nucifora et al., 2007). The three diagonal elements of the diffusion tensor
represent diffusion coefficients measured along each principle axis direction and the remaining offdiagonal terms reflect the correlation of random motion between each pair of principle directions. Each
voxel will have some degree of anisotropic diffusion, giving it a direction in which diffusion is the
greatest which will have the corresponding largest tensor value (Shimony et al., 1999).

To eliminate the non-principle axis direction components of the diffusion tensor it may be represented
as an ellipsoid with the orientation being determined by the principle diffusion direction of the voxel
and then the two other vectors being perpendicular. Use of this representation results in the off-diagonal
elements of the tensor being equal to zero, as any ellipsoid can be mathematically represented by three
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perpendicular vectors without the need for additional terms. These three axes determined by the
principle direction of the ellipsoid are defined by three eigenvectors denoted ε1, ε2 and ε3 which
represent a single unit in each of the principle axes directions. Each eigenvector is multiplied by a
factor λi (the eigenvalue) to give its magnitude. By convention eigenvalues are labelled in descending
order, with the principle direction eigenvalue being λ1 and the two non-principle direction eigenvalues
being λ2 and 3 depending on their respective magnitude, with λ1≥λ2≥λ3 (Nucifora et al., 2007). The
three eigenvectors and eigenvalues define the diffusion tensor for each voxel and can be used to create
a diffusion tensor image (Shimony et al., 1999). DTI is extensively used both clinically and preclinically (Sampaio-Baptista et al., 2013; Tae et al., 2018).

DTI can be used to visualise various different measures of tissue diffusivity. One common way
diffusion tensor maps are visualised is by displaying an ellipsoid representing the diffusion tensor for
each cell within each voxel of the image. The directionality of the ellipsoid can be colour coded with
those ellipsoids aligned in the same direction being the same colour (Nucifora et al., 2007). This is
termed a principle direction diffusion map and is commonly used to represent fibre tracts (Mukherjee
et al., 2008a; Mukherjee et al., 2008b).

Another commonly used DTI representation, called fractional anisotropy (FA), assigns each voxel a
value based on how directional its diffusion is. FA is generally then represented as greyscale or heat
map image. FA is described as a measure of white matter microstructure, with white matter having
high anisotropy and therefore high FA values, though the exact meaning of changes in FA are not clear.
Other common outputs of the diffusion tensor include axial diffusivity, mean diffusivity, and radial
diffusivity. All of which can be represented in images. Mathematic derivation of common DTI
measures from the DTI ellipsoid are given below (Nucifora et al., 2007):
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DWMRI Measure

Definition

Axial diffusivity

Diffusivity along the principle axis of the voxel. Given by:

𝜆1

Fractional anisotropy

Measure of directionality of diffusion as a fraction of 1. FA of 0 represents
isotropy (i.e. a perfect sphere of diffusivity) and an FA approaching 1 is a
thin cigar-shaped spheroid. Given by:

√3((𝜆1 − 𝐸[𝜆])2 + (𝜆2 − 𝐸[𝜆])2 + (𝜆3 − 𝐸[𝜆])2 )
√2(𝜆12 + 𝜆22 + 𝜆23 )

Mean diffusivity

The sum of three eigenvectors of the voxel divided by 3. Given by:

𝜆1 + 𝜆2 + 𝜆3
3

Principle direction

Colour coding is given to the angle of the principle eigenvector with the
standard x, y and z axes and is multiplied by the FA to determine the
brightness. This way areas of high FA, i.e. white matter tracts, will be
bright

Radial diffusivity

Diffusivity of the two non-principle (i.e. smaller) eigenvectors divided by
two. Given by:
𝜆2 + 𝜆3
2

Table 1.1. Summary of DWMRI measures and their mathematical definitions. λ1 represents the
main direction of diffusion of the voxel, with λ2 and λ3 being the two perpendicular values of diffusion
with λ1 ≥ λ2 ≥ λ3.
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1.7.15 Modelling tissue microstructure

DTI is a widespread technique which can be performed on almost all scanners. DTI is sensitive to
tissue microstructure as it is measuring atomic diffusion, hence its ability to provide detailed maps of
supposed connectivity, however, it lacks specificity for the actual features of individual tissues (Basser
et al., 1994b; Pierpaoli and Basser, 1996). This is most apparent when considering a single voxel of
tissue. Within a voxel, which varies in size but is of the order of 250 µm3 in pre-clinical diffusion scans,
there is a variety of cytoarchitecture including individual axons, neuronal cell bodies, OLs and their
associated myelin, astrocytes and microglia, as well as extracellular matrix (ECM) which can vary
widely in its composition and therefore magnetic properties. A change in any of these constituents may
affect the diffusion signal, making it difficult to ascribe causality to DTI changes.

DTI provides simple measures, the most commonly used being FA. In many papers FA is taken to
represent myelination, and therefore changes in FA signal are taken to represent changes in myelination.
DTI signal however, is sensitive to the orientation of fibres within the voxel as well as the diffusivity
of water within the fibres (Kaden et al., 2016a). As such, it is hard to be sure what changes in these
values represent. Neurite is the term used to describe a structure projected from a cell body of any cell
type. A reduction in FA may be caused by a reduction in neurite density, an increase in the dispersion
of neurite orientation distribution and various other tissue microstructural changes (Beaulieu, 2009).
Hypothetically a change in FA could be caused simply by a change in neuronal orientation and nothing
to do myelination. Therefore, when considering DTI measures such as FA or other markers such as
mean diffusivity (MD) it is hard to ascribe any changes to an individual cell type let alone a specific
change in the physiology of these cells.

To solve this issue modelling of the underlying tissue structure is required. One of the earliest
successful approaches was by Stanisz et al. (1997) in which a geometric model of the microstructure
contained within a voxel was used to predict the attenuation of signal. Until that point, signal was
assumed to exponentially decay. Stanisz et al. postulated the tissue structure to involve axonal cells
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which were modelled as ellipsoids and glial cells which were modelled as spheres, with different
diffusivity in these compartments. This model required assumptions about diffusivity in various
compartments and therefore is termed a multicompartment model. Following this model of Stanisz et
al. (1997), Behrens et al. (2003) described their “ball and stick” model. The intracellular compartment
in this model is represented as a cylinder with zero radius, i.e. a stick, and extra-cellular diffusion as
being isotropic and unrestricted, i.e. a ball. The development of this was the composite hindered and
restricted water diffusion (CHARMED) model, in which the intracellular compartment was represented
by many sticks with various radii (Assaf and Basser, 2005; Assaf et al., 2008; Assaf et al., 2004). Daniel
Alexander then modified this to obtain what is known as the minimal model of white matter diffusion
(MMWMD) (Alexander et al., 2010; Barazany et al., 2009; Stanisz et al., 1997). Ball and stick,
CHARMED, MMWMD and subsequent models cannot recover this effect of axonal-orientation
dispersion due to bending and fanning of axon bundles which is present throughout the brain (Burgel
et al., 2006; Panagiotaki et al., 2012).

1.7.16 Neurite orientation dispersion and density imaging

Zhang et al. (2012) described the first model containing information about neurite orientation dispersion
in vivo. So-called “neurite orientation dispersion and density imaging” (NODDI) uses a model with
three compartments: intra-cellular, extra-cellular and CSF compartments. Each compartment has
specific diffusion properties.

The intracellular compartment refers to the space bounded by the membrane of neurites (Zhang et al.,
2012). This space is modelled as a set of sticks i.e. cylinders of zero radius, to capture the highly
restricted nature of diffusion perpendicular to neurites with unhindered diffusion along them (Behrens
et al., 2003; Panagiotaki et al., 2012; Sotiropoulos et al., 2012). The orientation of these sticks can
range from highly parallel to highly dispersed thus representing the full spectrum of neurite orientation
patterns which are observed in the brain; ranging from highly coherent organised white matter structures
such as the CC, semi-organised white matter structures with bending and fanning axons, and grey matter
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structures in which dendritic processes are arrayed in all directions (Zhang et al., 2012). The extracellular compartment refers to the space around neurites which is occupied by glial cells and neuronal
cell bodies in grey matter. In this compartment the diffusion of water molecules is hindered but not
completely restricted.

The apparent parallel and perpendicular diffusivities of the extra-cellular

compartment are determined not only by neurite density but also by their orientation dispersion. For
example, an increase in orientation dispersion will not only reduce the intracellular anisotropy via the
stick intracellular model but will also lead to a reduction of the extra-cellular anisotropy via a reduction
in the apparent extra-cellular parallel diffusivity and an increase in the corresponding apparent
perpendicular diffusivity. Finally, the CSF compartment is simply modelled as unimpeded diffusion in
all directions, i.e. anisotropic (Zhang et al., 2012).

NODDI was a step change in the field and has become widely used for imaging neurite density and
orientation dispersion, even on standard clinical systems. Furthermore, it simplified earlier designs into
just two different high angular resolution diffusion image (HARDI) shells at relatively low b values
which can easily be achieved, even at a low magnetic field strength (Tuch DS, 1999). However, NODDI
assumes there to just be one bundle of fibres in each axon, and therefore does not allow for multiple
fibre bundles crossing within a voxel. The model also assumes that the diffusion coefficient parallel to
the fibres is fixed and known.

1.7.17 Spherical mean technique and the multicompartment model

In 2016 Enrico Kaden (CMIC, UCL) approached the issue of fibre orientation in two papers. The first,
published in Magnetic Resonance in Medicine demonstrated the technical development of what the
authors termed spherical mean technique (SMT) (Kaden et al., 2016a), and the second, published in
Neuroimage, demonstrated its practical use (Kaden et al., 2016b). Kaden et al. (2016a) used the fact
that for a fixed b value the spherical mean of the diffusion signal over the gradient directions is
independent of the fibre orientation distribution. Specifically, the mean signal is a function of the
diffusion signal of individual axons (Kaden et al., 2016a). This technique means diffusion tensor
68

information analysed using it can give biometrics with information on both intra and extra-neurite
diffusion values for a voxel without inherent assumptions about the white matter architecture. While
SMT improves upon previous iterations of diffusion models, it still has the fundamental limitation that
it is approximating underlying tissue structure, which should be considered in its interpretation.

1.7.18 Previous comparisons of diffusion MRI and histology
There have been various publications which have attempted to assess the histological correlates of
diffusion MRI. Different models have been used including experimental allergic encephalomyelitis in
mice (Ahrens et al., 1998), giant squid axons (Beaulieu and Allen, 1994), lamprey spinal cord
(Takahashi et al., 2002), fimbria-fornix of human subjects with intractable temporal lobe epilepsy
(Concha et al., 2010), owl monkey post-mortem brain tissue (Choe et al., 2012), ischaemic rat retina
(Rojas-Vite et al., 2019), human post-mortem tissue (Mollink et al., 2017) and mouse post-mortem
brain tissue (Sepehrband et al., 2015). All of these papers published prior to the start of my thesis work
used either DTI or the more basic ADC values for assessing diffusion MRI. The papers listed published
following the start of my thesis work used more advanced techniques to consider the dispersion of fibres
and fibre crossing within the voxel, an inherent issue with DWMRI as discussed above (Mollink et al.,
2017; Rojas-Vite et al., 2019; Sepehrband et al., 2015). By using more advanced DWMRI techniques
this allows for the untangling of which effects underlie DWMRI signal can be untangled. While these
studies successfully emulated an aspect of my research, they did this in healthy tissue, unlike my
attempts to apply these advanced imaging techniques to models with varying levels of demyelination.
Mollink et al. 2017 in particular combined DWMRI, histology and polarized light imaging which
mirrors my attempt to use spatial light interference microscopy (described later) to inform histology
and MRI data.

1.7.19 Application of diffusion MRI

Diffusion MRI is already used as a diagnostic tool in the following diseases, in at least a pre-clinical
setting:
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• Stroke (Fiebach et al., 2002)
• MS (Miller et al., 2014)
• Arterial dissection and venous infarction (Choi
et al., 2007; Lovblad et al., 2001)
• Epidermoid and arachnoid cysts (Osborn and
Preece, 2006)
• Various types of gliomas (Surov et al., 2017)
• Lymphoma (Lin et al., 2017)

• Liver cancer (Chan et al., 2001; Hardie et al.,
2010)
• Pancreatic cancer (Kurosawa et al., 2015)
• Colorectal cancer (Ichikawa et al., 2006)
• Renal cancer (Baliyan et al., 2014)
• Bladder cancer (Baliyan et al., 2014)
• Cervical and endometrial cancer (Levy et al.,
2011; Manoharan et al., 2016)

• Metastatic brain tumours (Lu et al., 2003)

• Cerebral malaria (Sakai and Barest, 2005)

• Assessment of cancer excision post-surgically

• Encephalitis (Ali et al., 2005; Fluss et al.,

(Drake-Perez et al., 2018)
• Medulloblastoma, ependymoma and pilocytic

2010)
• Progressive multifocal leukoencephalopathy

astrocytoma differentiation in children (Poretti

secondary

et al., 2013)

Cunningham polyoma virus (Cosottini et al.,

• Tumour proliferation potential (Schneider et
al., 2007)
• Monitoring of embryonic tumour relapse
(Morana et al., 2017)
• Assessment of tumour chemotherapy response
(Anzidei et al., 2011; Heijmen et al., 2013)
• Brain abscesses (Luthra et al., 2007; Toh et al.,
2011)

to

infection

by

the

John

2008)
• Creutzfeldt-Jakob disease (Koeller and Shih,
2017)
• Immune-mediated encephalitis (Finke et al.,
2013)
• Ischaemic or traumatic optic neuropathy
(Bodanapally et al., 2015)
• Parkinson’s (Cochrane and Ebmeier, 2013)

• Head and neck malignancy (Kato et al., 2013)

• Friedreich’s ataxia (Rizzo et al., 2011)

• Thoracic malignancy (Deng et al., 2016;

• Functional neurological disorders such as

Steshenko et al., 2016)
• Breast cancer (Sinha et al., 2002)

cognitive impairment, schizophrenia, dyslexia
and other psychiatric disorders (Le Bihan and
Johansen-Berg, 2012)
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• Whole body cancer screening (Koh et al.,
2011)
• Inflammatory bowel disease (Qi et al., 2015)

• Peripheral nerve imaging (Chen et al., 2014;
Eguchi et al., 2010)
• Osteoporosis fractures (Sung et al., 2014)

1.7.20 Diffusion MRI in multiple sclerosis

Diffusion signal observed in MS has been a source of controversy ever since the first study in 1992
identifying it as a potential plaque marker (Larsson et al., 1992). Many small studies have investigated
its role; however, these have had conflicting results, both in the signal seen and in its possible use as a
diagnostic marker of MS. Most MS plaques are considered to have increased diffusivity and therefore
increased ADC values and correspondingly reduced DWMRI signal. This increased diffusivity is
postulated to be caused by vasogenic oedema causing an increase in the extracellular space, an area
which is considered to have unimpeded diffusion. Increasingly, however, there are reports of atypical
MS lesions that demonstrate restricted diffusion (Balashov et al., 2011; Balashov and Lindzen, 2012;
Markoula et al., 2017; Moritani et al., 2005; Rosso et al., 2006). The difference between MS lesions
with increased diffusion versus those with reduced diffusion is unclear. Restricted diffusion in plaques
is thought to only occur in the hyperacute and acute demyelination phases and might reflect cytotoxicity
with intramyelinic oedema being observed on pathology (Moritani et al., 2005). There are also MS
lesions with a mixed-type picture termed Balo’s concentric sclerosis (Balo, 1928). In these plaques
there is increased diffusivity in the core with an outer ring of restricted diffusion that is thought to reflect
an inflammatory process (Purohit et al., 2015). The underlying histological correlates have not been
validated however, therefore the cause of differences in MS plaque DWMRI signal is not known.

Several factors may cause the heterogeneity in MS DWMRI signal. First of these is the immune
component of MS. Invasion of microglia or peripheral macrophages into the plaque, either as initiators
of myelin destruction or in response to it, will cause increased cellularity and therefore a change in the
diffusivity of water. In addition, the destruction of myelin cytoarchitecture itself will cause changes in
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water diffusivity. Finally, the oedematous response to inflammation and cellular destruction may either
be predominantly intra-cellular or extra-cellular. With the former causing cellular swelling and
diffusion restriction and the latter extra-cellular space increase and increased diffusion as originally
postulated by Moseley et al. (1990). Understanding the inflammatory response to demyelination and
timings of diffusion changes in demyelination will help identify the cellular causes of DWMRI signal
changes in MS and other demyelinating diseases.

1.7.21 Rationale for investigation of diffusion MRI
I have focused on DWMRI throughout the relevant sections of this thesis. As described above there
are various confounding issues with assessing the effect of demyelination on DWMRI signal. It is well
known that there are other factors which contribute to DWMRI signal not just the myelination state
within a given voxel. DWMRI was initially chosen as an additional part of the project was to investigate
the role of remyelination following middle cerebral artery occlusion induced stroke. As DWMRI is
clinically used to assess stroke using it in assessing the effect of remyelination in stroke was the logical
decision. The first step of this was to use DWMRI in a demyelinating model while waiting for the home
office licence for the stroke model. Eventually the stroke side of my project was abandoned because of
time and logistical constraints however this meant that DWMRI was the modality used in the assessment
of demyelination despite not being the most obvious candidate for this. There is merit in the use of
DWMRI as it is widely used clinically and therefore characterising the factors which contribute to its
signal is extremely important.

Alternatives to DWMRI had been discussed in the formative stages of this project. These include the
magnetization transfer imaging ratio (Dousset et al., 1995) and T2 relaxometry (Heath et al., 2018;
MacKay et al., 1994). While these alternatives may have been superior for a pure assessment of myelin
they are not used clinically and therefore investigation of the effects de/dysmyelination on these
parameters would not be meaningful.
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1.7.22 Summary

Current understanding of cellular underpinnings of DWMRI signal changes is limited, despite the
widespread use of the technique, both clinically and in research. Current theories do not account for all
aspects of changes in the brain that might impact the diffusion signal. The principle explanation of
diffusion changes being a shift in cellular water content does not account for cellular influences and the
most commonly used data analysis models only approximate tissue microstructure. In this thesis I have
compared histological and MRI results in several models of de- and dys-myelination to begin exploring
these gaps in current understanding.

1.8 Spatial Light Interference Microscopy (SLIM)
Spatial light interference microscopy (SLIM) is a recently developed technique at the University of
Illinois Urbana-Champaign.

SLIM’s characterising features are that it is capable of dynamic

quantitative wide-field label-free imaging with micron level resolution (Kandel et al., 2017; Lee et al.,
2017; Min et al., 2016).

Non-labelled cells do not scatter light significantly which makes them a challenge to image without
invasive staining methods. Phase microscopy developed by Frits Zernike, for which he received the
Nobel Prize in 1953, allowed contrast-enhancement of unstained tissue by using the phase shifts that
occur as light passes through tissue to produce interference (Zernike, 1955). Quantification of these
changes has only recently been achieved and allows for quantitative phase mapping of tissue. The
SLIM microscope separates white light illumination into a reference and sample beam that pass through
the sample and are collected at the imaging port (the camera) after introducing four phase shifts (delays)
between them. The camera acquires an intensity image for each phase delay and the four intensity
images are combined by interference. A recombination algorithm outputs the quantitative optical path
length (OPL) map of the entire field of view of the microscope objective. Essentially, SLIM measures
the OPL change introduced by the specimen. The OPL variations across the specimen are reported as
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pixel values in the generated image. Pixel intensity is proportional to the OPL change. The OPL map
can then be converted to specimen height, volume, dry mass and refractive index measurements.

A SLIM module can be added to most microscopes meaning it is widely applicable (Wang et al., 2011).
This technique provides a useful bridge between the data provided at the MRI and histological levels
because of its ability to provide multiscale information with regards to tissue organisation and fibre
orientation. As such I have used SLIM to inform the findings of MRI and histology where appropriate.

1.9 What changes occur in a mouse brain as a result of
demyelination and how do these changes alter diffusion-weighted
magnetic resonance imaging measures?
To investigate this, the first question of my thesis, histology was performed on several mouse models
of de- and dysmyelination. These histological investigations quantified the changes in myelination as
well as cellular changes in OL lineage and inflammatory cell numbers. Comparison of these changes
across different models allows for some conclusions about the process of demyelination to be made.
Alongside the histology, advanced DWMRI was performed on these models. Comparison across
models and using the histological results allows for insight into the contributions of specific aspects of
the demyelination models to diffusion signal.

1.10 Inflammation in the brain
1.10.1 Immune “privilege” of the central nervous system

Paul Ehrlich demonstrated the existence of the blood-brain barrier (BBB) in 1885 when he injected
hydrophilic dyes intravenously. The brain and spinal cord remained unstained, demonstrating the
existence of a barrier separating the CNS from the rest of the body (Ehrlich, 1885; Lewandowski, 1900).
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Almost a century later Reese and Karnovsky demonstrated the presence of tight junctions between
endothelial cells forming this barrier (Reese and Karnovsky, 1967). These endothelial cells create a
selectively permeable barrier surrounding the CNS, regulating the flow of molecules in and out.
Normally the BBB only allows small hydrophobic molecules to enter the CNS through passive diffusion
and specific hydrophilic or larger hydrophobic molecules, most of which are metabolites, by active
diffusion (Daneman and Prat, 2015). Importantly the BBB prevents the free movement of cells, both
pathological and non-pathological, into the CNS. Recently, microglia themselves have been implicated
as maintaining the immune privilege of the CNS, monopolising CNS lesions and reducing CNS
infiltration by monocytes (Plemel et al., 2020).

Historically it was thought that CNS immune privilege was absolute, however, it is now accepted that
the BBB becomes permeable to cells and molecules in various pathologies including MS, stroke, trauma
and neurodegenerative disorders, and this opening of the BBB which allows for the progression of many
of these diseases (Daneman, 2012; Zlokovic, 2008). Further, monocytes have been shown to infiltrate
and repopulate the microglia-depleted adult mouse CNS, meaning crossover of function is possible
between these two developmentally distinct populations and that the immune privilege is fragile (Varvel
et al., 2012).

1.10.2 Immune defence in the central nervous system

The formation of the BBB early in development means that the CNS requires its own immune system
(Forrester et al., 2018). Microglia are the primary cell type responsible. CNS macrophages, located in
perivascular, meningeal and choroid plexus niches make up an additional small part of the immune
system. These macrophages occupy a specific niche with varying shapes, sizes and combination of
markers, however their exact function is unclear at present (Goldmann et al., 2016). Astrocytes, while
not principally immune cells, are also capable of some immune-type activity (Goldmann et al., 2016;
Liddelow and Barres, 2017).
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In the healthy CNS, what are (inappropriately) termed “resting” microglia extend and retract their
ramified processes and interact with CNS cells screening the entire CNS for non-self antigens every
few hours (Nimmerjahn et al., 2005). Recent evidence indicates that, as well as interacting with their
local environment, these cells translocate extensively, with a 10-15% daily rearrangement of microglia
across the brain (Eyo et al., 2018). How this process is regulated is poorly understood, though some
progress is being made (Eyo et al., 2018; Eyo and Wu, 2019).

1.10.3 Microglial development

Microglia were first described by Del Río-Hortega a century ago however it was not until recently that
their development was understood in any detail (Umpierre and Wu, 2020).

Microglia are

developmentally distinct from macroglia (astrocytes and oligodendrocytes) in that they are not derived
from the neural tube, but from the foetal liver and yolk sac (Ginhoux et al., 2010) (Hoeffel and Ginhoux,
2018; Li and Barres, 2018; Salter and Stevens, 2017).

Immature amoeboid-like, microglia are

transported through developing blood vessels to the brain at E9.5 and colonise the neural tube. By
E16.5 mature ramified microglia are present in the CNS (Ginhoux and Garel, 2018) (Ginhoux et al.,
2010). By contrast, macrophages in the periphery are derived from haemopoietic stem cells in the bone
marrow (Wynn et al., 2013). There is significant microglial proliferation until P14, followed by a 50%
decline in numbers to reach the steady-state adult population (Zusso et al., 2012). Apoptosis and a
reduction in proliferative capacity underlie this reduction (Nikodemova et al., 2015). Microglia may
be present in relatively larger numbers during early development because of their role in regulating
neuronal circuit development (e.g. synaptogenesis) and neuronal cell numbers (Cunningham et al.,
2013; Diaz-Aparicio et al., 2020; Squarzoni et al., 2014).

1.10.4 Microglia in the adult brain

Once microglia reach their steady-state population size, following the early proliferative burst, they
maintain their numbers by self-renewal with little or no continuing infiltration from the blood (Huang
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et al., 2018b). The rate of self-renewal is high; it has been estimated using serial BrdU analysis that the
entire mouse microglial population renews every 96 days. Rapid cell proliferation, coupled with a rapid
rate of apoptotic cell death, allows for quick expansion and reduction of the microglial population in
response to an immunogenic stimulus (Ajami et al., 2007; Askew et al., 2017; Huang et al., 2018a).

1.10.5 Activation of the CNS immune system

These relatively quiescent resting microglia become activated when they detect a pathological insult
(Bernier et al., 2019). Insults include infection, ischaemia, structural damage or neoplasm. There is a
balance between pro- and anti-microglial activation signals in the local environment. The release of
soluble molecules and cell surface receptors such as CX3CL1, CD47, CD200 and CD22 by other CNS
cells inhibits activation (Ransohoff and Cardona, 2010). Nuclear receptor transcription factors are also
important in the control of microglial activation through the control of toll-like receptors which respond
to pathogen-associated molecular patterns (Saijo et al., 2013). When microglia activate, they become
more ramified and change their cytokine release profile (Li and Barres, 2018). Microglial activation in
response to an insult is considered the first line of defence against brain injury, blocking the spread of
damage in the brain and attempting to close injured areas of the BBB (Hines et al., 2009; Lou et al.,
2016).

Traditionally, activated microglia were divided into M1 and M2 states, with M1 being the classical
inflammatory state with its accompanying cytokine release profile including tumour necrosis factor
(TNF)-α, interleukin (IL)-6, IL-1β, and interferon-γ (Cherry et al., 2014; Mosmann et al., 1986). While
this paradigm has persisted it is now becoming accepted that microglia can display more than two
polarisation states, and this therefore may be revised (Martinez and Gordon, 2014). Recent evidence
has shown that microglia vary tremendously, both across the lifespan and in distinct locations in the
brain. As cellular characterisation techniques improve it is becoming clearer how heterogenous the
microglial population is (Masuda et al., 2019; Sankowski et al., 2019). Once activated microglia
become phagocytic, either to combat foreign organism infiltration of clear cellular debris caused by an
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insult. As aging progresses this process becomes overburdened because of excessive myelin clearance
by these cells (Safaiyan et al., 2016).

Much like microglia, astrocytes can be considered to activate, with activated ‘A1’ astrocytes being
induced by activated microglia (Liddelow et al., 2017). These reactive astrocytes secrete toxins to both
neurons and OLs. The reason why activated microglia would induce A1 astrocytes is unclear, though
it might be in an attempt to preserve circuit function by killing damaged or infected cells. Astrocyte
proliferation is particularly profound in trauma, resulting in the formation of an astroglial scar (Fitch et
al., 1999).

In addition to their inflammatory activity microglia are also responsible for significant synapse
modulation. Every few hours the microglial population scans the entire brain, as shown by time-lapse
recording. During this activity they actively contact other neural components, including synaptic clefts
(Nimmerjahn et al., 2005). The precise function of this activity isn’t known but it seems to reduce the
activity of frequently firing neurons (Li et al., 2012). Dysfunction of this aspect of microglial function
has recently been linked to the development of schizophrenia (Sellgren et al., 2019).

1.10.6 Interaction between microglia and oligodendrocytes

Microglia and OLs are two of the major cells types in the brain and constitute a large fraction of cells
in white matter, with astrocytes and cells of blood vessels making up the remainder. Microglia are
known to modulate the maturation of OLs (Domingues et al., 2016; Naruse et al., 2018). The interaction
of microglia and OLs is particularly important as many CNS diseases involve dysfunction of one or
other of these cell types. In particular, microglia are known to be important in the promotion of
remyelination following demyelinating pathology.

Microglia promote remyelination through two mechanisms. The first is myelin debris clearance.
Various experiments have shown that following myelin damage, microglia upregulate genes associated
with phagocytosis and lysosomal pathways (Olah et al., 2012), which allows them to engulf myelin
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debris (Rawji et al., 2018). This phagocytic activity of microglia decreases with age (Ruckh et al.,
2012) and the ensuing age-related reduction in their ability to clear myelin debris is associated with a
loss of remyelination capability (Cantuti-Castelvetri et al., 2018). The second mechanism by which
microglia promote remyelination is through secretion of pro-remyelination factors. The growth factors
secreted by microglia promote remyelination by stimulating recruitment and differentiation of OLPs;
examples include activin A, insulin-like growth factor 1 (IGF1), galectin-3, TNF and IL-1β (Lloyd and
Miron, 2019; Miron, 2017). Myelin debris clearance by microglia promotes their secretion of proremyelination factors, with TREM2 signalling, which is important in myelin clearance, increasing the
expression of microglial Igf1, which stimulates remyelination (Cantoni et al., 2015; Hlavica et al., 2017;
Lloyd and Miron, 2019).

Despite all this, there is conflicting evidence as to whether microglia are in general beneficial or
deleterious for remyelination. It seems likely that whether they stimulate or inhibit remyelination
depends critically on their activation state. For example, Lloyd et al. (2019) reported that wholesale
death and repopulation of microglia, in a particular pro-regenerative state, is required for efficient
remyelination.

1.10.7 Pharmacological downregulation of microglia

By artificially manipulating the number of resident microglia prior to or during experimental
demyelination it might be possible to disentangle some of the opposing effects ascribed to microglia in
remyelination. Colony stimulating factor receptor 1 (CSFR1) is a cell-surface receptor for CSF1 that
is expressed on microglia in the postnatal mouse brain (Prinz et al., 2017). Signalling through CSFR1
regulates the production of microglia and hence CSFR1 inhibitors such as PLX5622 (PLX) (Plexxikon
Inc.) can deplete the microglial population. Long term treatment with PLX has been shown to cause a
99% reduction in microglia in the absence of pathology (Huang et al., 2018b). A detailed description
of the biosynthesis of PLX5622 is given in Spangenberg et al. (2019). Essentially, the authors
synthesised a small molecule inhibitor based off the existing CSFR1 inhibitor PLX3397 but modified
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its structure to optimise oral availability and BBB penetrance in an attempt to improve its specificity
for microglia (Elmore et al., 2014). Based off the published features of the drug, I chose to use PLX5622
in combination with demyelinating mouse models to investigate the role of microglia in de- and
remyelination.

While CSFR1 has been shown previously to be essential for microglial survival (Erblich et al., 2011),
its effects are more wide ranging than indicated in Huang et al. (2018b). Colony stimulating factor-1
is the principle ligand responsible for stimulating CSFR1 in the brain white matter. CSFR1 is a
transmembrane receptor tyrosine kinase. CSFR1 is not specific for microglia, with a role in the
development and/or maintenance of the entire mononuclear phagocyte lineage.

This lineage

encompasses monocytes, macrophages, dendritic cells, microglia and osteoclasts. The CSF-1 deficient
osteopetrotic mouse display deficits in most tissue mononuclear phagocytes, including osteoclasts,
hence their name (Chitu and Stanley, 2006). CSF-1’s action on its receptor is not universal within the
lineage as some cells including monocytes may be independent of CSF-1 (Dai et al., 2004; Nandi et al.,
2006). Mice deficient in CSFR1 display a considerably worse phenotype than those deficient in CSF1 indicating that there is another ligand for the receptor, the function of which is lost in the former but
not the latter animals. IL-34 was identified as this additional ligand (Wei et al., 2010). CSF1 and IL34 do not share many amino acids, however their overall tertiary structure is similar with overlapping
but distinct binding sites on CSFR1 (Ma et al., 2012). Within the brain CSF1 is expressed by astrocytes,
OLs and microglia and IL-34 is expressed by neurons. CSF1 appears to be the more important of the
two CSFR1 ligands in white matter and IL-34 is more important in grey matter (Easley-Neal et al.,
2019).

Mice lacking CSFR1 or one of its two ligands have reduced microglia density and defects in other
monocyte populations (Easley-Neal et al., 2019). Within cell types the effect of CSFR1 is not uniform.
There is evidence that tumour promoting, immune suppressing macrophages are CSFR1 dependant
while tumour suppressing, immune stimulating macrophages are CSFR1 independent (Prinz et al.,
2017).
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CSFR1 inhibition has a clear effect on microglia (Huang et al., 2018a; Huang et al., 2018b). As a small
molecule inhibitor it has good tissue penetration throughout the body which is how it is able to act in
the CNS. However it has various other functions because of the expression of CSFR1 on other cell types
besides microglia. These effects should be considered when assessing the action of pharmacological
inhibition. In particular, if the BBB becomes permeable to other cell types then the action of PLX on
these cells, such as macrophages, may be important for effects seen within the CNS.

1.11 Is inflammation beneficial or deleterious in demyelination?
To investigate this, the second question of my thesis, I used the combination of PLX5622 and the S10Myrf demyelination model. The phenotype of these mice was assessed, and post-mortem histology was
performed to assess cellular changes. If mice which received microglial inhibition had a more severe
phenotype and more significant cellular changes on histology this indicates that microglial activity is
broadly beneficial in demyelination. PLX was administered starting at two different timepoints in order
to assess whether the effect of microglia was dependant on the stage of demyelination. I used data from
Alejandra Quiroga Del Rio, a post-doc in Huiliang Li’s lab as a comparison. Dr Del Rio administered
PLX to cuprizone demyelinated mice (a demyelination model I also assessed using histology and
DWMRI), providing a comparison in which the demyelination is less severe and not ongoing when
PLX is administered, unlike in the S10-Myrf model.
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Chapter Two – Materials and Methods
2.1 General
Unless otherwise stated, general chemicals and reagents were purchased from Sigma-Aldrich Co. Ltd.
Restriction enzymes and molecular biology reagents were obtained from New England Biolabs. Falcon
sterile plastic-ware was purchased from Marathon Ltd. RNase/DNase free microcentrifuge tubes were
purchased from Starlab.

Sterilization of solutions was performed by autoclaving at 117°C, 15lb/sq.in. for 20 minutes. All water
used was purified using the Milli-Q system (Millipore).

2.2 Animal maintenance
2.2.1 Animal housing
Animals were maintained in the UCL cruciform building Biological Services Unit (BSU) and Centre
for Advanced Biomedical Imaging (CABI) BSU according to the Home Office Animals (Scientific
Procedures) Act 1986. All mice were maintained on a ~12-hour light-dark cycle (6pm-7am, twilight
for the first and the last hours). The day of birth was designated as postnatal day (P)0. For histological
experiments the age of the animals is precisely stated.

2.2.2 Animal handling
When necessary for ear biopsy, tamoxifen administration, weighing, anaesthetic administration or
health checks animals were handled according to UCL training methods in line with Home Office
recommendations. I acquired a personal license on October 23rd, 2015 following demonstration of
competence in category A, B and C procedures as outlined in the Animals (Scientific Procedures) Act
1986.
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2.3 Transgenic mouse generation and use
2.3.1 Cre and reporter lines
Three different Cre lines were used in completion of this thesis:
Transgenic Cre line

Cells expressing the transgene

Paper describing the transgene

Sox10iCreERT2

All OL lineage cells

(McKenzie et al., 2014)

PDGFRαCreERT2

OLPs

(Rivers et al., 2008)

OpaliniCreERT2

Mature, myelinating OLs

(Tripathi et al., 2017)

Table 2.1. Transgenic Cre lines. A list of transgenic Cre lines used, cells expressing the transgene
and original paper in which the transgene was described.
These Cre lines were each individually crossed to a Myrf (fl/fl) mouse line and then a GFP reporter line
to produce the different demyelination models used in this thesis. Specific breeding strategies for each
model are detailed in Chapter 4.

2.3.2 Cre recombination
The Cre-lox system is a genetic tool used to produce site and cell specific recombination events in
genomic DNA. The function of the Cre-lox recombination system is to insert the viral genome into the
host bacterium for reproduction (Sauer and Henderson, 1988; Sternberg, 1981; Sternberg and Hamilton,
1981; Sternberg et al., 1981).

Mice expressing tamoxifen inducible Cre were crossed with the Myrf(fl/fl) and Rosa26-EYFP reporter
lines to generate mice for experimental use. The loxP sites within the Myrf and reporter transgenes and
the conditional KO gene are recombined in the cells that express Cre when tamoxifen is present, forming
a circular DNA episome that is degraded within the cell (Abremski and Hoess, 1984). The DNA
between the loxP sites is permanently deleted from chromosome in the target cell and all of its progeny
(Orban et al., 1992).
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2.3.3 DNA extraction from mouse tissue
Mouse genomic DNA was extracted from ear tissue from punch biopsy taken approximately 14 days
after birth. Additional extraction was performed on tail samples taken immediately prior to transcardiac perfusion-fixation.
For traditional DNA extraction samples were digested overnight at 55°C with 250μl of extraction buffer
(100mM Tris-HCl, pH8.5, 5mM EDTA, pH8.0, 200mM NaCl, 0.2% w/v SDS) containing 0.48mg/ml
Proteinase K. The following day, 100μl of 6M ammonium acetate was added and the samples were
vortexed and incubated on ice for at least 15 min. They were then centrifuged at 13000 rpm for 15min
at 4°C. Supernatant was transferred to a clean microcentrifuge tube, 250μl of isopropanol were added
and DNA precipitated by centrifuging at 13000rpm for 3min at room temperature (20-25°C, RT).
Supernatant was removed, 250μl of 70% EtOH were added and the samples were centrifuged at
13000rpm for 3min at RT. The supernatant was removed, and the precipitate was air dried. DNA
pellets were re-suspended in 50μl of H2O by incubating in a 37°C water bath. DNA samples were
stored at 4°C.

For direct polymerase chain reaction (PCR) DNA extraction 3 µl of proteinase K was added to 47 µl of
direct PCR lysis reagent (Viagen). Samples were left overnight in a 55°C water bath. The following
day samples were vortexed, and proteinase K was inactivated at 85°C. Samples were centrifuged and
stored at -20°C.

2.3.4 Polymerase chain reaction
PCR protocols used the following amounts of PCR reagent per sample: 1x PCR buffer (500mM KCl,
100mM Tris-HCl pH 9.0, 1% (v/v) Triton X-100; (Promega), 1.5mM MgCl2 (Promega), 0.2mM dNTPs
(dATP, dCTP, dGTP, dTTP; Amersham Pharmacia Biotech), 20pmole of each primer (Table 2.3), 1μl
of Taq DNA Polymerase (purified by Matthew Grist in the Richardson Lab) and Baxter water in a final
volume of 25μl containing 2μl of genomic DNA.
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All PCRs were run using a standardised heating cycle with the number of cycles and temperature being
the only variable as given below:

Temperature

Cycle time

94oC

4 min

94oC

30 secs

XoC

45 secs

72oC

1 min

72oC

10 mins

X cycles

Table 2.2. PCR heating cycle template. The two variables are the temperature of the 45 second cycle
and the number of cycles
The following PCR primers and heating cycles were used for genotyping each transgene:
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Gene

Forward
primer

Reverse primer
(5′→3′)

Annealing
temperature
(°C)

Number of
cycles

Product size
(bp)

38

wt: 600

(5′→3′)
Myrf

TCTATCTG
AAGCTGCA
TGGTGT

GTGAATGGCT
GGATTTCTAA
GG

59

iCre

TCTCCAAC
CTGCTGAC
TGTG

GGAGCATCTT
CCAGGTGTG

62

34

135

Cre

TCGATGCA
ACGAGTGA
TGAG

TTCGGCTATA
CGTAACAGGG
)

62

34

481

Rosa26WT

AAAGTCGC
TCTGAGTT
GTTAT

GGAGCGGGA
GAAATGGATA
TG

59

38

602

Rosa26eYFP

AAAGTCGC
TCTGAGTT
GTTAT

GCGAAGAGTT
TGTCCTCAAC
C

59

38

250

MBP(Shi)

ACCGTCCT
GAGACCAT
TGTC

GTGCTTATCT
AGTGTATGCC
TGTG

60

38

308

Sox10iCreERT2

GGTCTGGC
ATGTGCAC
GCGC

AGGTACAGGA 62
GGTAGTCCCT
C

33

448

fl: 800

Table 2.3. PCR primer sequences and PCR settings used for genotyping. A list of primer sequences
used for cloning and for genotyping the transgenic mice, together with the corresponding annealing
temperatures, number of cycles and the size of the amplified DNA product.

2.3.5 Gel electrophoresis
1-2% w/v agarose in 1x TAE buffer (0.04M Tris, 1mM EDTA, 0.35% v/v glacial acetic acid) was
microwaved until agarose was completely dissolved. Molten agarose was left to cool and 0.5μg/ml
ethidium bromide was added for visualization of DNA under UV illumination. The agarose gel was
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left to set in an electrophoresis mould and DNA samples supplemented with loading buffer (50%
glycerol, 1mM EDTA pH 8, 0.125% bromophenol blue, 0.125% xylene cyanol) were electrophoresed
through the gel in a Peqlab Biotechnologie GmbH gel tank at 100-150V for 15-30 minutes. 5μl of 0.110Kb marker ladder (Bioline) was run along with the DNA samples to allow identification of the size
of the DNA fragments. Note that 2% w/v agarose was run for longer times for Myrf PCR products in
order to distinguish the wt and fl products.

2.3.6 Tamoxifen administration
Protocols for tamoxifen administration to mice vary across labs and their exact efficiency can be hard
to determine (Jahn et al., 2018). The following protocol was used for all experiments in this thesis. For
induction of Cre-lox recombination a tamoxifen solution was administered by oral gavage. Tamoxifen
powder (Sigma-Aldrich) was dissolved in corn oil (Sigma-Aldrich) to a concentration of 40mg/ml. The
suspension was vortexed and then sonicated for 45 minutes to 1 hour until fully dissolved. Either 300
or 250mg/kg was administered to each mouse. Oral gavage was performed using an inflexible bulb
tipped needle and a 1ml syringe. The animal was weighed immediately prior to administration for
calculation of the volume to be administered. Administration was repeated for four consecutive days.

Testicular enlargement in males and weight loss in both males and females during the first week were
expected side-effects. Weight loss of 20% was the humane endpoint for the experiment and animals
were perfused or culled by schedule 1 methods if necessary. Note that Cre-negative control animals
also received tamoxifen.

2.3.7 EdU administration
5’-ethynyl-2’-deoxyuridine (EdU) (Invitrogen) is a thymidine analogue that is incorporated into the
DNA of cells as they undergo DNA replication during the S phase as part of the cell division process.
EdU was dissolved at a concentration of 200mg/l in tap water and then given to the animals in lieu of
drinking water for 7 days.
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2.3.8 Cuprizone administration
0.3% cuprizone (Envigo Inc.) was given in the form of a dry food chow which replaces the animals’
normal chow in hoppers within each cage.

2.3.9 PLX 5622 administration
PLX 5622 was acquired from Plexxikon Inc. and was also given in the form of a dry food chow which
replaces the animals’ normal chow in hoppers within each cage.

2.3.10 Perfusion
Animals were administered terminal anaesthesia by intraperitoneal injection of pentobarbital (Pentoject,
Animalcare Group). 50 mg/kg was administered into the lateral upper quadrant of the abdomen. Once
the animal’s hind limb withdrawal and corneal reflexes were no longer present the skin and abdominal
fascia were dissected to provide access to the diaphragm and ribs. Ribs were cut through at the lateral
aspect and the mobilised rib cage was reversed to give full visualisation of the heart. A 25G needle was
inserted into the left ventricle while the heart was still beating, and the right atria was cut using microscissors to eliminate blood flow back through the heart. The pump (Masterflex) was then started at 58ml/min using 3mm internal diameter tubing, with flow rate titrated to the animal size. Phosphate
buffered saline (PBS) was injected through the needle until clearance of the liver was observed,
followed by 40ml of filtered 4% pH 7.4 paraformaldehyde (PFA) (Sigma) dissolved in PBS. The brain
was removed from the cranial cavity for histology. For post-mortem MRI the skin, musculature,
mandible and zygomatic bones removed (Cleary et al., 2011). When performing perfusion in CABI
two 20ml syringes and a three way tap to connect these with perfusion pressure titrated by hand was
used.
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2.4 Tissue Histopathology
2.4.1 Post-perfusion fixation
Brains were stored overnight at 4ºC in 4% PFA which was switched to 20% sucrose solution for 48
hours to one week to cryoprotect the tissue. Brains were slices using a cutting matrix (Agar Scientific)
and embedded in Optimal Cutting Temperature (OCT) gel (Sakura). Tissue embedded in OCT was
frozen in isopentane on dry ice and stored at -75°C until cut.

2.4.2 Tissue sectioning
Frozen brain segments were fixed onto a cylindrical sectioning block using additional OCT and frozen
using dry ice and sliced into 15-25µm sections using a Bright OTF 5000 cryostat. Sections were cut
and either directly mounted onto slides or transferred to PBS prior to slide mounting.

2.4.3 Immunohistochemistry
For immunohistochemistry labelling sections were mounted onto Superfrost plus slides (Thermo
Fischer) under light microscopy. Sections were permeabilised by adding 500µl per slide of 1% tritonX-100 and 0.3% hydrogen peroxide (Sigma-Aldrich) in 1X PBS for 10-15 minutes. Next, 500µl of
blocking solution was added, made up of 10% foetal bovine serum (FBS) and 0.2% Tween-20 (SigmaAldrich) in 1X PBS for one hour up to o/n. Primary antibody was diluted in a solution of 5% FBS,
0.2% Tween-20 and 1X PBS. 400µl of primary antibody solution was added per slide. These were
then incubated overnight at 4°C. Details of antibodies used are given in Table 2.4.

The next day slides were washed using 0.1% triton in 1X PBS. Secondary antibody was diluted in 5%
FBS, 0.2% Tween-20 and 1X PBS. 400µl of secondary antibody solution, with Hoechst (SigmaAldrich) 1:1000, was added per slide and the slides were incubated for at least 1.5h. If no signal
amplification was being performed the slides were washed in 0.1% triton-X-100 diluted in 1X PBS.
The slides were washed with 1X PBS for 10 minutes with one change of solution. Slides were partially
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dried for ten minutes before being coverslipped using mowiol mounting medium (Calbiochem), made
up as described in Section 2.4.6.

For amplification Vectastain ABC kit (Vector) was used. A biotinylated secondary antibody was added
to the slides for 1 hour at room temperature. Slides were washed in 0.1% triton-X-100 diluted in 1X
PBS, meanwhile the ABC kit was incubated separately. 100µl of ABC mixture was added to the slides
for 40-50 minutes at room temperature before being poured off. Tyramide amplification reagent (Perkin
Elmer) was added at 1/100 in tyramide amplification buffer (Promega) for 5 minutes at room
temperature. Slides were then washed, Hoechst labelling performed, and coverslips applied.

The following antibodies were used for immunohistochemistry:

Antigen

Animal antibody raised in Dilution

IBA1

Rabbit

1:500

Wako Chemicals

IBA1

Goat

1:200

Abcam

GFAP

Mouse

1:400

Sigma-Aldrich

CD68

Rat

1:500

Biorad

CD45

Rat

1:200

Use 0.5% triton
instead of tween
for blocking and
primary antibody

Thermo Fisher
Scientific

TMEM119 Rabbit

1:400

Amplify and use
0.5% triton as
above

Abcam

OLIG2

Rabbit

1:500

PDGFRα

Rabbit

1:500

CC1

Mouse

1:200
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Notes

Supplier

Millipore
Amplify

Cell signalling
technologies
Calbiochem

Amplify

LAMP2

Rat

1:200

Ki-67

Rat

1:400

Invitrogen

Caspase3

Rabbit

1:500

Abcam

GFP

Chick

1:500

Aves Labs

GFP

Rat

1:1000

Fine Chemical
Products LTD

Secondary antibody

Dilution

Supplier

Alexa 488 goat anti-rabbit IgG

1:500

Invitrogen

Alexa 488 goat anti-rat IgG

1:500

Invitrogen

Alexa 488 goat anti-chick IgG

1:500

Invitrogen

Alexa 568 goat anti-rabbit IgG

1:500

Invitrogen

Alexa 568 goat anti-rat IgG

1:500

Invitrogen

Alexa 568 goat anti-mouse IgG1

1:500

Invitrogen

Alexa 568 goat anti-mouse IgG H+L

1:500

Invitrogen

Alexa 568 goat anti-mouse IgM

1:500

Invitrogen

Alexa 647 goat anti-rabbit IgG

1:500

Invitrogen

Alexa 647 goat anti-rat IgG

1:500

Invitrogen

Alexa 647 goat anti-mouse IgG1

1:500

Invitrogen

Alexa 647 goat anti-mouse IgG H+L

1:500

Invitrogen

Donkey anti-rabbit biotin

1:200

Abcam

Table 2.4. Primary and secondary antibodies used. A list of primary and secondary antibodies, their
working dilutions and sources, used for immunohistochemistry. Staining methods were optimized if
necessary, to provide adequate sensitivity and specificity to their target cell.
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2.4.4 In situ hybridisation
All solutions used for preparation of the probe and the hybridization step of the protocol were pretreated with diethyl pyrocarbonate (DEPC) (Sigma-Aldrich) and autoclaved.

The DM-20 alternative splice form of Plp was used for generation of the Plp in situ probe by Huiliang
Li as described in Timsit et al. (1992). The 747 base pair coding region of mouse DM20/Plp was cloned
into pbluescript, it was then linearized with SalI and transcribed with T7. A Bmp4 in situ probe was
generated using the 1776 base pair sequence described in GenBank BC013459.1, cloned into the vector
pCMV-Sport6, linearized with Sal1 and transcribed with T7. 25µm sections of frozen tissue were cut
on a Bright OTF 5000 cryostat and collected directly on to superfrost plus slides (Thermo Fisher).
Probes were diluted 1/1000 with warmed hybridisation buffer. 300µl of probe solution was applied to
slides which were coverslipped in slide boxes containing hybridisation wash buffer and the boxes sealed
using autoclave tape. Slide chambers were incubated at 65ºC overnight. The following day coverslips
were removed. Slides were washed with hybridisation wash buffer at 65ºC for 30 minutes each
followed by two washes with maleic acid buffer containing Tween-20 (MABT). Sections were
incubated at RT for two hours with in situ blocking buffer. Anti-AP Digoxigenin or anti POD antibodies
(Roche) conjugate were diluted 1/500 in in situ blocking solution and 100µl was added per slide. Slides
were incubated overnight in a humidified slide chamber at 4°C.

2.4.5 Fluorescent in situ hybridization followed by immunohistochemistry
For fluorescent development in combination with immunohistochemistry two 10-minute washes were
performed using 0.1% Tween 20 diluted in 1X PBS. Following the washes tyramide (fluorescein, CY3
or CY5 (Perkin Elmer)) was diluted 1/100 in 1X PBS plus amplification diluent (Perkin Elmer) and
75µl was added per slide for five minutes. Slides were then washed quickly in 0.1% Tween/1XPBS.
Following this the normal immunohistochemistry protocol was followed from the blocking step.
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2.4.6 Mowiol mounting medium preparation
For coverslipping of immunofluorescent slides mowiol mounting medium was used. To prepare this
4.8g of Mowiol 4-88 (Calbiochem) was added to 12g of 100% glycerol. 12ml MilliQ distilled water
was added and the mixture was stirred for several hours at room temperature. 24ml 0.2M pH 8.5 TrisHCl was added, the beaker was covered with Saran wrap cling film and sealed with autoclave tape.
This was stirred overnight at 50°C. DACO (1,4-diazabicyclo- [2,2,2]-octane (Sigma-Aldrich)) was
added to a concentration of 2.5% to reduce fading of immunofluorescence with time. Mowiol was
aliquoted into Eppendorf tubes and stored at -20°C. For use, an aliquot was heated at 55°C for five
minutes to reduce its viscosity, mowiol is applied to the coverslip and the slide is then coverslipped.

2.4.7 Eriochrome cyanine staining
Staining for myelination was performed using eriochrome cyanine (Rabchevsky et al., 1999). 15µm
thick coronal brain sections were mounted onto slides using brushes and PBS as described above. Slides
were air dried and then washed twice with PBS for 4 minutes. Slides were incubated with acetone for
5 minutes and allowed to dry. Following this, slides were incubated for 30 minutes in eriochrome
cyanine solution. Slides were washed under running tap water until clear of any eriochrome cyanine
stain and then differentiated in borax ferricyanide for 4-10 minutes as judged by visual inspection.
Again, slides were washed under running tap water until clear of the borax ferricyanide solution and
differentiation was completed by incubation with 5% iron alum solution for 1-4 minutes as determined
by visual inspection. Slides were washed under running tap water until the runoff was clear and allowed
to dry.

Slides were dehydrated by briefly immersing in ethanol of increasing concentrations from 30% to 60%
and then 70%, 80%, 90% and 100% and incubated in xylene solution twice for five minutes each time.
Finally, a coverslip was applied to each slide using a non-aqueous mounting medium.
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2.4.8 EdU detection
EdU detection was performed immediately following immunohistochemistry. The slices were washed
with PBS and incubated with the EdU detection mix for 30 minutes at RT in the dark. EdU was detected
using the Click-iT™ EdU Cell Proliferation Assay Kit (Invitrogen) according to the manufacturer’s
instructions. Sections were washed three times in PBS and coverslipped using fluorescent mounting
medium (DAKO).

2.4.9 Slide scanner
All slides stained with eriochrome cyanine were imaged using the Axioscan slidescanner with
brightfield microscopy at 20x magnification.

2.4.10 Confocal microscopy
Fixed slices were imaged with a light microscope (Zeiss Axioplan) and/or confocal laser scanning
microscope (Leica TCS SPE). Images were taken with x20, x40 or x63 oil objectives. The standard
excitation and emission filters for visualizing Hoechst 33258, Alexa Fluor 488, fluorescein, Alexa Fluor
555, Alexa Fluor 568, CY3, Alexa Fluor 647 and CY5 were used. Confocal z stacks were captured for
each section with 2µm increments and a set number of z steps was captured, which was kept consistent
for all slices within an experiment.

2.5 Histology data analysis
2.5.1 Region of interest selection
For eriochrome cyanine staining regions of interest (ROIs) were manually drawn from the lateral aspect
of one lateral ventricle to the other. The regions of interest encompassed the entirety of the CC and as
much subcortical white matter (SCWM) as possible, while ensuring no area without staining was
included, as this would strongly positively skew the data.
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For fluorescent cell counting three ROIs were selected from each slice, one within the CC at the midline
and one above each lateral ventricle within the subcortical white matter. ROIs in CC were entirely
within the white matter to avoid negatively skewing any data. ROIs were chosen in these areas in order
to include both the medial and lateral SCWM in order to assess effects across the white matter rather
than effects specific to these local areas. Three ROIs were chosen in order to avoid any lateralisation
issues as this ensured that both left and right SCWM was analysed. I generated ROIs and performed
cell counts blinded to the genotype of the animal.

Sample size determination
I attempted to achieve a minimum sample size of n=3 for analyses. Occasionally larger sample sizes
were achieved. Litters born within a week of one another were combined into cohorts and entire cohorts
used. When the sizes of these cohorts were large enough to allow sufficient tissue, sample sizes were
increased above an n of 3, with preference given to the most informative labelling.

Power calculations were not performed as the expected effect size would have been determined in an
arbitrary fashion. In addition it is unclear how multiple slices per animal affects the sample sizes
required.

2.5.2 Quantification of histology
For quantification of immunohistochemical cell labelling, cells were manually counted from 20x
magnification image stacks using ImageJ (Fiji). Quantification of cells was concentrated in the anterior
forebrain below the motor cortex. A minimum of 3 sections were counted per animal, with 3 different
ROIs per section, giving a minimum of 9 regions of interest per animal. The number of animals
analysed is given in the figure legends.
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2.6 Statistics
Quantitative analysis was used where appropriate. Student’s t test was used for comparing two normally
distributed datasets. The Kolmogorov-Smirnov test for normality was used and if there was evidence
of a non-normal distribution the non-parametric Mann-Whitney U test was performed. One-way
analysis of variance (ANOVA) was used to assess means of multiple groups that were normally
distributed. Hazard ratio was used to assess phenotype severity over time. Benjamini-Hochberg
multiple comparisons adjustment was used in cases of multiple statistical tests being performed on one
set of data (Benjamini and Hochberg, 1995). All charts are presented as mean ± standard error of the
mean (SEM) where possible. Results were considered statistically significant when the p value was
<0.05. Welch’s ANOVA test was used when there was judged to be significant heterogeneity of
variance by Levene’s statistic (Jan and Shieh, 2014; Welch, 1951). For post-hoc tests comparing
individual timepoints the Tukey honestly significant difference test was used for multiple comparisons
adjustment (Tukey, 1949). When variance was considered to be heterogenous by Levene’s statistic the
Dunnett T3 test was used (Dunnett, 1980). All tests were performed on IBM SPSS Statistics 25
software.

2.7 Magnetic resonance imaging and spatial light interference
microscopy
2.7.1 Magnetic resonance imaging
All magnetic resonance imaging was performed in CABI, UCL London, UK. A 9.4 Tesla Varian
scanner was used for the in vivo scans and a 9.4 Tesla Bruker scanner for all subsequent post-mortem
scans.
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2.7.2 In vivo imaging
For in vivo scanning anaesthesia was induced using 2.5% isoflurane gas in air. Once the mouse was
suitably anaesthetised it was transferred to the scanner bed. The mouse’s temperature was maintained
at 37.5 ± 1°C using heated water tubing. A nose cone was applied over the mouth and nose of the
mouse and 2% isoflurane was applied at 1 litre per minute. The head was then fixed in place using
plastic ear bars. Anaesthesia and temperature settings were adjusted on an individual basis to maintain
the animal’s temperature and respiration rate as close as possible to 37.5°C and 100 breaths per minute
respectively.

2.7.3 Post-mortem imaging
For post-mortem imaging the brain was left in situ in the skull to prevent air bubble formation during
sample preparation. As much soft tissue as possible was removed as well as the mandible. Skulls were
post-fixed in a solution of 4% PFA for a minimum of 2 and up to 9 weeks at 4°C. Following this the
skulls were transferred to DEPC treated PBS until scanned. Any MRI comparisons were done on postmortem brains which had all received as far as possible the same preparative treatments.

In preparation for scanning the skulls were immersed in an MRI insensitive perfluoropolyether called
fomblin (Sigma-Aldrich). Three brains were put into a specially designed 3D printed three head holder
which was inserted into the bore of a 50ml syringe (Terumo), sealed with the plunger and filled with
fomblin. Any water present gathered at the top allowing it to be siphoned off by ejection.

Perfusion fixation of tissue undoubtably has an effect on the MRI signal and the DWMRI signal in
particular. For example formalin fixation is known to shorten the T1 and T2 relaxation times of tissues,
though this is partially recoverable by washing in PBS (Shepherd et al., 2009). A recent study did not
find a systematic effect of formalin fixation on the two principle DWMRI measures used in this thesis,
FA and MD indicating that it is reasonable to use them as at least a close approximation to in vivo
effects (Shatil et al., 2018).
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2.7.4 Data analysis
Data was acquired, and quality assessed before being exported. Enrico Kaden reconstructed the data
with Matlab software using the SMT and multicompartment models, DTI and diffusion kurtosis
imaging models (Kaden et al., 2016a; Kaden et al., 2016b). I converted the outputs of these models to
colour-scaled images and quantified signal intensity for comparison between groups using image J
software (Fiji).

2.7.5 SLIM tissue analysis
Tissue for SLIM analysis was perfused using the histology method. Post-fixation in PFA was
performed for 24 hours and samples were transferred to PBS. Samples were then packaged in a
Styrofoam box filled with cold packs and tissue paper to maintain a temperature of approximately 4°C
and prevent damage in transit. Samples were sent to University of Illinois Urbana-Champaign for
analysis by Jorge Maldonado DeJesus and Catherine Best-Popescu as described in Min et al. (2016).

All charts are presented as mean ± standard error of the mean (SEM) where possible.
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Chapter Three – What specific events lead to
and are required for demyelination?
3.1 Introduction
DWMRI signal is derived from the physical structure of the tissue; however, it inherently does not give
detailed information about underlying cellular structure. It is important to try and obtain data at both
the DWMRI and histological resolution scales, since the combination of these approaches will be
mutually informative. This allows for confirmation of the biological mechanism causing changes in
DWMRI signal; something rarely achieved in imaging studies, and also provides information with
regards to the sensitivity of DWMRI for detecting changes in tissue cytoarchitecture. By determining
which particular features of demyelination DWMRI measures can detect, more appropriate use and
interpretation of different DWMRI measures might become possible in future.

To this end, I

characterised the cellular composition, in terms of different glial cell types, of white matter in four
mouse models of dys- or demyelination using immunocytochemistry. I supplemented this with SLIM
to provide cytoarchitectural context. As well as bolstering the MRI data presented in Chapter 4, the
histological analysis provides useful information about demyelination through comparison of different
models.

The main purpose of this experiment was to assess and then compare and contrast four different
complementary models of de and dysmyelination. The principle questions which this approach seeks to
answer are how demyelination varies across different models, what are the cellular sequalae of
demyelination, and finally, how does the level of demyelination on histology and the cellular sequalae
of demyelination relate to the phenotype of the animals. Two of the models (S10-Myrf and OpalinMyrf) have only been briefly mentioned in previous publications (S10-Myrf (McKenzie et al., 2014))
and a third is entirely novel (Opalin-Myrf). These results will also be informative for the DWMRI
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results achieved in the next chapter. Initially it was expected that the S10-Myrf model would not be
accompanied by demyelination, however once it became clear that this was not the case the other models
were used to further assess the inflammatory response to demyelination.

It is hoped that the work described here will be useful as a waypost for future work into the relationship
between MRI signal and white matter structure and pathology.

3.2 Results
3.2.1 Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP mouse model
This mouse line generates a profound demyelination, in the absence of significant remyelination. The
Sox10iCreERT2 line (McKenzie et al., 2014) expresses a tamoxifen-inducible form of iCre (improved
version of Cre with mammalian codon usage (Shimshek et al., 2002)) in all stages of the OL lineage,
from dividing OL precursor to mature myelinating OLs (See Figure 1.4 for a summary of marker
expression in the OL lineage). Myrf is a transcription factor that is essential for expression of several
myelin-associated genes including Mbp and Plp, which themselves are required for both the production
of new myelin forming OLs from their precursors (OLPs) and for the maintenance of pre-existing
myelin and myelinating OLs. Deleting Myrf using a floxed version of the gene Myrf(fl/fl) in combination
with Sox10iCreERT2 plus tamoxifen causes a slow degradation of myelin; while simultaneously
preventing OLPs from generating replacement OLs capable of myelination. This contrasts with deleting
Myrf(fl/fl) using a PlpCreERT2 driver, which targets mature OLs, causing profound de-myelination
(Emery et al., 2009; Koenning et al., 2012), which resolves with time through remyelination by OLPs
which do not undergo recombination as they do not express Plp. Recovery is theoretically not possible
when using Sox10iCreERT2 because OLPs will also undergo recombination and will be unable to
successfully differentiate in the absence of Myrf, stalling at a pre-myelinating stage and dying as a
result.

100

The Rosa26-eYFP transgene is used as a reporter gene in these mice. It involves the insertion of the
enhanced yellow fluorescent protein gene into the Gt(ROSA)26Sor locus. There is a stop codon directly
before the yellow fluorescent protein gene which is floxed and therefore excised when activated Cre
protein is present causing expression of the yellow fluorescent protein (Srinivas et al., 2001). Expression
of yellow fluorescent protein allows for the identification of cells in which recombination has occurred.
When present in the S10-Myrf mice it indicates cells which have undergone recombination at some
point previously and Rosa26-eYFP will generally recombine at the same time as Myrf undergoes
recombination. Therefore in cells which are YFP positive it can be assumed that excision of codon 8
from Myrf has also occurred. While it is possible that YFP recombination may occur without Myrf
recombination this is likely to be an exceedingly rare event.

Rosa26-eYFP was integrated into the genotype of these mice in order to provide confirmation of
recombination. As mice in the earlier stages of this model do not display significant symptoms this
provided confirmation that they had been successfully induced. Rosa26-eYFP also provides a means
for assessing the efficiency of recombination, i.e. out of the total number of OLs which would be
expected to express Sox10 at the time of tamoxifen administration what percentage successfully
underwent recombination. Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP mice were generated using the
breeding scheme detailed in Table 3.1.
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1.

Sox10iCreERT2 (Tg/-) [S10het]

X

Myrf (fl/fl) [Myhom]

→

S10het/Myhet (1/2)

+

Myhet (1/2)

X

Myhom

2b. S10het/Myhom

X

Myhom

→

S10het/Myhom

+

Myhom

3.

S10het/Myhom

X

Rosa26-YFP (+/+) [YFPhom]

→

S10het/Myhet/YFPhet (1/2)

+

Myhet/YFPhet (1/2)

4a. S10het/Myhet/YFPhet

X

S10het/Myhet/YFPhet

→

+

Myhom/YFPhom (1/32)

4b. Myhet/YFPhet

X

Myhet/YFPhet

→

Myhom/YFPhom (1/16)

+

5.

S10het/Myhom/YFPhom

X

Myhom/YFPhom

→

S10het/Myhom/YFPhom

+

Myhom/YFPhom

2a. S10het/Myhet
→

S10het/Myhom (1/4)

S10het/Myhom/YFPhom (1/32)

Table 3.1. Breeding strategy for S10-Myrf model. Genotypes in bold were used for experiments
with the result of cross 2b being used for MRI scanning while the remaining crosses (to incorporate
Rosa-YFP) were completed.
The S10-Myrf model is the most extensively characterised in this thesis, with three different time points
for histological analyses, in vivo and post-mortem DWMRI data. Myrf is a critical transcription factor
for CNS myelination (Aprato et al., 2020; Cantone et al., 2019). Recombination of Myrf exon 8 causes
loss of function, and myelination failure. As explained above, remyelination after tamoxifen-induced
demyelination is theoretically impossible as Cre-mediated recombination inactivates Myrf in all stages
of the OL lineage, including OLPs, which are therefore incapable of differentiating into myelinationcompetent OLs. However, clonal expansion of infrequent OLPs that escape recombination for one
reason or another, might allow for some remyelination, as might de novo production of OLPs from
putative neural stem cells that do not express Sox10 at the time of tamoxifen administration (Etxeberria
et al., 2010; Jablonska et al., 2010; Menn et al., 2006b; Nait-Oumesmar et al., 1999). For more details
on Myrf and the S10-Myrf model refer to section 1.6.4-1.6.8.

The S10-Myrf model was used as a control in McKenzie et al. (2014) in their investigation of the role
of new myelin formation in motor skill learning. In that paper, S10-Myrf animals were shown to suffer
demyelination after 5 weeks post-tamoxifen induction and to lose the ability to perform the rotarod test
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(a test of balance, strength and gross motor coordination) over time. I have examined the phenotype of
this model over time, using weight loss and phenotype scoring, myelination level, and OL and
inflammatory cell numbers. I first report the phenotype and weight loss progression over the entire 7week post-tamoxifen course and then go on to describe the myelination and cell quantification at 3, 5
and 7 weeks post-tamoxifen administration.

S10-Myrf model – phenotype
To assess phenotype I used a scoring system adapted from experimental autoimmune encephalitis to
the phenotype of Myrf knockout, as used in Koenning et al. (2012). Mice were given a clinical score
weekly, beginning the day of first tamoxifen administration until 5 weeks post-tamoxifen at which point
scores were recorded on alternate days until 53 days after the first tamoxifen dose when the animals
were perfusion-fixed. Mice were checked daily to ensure no phenotype was missed during the first 5
weeks. The scoring system is as follows:

Grade

Description

0

No visible phenotype

1

Loss of tail tone at the tip

2

Grade 1 plus mild hindlimb involvement
characterised by a wide gait and/or ataxia of the
hindlimbs, plus mild tremor

3

Grade 2 plus substantial hindlimb weakness, plus
moderate to severe tremor

4

Severe hindlimb weakness with forelimbs being
the predominant driver of locomotion

5

Complete hindlimb paralysis

Table 3.2. Demyelination phenotype scoring system. Modified experimental autoimmune
encephalitis phenotype scoring method from Koenning et al. (2012)
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PLPCreERT:Myrf(fl/fl) mice reached and remained at grades 4 and 5 of the scoring system for prolonged
periods of time (Koenning et al., 2012), however, S10-Myrf mice, after a couple days at grade 4 lost
almost 20% of their body weight relative to the beginning of the experiment, requiring them to be killed
humanely as outlined in our Home Office Licence. Mice did not reach a grade 5 phenotype or maintain
their weight above the 20% threshold significantly past 7 weeks post-induction. Therefore, it was not
possible to fully compare severity of phenotype between models.

Mice were given tamoxifen on four consecutive days starting on P100. The initial phenotype (loss of
tail tone) is seen in Cre-positive animals at day 35 after the first dose of tamoxifen, i.e. just under 5
weeks post-induction. Loss of tail tone is a relatively subtle sign, most obviously observed when the
animal is picked up by the base of the tail. Animals with reduced tone are unable to maintain their tails
vertically. One week later (42 days after first tamoxifen dose) the animals progress to grade 2 on the
clinical scoring system which is loss of tail tone along with mild hindlimb involvement characterised
by a wide gait and/or ataxia (loss of voluntary control or coordination (Brakenridge, 1879)) of the
hindlimbs. Hindlimb ataxia is most obvious when the animal is on a flat surface. When trying to move
around, the lack of coordination in the hindlimbs is apparent as they are unable to oppose their paws to
the flat surface effectively. By 49 days post-induction some animals reach grade 3 of the clinical scoring
system, with substantial hindlimb weakness and increased ataxia. An intention tremor can also be
clearly observed at this stage, a classical symptom associated with multiple sclerosis (Charcot, 1887).
All animals have a grade 4 phenotype by perfusion at 7 weeks post tamoxifen administration (day 53
after first dose of tamoxifen). Animals with a grade 4 phenotype have severe hindlimb ataxia meaning
that the forelimbs are the predominant drivers of movement. The progression of the phenotype over
time is shown in Figure 3.1 A, with the phenotype of the PLPCreERT:Myrf(fl/fl) model as reported in
Koenning et al. (2012) reproduced in Figure 3.1 B for comparison. The experimental timeline is
summarised in Figure 3.2 A.
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A
Clinical Score

5
4

Cre positive
Cre negative

3
2
1
0
0 7 14 21 28

35

42

49

50

51

52

53

Days post first tamoxifen dose

B
Grade 0 – no overt phenotype
Grade 1 – loss of tail tone
Grade 2 - loss of tail tone with mild
hindlimb involvement or ataxia
Grade 3 – substantial hindlimb
weakness and ataxia
Grade 4 – severe hindlimb weakness
and ataxia
Grade 5 – complete hindlimb paralysis

Figure 3.1. Phenotype of S10-Myrf mice over time. A) Clinical disease scores for S10-Myrf mice
versus Cre-negative litter and cage-mate controls. The phenotype is first observed just before 5 weeks
post-tamoxifen and worsen until perfusion is necessary exactly 7 weeks after completion of tamoxifen
administration. Cre-positive animals display a statistically significant difference in phenotype
compared to Cre-negative animals. p < 0.001 using data dichotomised into animals with <1.5 and >1.5
clinical score and analysed using the Cox proportional hazards model. The phenotype is reported using
T
(fl/fl)
the same clinical scoring system in Koenning et al. (2012) B) Clinical scores of PLP-CreER :Myrf
animals versus control as reproduced from Koenning et al. (2012). There is a similar overall pattern of
the phenotype with recovery beginning at eight weeks post tamoxifen administration.
Overall the phenotype observed in the S10-Myrf and PLPCreERT:Myrf(fl/fl) animals are broadly similar.
The only difference, perhaps, is that at 53 days after first tamoxifen dose, all of the S10-Myrf animals
had reached grade 4 compared to less than half of PLPCreERT:Myrf(fl/fl) animals. However, the
difference between grade 3 and 4 is the severity of phenotype, rather than the presence of a particular
sign, making classification a subjective decision. This increases the chance that this difference is
observer dependant rather than genuine. Also, there might be a phenotype at 3 weeks post-induction
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which are not detected by the clinical scoring system, but which might be reflected in more subtle
deficits in motor coordination, or a non-motor phenotype such as defective working memory.
A proportion of PLPCreERT:Myrf(fl/fl) were reported to recover entirely, given enough time. I could not
assess whether entire cohorts of S10-Myrf mice would recover as it was necessary to kill the mice
humanely before they reached an overall weight loss of 20%. Some S10-Myrf animals fared better than
others and were kept as long as possible to explore potential recovery. However, these (n=4) reached
the severity threshold at 58 days post-tamoxifen. Thus, S10-Myrf animals were unable to recover from
the demyelination within our Home Office license severity restrictions.

Throughout this thesis Cre negative mice have been used as the control animals when comparing to Cre
positive animals. Several distinct types of controls were considered in the formative stages of the
project and would have been included in addition to Cre negative mice in a non-time and resource
limited project. These would have ruled out several confounders.

The most important of these alternative controls would have been Cre positive mice which were not
given tamoxifen. The principle purpose of a control animal in which tamoxifen is not administered is
to assess whether tamoxifen independent recombination is occurring. There have been various reports
of different Cre lines which cause tamoxifen independent recombination (Álvarez-Aznar et al., 2020),
though there is no evidence of this occurring to any of the lines created by our research group. If there
were to be tamoxifen independent recombination then there may be events prior to tamoxifen
administration, for example during development, which are affecting Cre positive animals as cells in
these animals have undergone tamoxifen independent recombination. It must be emphasised that it is
highly unlikely there is tamoxifen independent recombination occurring as the phenotype develops
slowly and predictably following tamoxifen administration, with no phenotype prior to tamoxifen
administration, despite these mice being P100, as would likely be seen if Myrf underwent tamoxifen
independent recombination.
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The other informative control would have been Cre positive Myrf het floxed mice. A het floxed control
is commonly used in Cre-lox mice studies, however it is at risk of causing unforeseen effects depending
on whether inactivation of one allele of the gene causes functional changes. If this were to be the case
in these mice it would likely diminish the difference seen between control and intervention groups
leading to false negatives rather than false positives which may be the more desirable error in certain
situations.

S10-Myrf model – weight loss
Weight loss provides another measure of phenotype severity, which potentially reflects more than just
the observable motor phenotype.

Animal weights were recorded from the beginning of tamoxifen administration until perfusion as shown
in Figure 3.2 B. There was an expected initial decrease in weight over the first ten days which was
similar in both Cre-negative and Cre-positive animals and is a known side-effect of tamoxifen
administration. Weight loss occurs because of induced adipocyte death, with accompanying formation
of new adipose tissue to compensate (Ye et al., 2015). This effect was more pronounced in males than
females (p < 0.001). Besides weight loss in the initial period post-tamoxifen, males also exhibit
enlarged testes which persisted for the duration of the experiment.

After recovery from the initial weight loss caused by tamoxifen, Cre-negative animals did not
experience any further weight loss. In contrast, Cre-positive animals exhibited a second period of
weight loss. The precise cause of weight loss is not clear. Progressive motor disability will make it
harder for animals to feed; however, wet mash made from normal chow was provided on the floor of
the cages, making poor access unlikely as the sole cause. Alternatively, more debilitated animals may
suffer loss of appetite either as a direct consequence of demyelination in feeding-related brain areas or
as a secondary consequence of other changes. In fact, the weight of Cre-positive animals appears to
have a reciprocal relationship with the weight of the Cre-negative animals. When Cre-positive mice
lost weight Cre-negative mice gained weight, as can be seen in Figure 3.2 B. This could reflect
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competition for access to food, or bullying behaviour, since both Cre-positive and Cre-negative mice
were group-housed in the same cages. If animals began to appear severely unwell, they were separated
into individual cages. This seemingly helped the animals’ weight for a few days, as can be seen in the
recovery in mean weight around day 46 in Figure 3.2 B, indicating that competition with the other
animals in the cage was indeed causing some initial weight loss. However, a couple of days later the
animals began to lose weight again, indicating that by this stage the dominant driver of weight loss is
the demyelination caused by Myrf functional deletion.

As can be seen in Figure 3.2B, there is no significant difference in weight between Cre-negative and
Cre-positive S10-Myrf mice until 40 days after tamoxifen induction. From this point weight loss
increases steadily until perfusion 14 days later. The appearance and progression of weight loss
corresponds well to the phenotype in these animals, with weight loss reaching statistical significance
one week after the initial phenotype appears (loss of tail tone) and at the same time as animals begin to
display ataxia.
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Figure 3.2. Weight loss in S10-Myrf mice over time. A) Experimental timeline. S10-Myrf animals
are given tamoxifen for four days at P100, the maximal timepoint for all cohorts was 54 days after the
first dose of tamoxifen ± one day. B) The chart shows the percentage of starting weight measured over
time. * indicates timepoints which were statistically significant using independent samples t-tests for
each timepoint with data for both groups using the Benjamini-Hochberg multiple comparisons
correction method with a 0.1 false discovery rate.

S10-Myrf model – 3-week post-induction timepoint
Having established the time-course of the model, myelination and cellular changes in S10-Myrf mice
were investigated. Results are presented chronologically, beginning with the first timepoint at 3 weeks
post-induction.

Myelin/demyelinated status using eriochrome cyanine at 3 weeks post-induction
Eriochrome cyanine is an iron binding stain that, when used with an alkaline differentiator preferentially
visualises lipid, which in the context of the brain is myelin. Eriochrome cyanine staining of S10-Myrf
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mice at 3 weeks post-induction (S10-Myrf(3wk)) did not show a statistically significant difference
between Cre-positive and Cre-negative litter and cage mate controls. This negative finding might reflect
inadequate statistical power, or a lack of sensitivity of the staining/quantification method, rather than a
lack of any underlying substantive difference, as visual inspection indicated a potential subtle difference
and there was a non-significant increase in mean light intensity (i.e. reduced staining) in Cre-positive
animals. Whether there is a subtle underlying difference or not, there is no signs of clear demyelination
at this timepoint. While recombination occurs 3-5 days post-induction (Jahn et al., 2018; Koenning et
al., 2012) it appears that this does not affect myelination three weeks after this. Therefore, the process
by which Myrf recombination affects OLs is relatively slow without the acute demyelination seen in
other models such as lipopolysaccharide injection (Felts et al., 2005). The results of the eriochrome
cyanine staining, with example images and statistical assessment are given in Figure 3.3.
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Figure 3.3. Eriochrome cyanine staining of S10-Myrf(3wk) mice. A) Example eriochrome cyanine
stain with an example ROI shown in red (left) overlaid on a 3-week control section. Example
eriochrome cyanine stain of littermate S10-Myrf(3wk) animals with Cre-negative (middle) and Crepositive (right). On close visual inspection there may be a very subtle reduced staining intensity in Crepositive animals which can be appreciated on these images. B) Quantification of the eriochrome
cyanine stain using mean light intensity in a region of interest covering the SCWM and CC from the
lateral border of one lateral ventricle to the lateral border of the other lateral ventricle showed no
significant difference between Cre-negative and Cre-positive animals. No obvious demyelination is
present in S10-Myrf(3wk) mice. N.B. a higher mean light intensity indicates less staining intensity.
n=3 in both groups

111

S10-Myrf model – 3-week post-induction timepoint – cell number quantification
Following eriochrome cyanine staining results, which were equivocal with regards to any changes in
myelination at this timepoint, ISH and immunohistochemistry labelling was performed to determine
what was happening at a cellular level. Results of immunolabelling are shown in Figure 3.4, with OL
lineage and inflammatory cell counts. Example images are presented in Figure 3.5.

YFP labelling of cells demonstrated that recombination at the ROSA26 locus was highly effective. Costaining of YFP and OLIG2 was not performed, however cell counts of YFP+ and OLIG2+ cells were
extremely similar with 2204 YFP+ cells/mm2 and 2183 OLIG2+ cells/mm2. While exact efficiency
cannot be commented on, this indicates an extremely high percentage of OLs recombine. Conversely,
there were very few YFP+ cells (5.6 per mm2) in Cre-negative animals, indicating that Cre-independent
recombination was an exceedingly rare event, and would be highly unlikely to cause any confounding
pathology in Cre-negative animals through recombination of Myrf.

Immunolabelling showed there are already significant cellular changes 3 weeks after induction. The
number of OLs of all developmental stages (OLIG2+ cells) was significantly reduced. This was caused
by an approximately 500 cells/mm2 reduction in the number of Plp+ mature OLs. The number of Ionized
calcium binding adaptor molecule 1 (IBA1)+ cells (microglia or macrophages) and GFAP+ cells

(astrocytes) were both significantly increased. MBP immunohistochemistry is a method which would
be useful to further assess myelination.
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Figure 3.4. Immunohistochemistry and ISH labelling S10-Myrf(3wk) mice – cell counts. A)
Immunohistochemistry [YFP, PDGFRα (tyramide amplification), OLIG2, IBA1 and GFAP] and ISH (Plp)
of OL and inflammatory cell numbers in S10-Myrf animals. There is a significant reduction of Plp+
mature OLs. The Plp+ OLs that are present in Cre-positive mice have noticeably reduced intensity of
labelling, presumably reflecting reduced transcription rate of myelin genes in the absence of functional
Myrf. The reduced number of mature OLs means that the overall OL number given by OLIG2 labelling
is significantly reduced in Cre-positive animals. Both IBA1 and GFAP are significantly increased. n=3
for all cell counts * p < 0.05, ** p < 0.01 and *** p < 0.001
S10-Myrf(3wk) mice are still two weeks away from displaying an overt motor phenotype. However,
there were already significant changes at the cellular level with an increase in immature OLs, a decrease
in myelinating OLs and an increase in inflammatory cells. However, there is no gross demyelination
in S10-Myrf(3wk) mice, which would explain the apparent lack of a behavioural phenotype. This would
imply that myelination can be at least grossly maintained in the short-term despite a reduction in number
of myelinating OLs. For how long myelin is maintained after OL cell death is unclear. Two papers
have touched upon the process. Oluich et al. (2012) used MBP-DTR mice which display a 26%
reduction in OL number across the CNS eight days after being given diphtheria toxin. The authors
noted some swelling of myelin causing a reduction in g-ratio, and paranodal abnormalities were noted,
but compact myelination was essentially intact. Considering there was no difference in OL number at
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five days after administration of diphtheria toxin this study shows that a 26% reduction in OL number,
at some point over a three day period, does not result in demyelination. Caprariello et al. (2012) used
a lentivirus to express MBP-inducible caspase 9 in rats. Localised injection of the lentivirus into the
CC caused a 47% loss of CC1+ mature OLs one day after activation of Caspase9. There was significant
loss of myelin in the localised area affected. These two studies demonstrate that demyelination
following the death of OLs is variable. Whether demyelination results from OL death seems to be
dependent on the mechanism of death, location and/or timing. Why there is no gross demyelination in
S10-Myrf(3wk) and MBP-DTR mice but there is in MBP-inducible caspase 9 injected rats is likely
related to one or more of these factors.
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Figure 3.5. Immunohistochemistry and ISH labelling S10-Myrf(3wk) mice – example images. A)
PDGFRα labelling with tyramide amplification shows an increased number of cells in Cre-positive
animals B) Plp labelling reveals a reduction in both the number of cells and labelling intensity in Crepositive animals C) IBA1 labelling shows an increased number of cells and ramification in Cre-positive
animals D) GFAP labelling shows an increase in GFAP staining in Cre-positive animals, indicating an
increase in ramification and/or number of astrocytes. PDGFRα and GFAP labelling was performed in
the 647 far-red channel. Scale bar: 100 µm.
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S10-Myrf model – 5-week post-induction timepoint – eriochrome cyanine
The next timepoint characterised was 5 weeks post-induction. On visual inspection there is a clear
difference in the intensity of eriochrome cyanine staining of Cre-positive and Cre-negative S10Myrf(5wk) mice which was confirmed by a statistically significant difference in mean light intensity
on brightfield microscopy. The results of the eriochrome cyanine staining, with example images and
statistical assessment are given in Figure 3.6.
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Figure 3.6. Eriochrome cyanine staining of S10-Myrf(5wk) mice. A) Example eriochrome cyanine
stain of littermate S10-Myrf animals to compare Cre-negative (left) and Cre-positive (right) at 5 weeks
post-induction. On visual inspection there is a clear difference in the staining intensity in white matter
tracts B) Quantification of the eriochrome cyanine stain using mean light intensity in a region of interest
covering the SCWM and CC from the lateral border of one lateral ventricle to the other showed a
statistically significant difference between Cre-negative and Cre-positive animals. n=6 in both groups
* p < 0.05, ** p < 0.01 and *** p < 0.001
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S10-Myrf model – 5-week post-induction timepoint – cell number quantification
Following eriochrome cyanine staining which revealed a significant reduction in myelination at this
timepoint, ISH and immunohistochemistry labelling was performed to investigate underlying cellular
changes. Results of cell labelling are shown in Figure 3.7, with OL lineage and inflammatory cell
counts. Example images are given in Figure 3.8.

Immunolabelling revealed significant cellular changes in S10-Myrf(5wk) mice.

There was a

statistically significant increase in the number of PDGFRα+ OLPs with a reduction in the number of
Plp+ mature OLs, and an overall reduction in the number of OLIG2+ OLs. The number of IBA1+ cells
was significantly increased indicating an increase in the number of microglia and/or macrophages. The
amount of GFAP labelling was also increased. Astrocyte proliferation is limited outside of development
and most GFAP increases are thought to be due higher protein amounts following hypertrophy and
ramification, though it should be noted that astrocytes can proliferate following trauma in the formation
of the “glial scar” (Anderson et al., 2016; Liddelow and Barres, 2017). Therefore, the increase in GFAP
in the S10-Myrf model is caused by increased protein expression rather than increased cell number,
with increased cell number being at most a modest contributor to increased staining.

S10-Myrf(5wk) animals display the first overt motor phenotype of the model. A relatively severe
amount of demyelination needs to be observed on eriochrome cyanine staining before an overt
phenotype is seen with considerable demyelination obvious on visual inspection in these animals.
Cellular changes seen in S10-Myrf(5wk) mice are generally similar to those in S10-Myrf(3wk) animals,
but more pronounced. The reduction in YFP+, Plp+ and OLIG2+ cells is increased when compared to
S10-Myrf(3wk) animals and the number of PDGFRα+, IBA1+ and GFAP+ cells are all increased
compared to control and S10-Myrf(3wk) animals. These changes are all statistically significant
compared to Cre-negative control animals. S10-Myrf(3wk) and S10-Myrf(5wk) data are shown
together in Figure 3.17 as part of a full summary of the S10-Myrf model.
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During the two weeks between three and five weeks post-induction there is enough demyelination for
it to become clearly visible on eriochrome cyanine staining and for these animals to display the first
overt motor phenotype using the clinical scoring system. Demyelination and phenotype are either
mediated by increased degradation of myelin between 3 and 5 weeks in the absence of functional Myrf
protein and OL death, by clearance of dysfunctional myelin by an increasing number of phagocytic
inflammatory cells or both (Traka et al., 2016).
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Figure 3.7. Immunohistochemistry and ISH labelling S10-Myrf(5wk) mice – cell counts. A)
Immunohistochemistry (YFP, PDGFRα (tyramide amplification), OLIG2, IBA1 and GFAP) and ISH (Plp)
cell counts in S10-Myrf(5wk) mice. There is a significant increase in the number of PDGFRα+ OLPs,
IBA1+ microglia and GFAP staining and a significant reduction in number of Plp+ mature OLs and OLIG2+
OLs. YFP n=3, PDGFRα n=4, Plp n=5, OLIG2 n=4, IBA1 n=4 and GFAP n=4. * p < 0.05, ** p < 0.01 and
*** p < 0.001
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Figure 3.8. Immunohistochemistry and ISH labelling S10-Myrf(5wk) mice – example images. A)
PDGFRα labelling with tyramide amplification shows an increased number of cells in Cre-positive
animals B) Plp labelling reveals a reduction in both the number of cells and labelling intensity in Crepositive animals C) IBA1 labelling shows an increased number of cells and ramification in Cre-positive
animals D) GFAP labelling shows an increase in the number cells and ramification in Cre-positive
animals. PDGFRα and GFAP labelling was performed in the 647 far-red channel.
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S10-Myrf model – 7-week post-induction timepoint – eriochrome cyanine
Brains of S10-Myrf mice were examined by eriochrome cyanine histology at 7 weeks post-induction,
53 days after the first dose of tamoxifen. There was a clear qualitative and quantitative reduction in
myelination of the SCWM and CC in S10-Myrf(7wk) mice compared to Cre-negative control animals
(Figure 3.9). Demyelination was clearly present across all white matter tracts of the brain. There
appeared to be more severe demyelination in the CC compared to the more lateral SCWM, either
because of the relative efficiency of tamoxifen delivery to different areas, presumably determined by
blood flow and cerebrospinal glymphatic clearance, or because cellular features of the CC make it more
sensitive. Demyelination was considerably more severe than in S10-Myrf(5wk) animals though
statistical comparison is not meaningful as eriochrome staining is done subjectively and therefore only
slices stained on the same slide should be compared statistically.
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Figure 3.9. Eriochrome cyanine staining of S10-Myrf(7wk) mice. A) Example eriochrome cyanine
stain of littermate S10-Myrf(7wk) mice to compare Cre-negative (left) and Cre-positive (right). On
visual inspection there is a clear difference in the level of myelination shown by the stain. B)
Quantification of the eriochrome cyanine stain using mean light intensity in a region of interest
covering the SCWM and CC from the lateral border of one lateral ventricle to the lateral border of the
other showed a significant difference between Cre-negative and Cre-positive animals. N.B. a higher
mean light intensity indicates less intense staining. The regions of interest encompassed as much
SCWM as possible, while ensuring no area without staining was included, as this would strongly skew
the data. n=5 for Cre-negative and n=3 for Cre-positive * p < 0.05, ** p < 0.01 and *** p < 0.001
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S10-Myrf model – 7-week post-induction timepoint – cell number quantification
To quantify glial cell types in the SCWM and CC I performed immunohistochemistry and/or ISH for
markers of OLPs (PDGFRα), OLs (Plp), astrocytes (GFAP) and microglia (IBA1). BMP4, a newly
recognised marker for newly forming OLs, intermediate between PDGFRα+ precursors and PLP+
mature OLs (Fudge, A and Li, H; Unpublished)(Wozney et al., 1988), was also examined (Figure
3.10A). The cell counts are given in Figure 3.10, with example images in Figure 3.11 and 3.12.

PDGFRα and Bmp4 cell counts were both significantly elevated, indicating that in the presence of
demyelination, precursor cells and newly differentiating OLs are increased in number. This increase in
cell number is a homeostatic mechanism where OLPs increase their rate of proliferation and
differentiation in an attempt to replace dead or dying OLs, akin to the powerful homeostatic response
of Nestin+ immature cells to OLP depletion (Dang et al., 2019). Nestin+ immature cells may generate
some of this increase in immature OLPs seen in S10-Myrf(7wk) animals along with any OLPs which
escape recombination (Etxeberria et al., 2010; Jablonska et al., 2010; Menn et al., 2006b; NaitOumesmar et al., 1999). The mechanism driving this compensatory proliferative response is unclear,
but it could be a direct effect of the demyelination through detection by OLPs of inappropriately
myelinated axons, or it might be through secondary effects, for example via signals from inflammatory
cells, something which has recently been described in focal demyelination (Naruse et al., 2018).

The number of Plp+ cells is reduced by approximately 40% in the CC and SCWM compared to the Crenegative control. The effective reduction in myelination capacity is actually much greater than this, as
the expression levels in the remaining Plp+ cells is much lower in Cre-positive than Cre-negative
animals, thus suggesting that the cells which are still present are unable to effectively upregulate Plp
and as such may not myelinate effectively. This low level of expression is clear in tile scan confocal
microscopy images in Figure 3.13. While 60% of Plp+ cells remain, their expression of Plp is so low
that it gives the appearance of a brain almost devoid of mature OLs. The low-expressing Plp+ cells may
be pre-existing mature OLs that down-regulate Plp as a result of Myrf recombination and are destined
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to demyelinate and die, and/or they could be newly differentiating OLs that fail to up-regulate Plp and
never successfully differentiate into mature, myelinating OLs.

Interestingly highly Plp expressing, likely newly formed non-recombined, OLs appear in groups in
areas near to the meninges. For example, in Figure 3.13 there is a small group of cells located in the
lateral inferior part of the fimbria of the fornix (white arrow), an area intimately related to the meninges.
There are two possible sources for these cells, either they are neural stem cells which have differentiated
into mature OLs from local niches, or they are OLPs which escaped recombination and proliferated.
Substantial evidence has now been published that precursor populations exist in the adult brain and are
capable of forming OLs (Menn et al., 2006a; Nait-Oumesmar et al., 1999). Of particular relevance is
Dang et al. (2019), in which the authors found that after selective elimination of OLPs there was
complete OLP repopulation from the expansion of Nestin+ neural stem cells in the meninges of these
mice. Importantly complete repopulation required three weeks, giving more than enough time within
the S10-Myrf model for new OLPs to form and differentiate. Two weeks after elimination of OLs the
authors note that newly formed PDGFRα+ cells ‘were randomly distributed in conspicuous clusters near
the meninges’, a similar event to the highly Plp expressing cells seen in Figure 3.13. These cells may
have alternatively been derived from OLPs present at the time of tamoxifen administration which did
not recombine which then proliferated. Their location may be the result of the mechanism by which
they escape. For example, there might be a failure of tamoxifen delivery to these cells, possibly
determined by blood flow and/or CSF clearance. Either of these possibilities is possible, with Nestin
and EDU co-staining being the obvious initial step in determining the exact source of these cells.
Regardless, cells expressing Plp at normal levels are not common the brains of S10-Myrf(7wk) mice
meaning that newly forming mature OLs do not successfully repopulate the CNS following pan-lineage
Myrf recombination.

Inflammation in the S10-Myrf model was considered to be mild at 5 weeks post-induction when initially
reported in the literature (McKenzie et al. (2014)). However, on histological examination I found that
this was not the case (Figure 3.7 A). By 7 weeks post-induction the inflammatory response is substantial
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(Figure 3.10 B, 3.12). IBA1 is a marker of microglia and macrophages. In Cre-positive S10-Myrf(7wk)
mice the number of IBA1+ cells was 20 times that of control animals, indicating a severe inflammatory
response. Associated with this was a six-fold increase in the number of GFAP+ astrocytes. As described
above, there was an overall decrease in the OL cell number. The vast increase in the number of
inflammatory cells meant however, that overall cellularity in the SCWM and CC was greatly increased
(Figure 3.10). IBA1 is upregulated in activated microglia, however, it does not specifically differentiate
between activated CNS resident microglia or blood-borne macrophages. Therefore, the increase in
IBA1+ cells is not necessarily the result of local proliferation of CNS resident cells.

Additional antibodies were used to establish the function of the inflammatory cells present. CD68 is a
lysosomal protein that is expressed at high levels by macrophages and activated microglia and as such
can be used as a marker of actively phagocytosing microglia and monocytes (Korzhevskii and Kirik,
2016). Lysosome-associated membrane protein 2 (LAMP2), also known as CD107b, is a gene closely
related to CD68. Its protein is a marker of lysosomes that is increased in actively phagocytosing cells.
Immunolabelling for CD68 showed a statistically significant increase (Figure 3.10 B, 3.12), indicating
that the additional IBA1+ cells produced in response to demyelination are actively phagocytosing
microglia or macrophages. In addition, IBA1 and CD68 co-labelling shows that the fraction of
microglia that are phagocytosing is increased following demyelination from 69% to 96% (p<0.001)
(Figure 3.14). The increase in phagocytosing cells indicates that an important element of the response
to demyelination is processing and clearance of myelin debris, as has been described previously
(Neumann et al., 2008).
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Figure 3.10.
Immunohistochemistry and ISH labelling of S10-Myrf(7wk) mice.
A)
Immunohistochemistry (YFP, PDGFRα (tyramide amplification) and OLIG2) and ISH (Bmp4 and Plp) of
OL numbers in S10-Myrf(7wk) mice. PDGFRα+ OLPs and Bmp4+ newly forming OLs are significantly
increased in number and Plp+ mature OLs and overall OL numbers (OLIG2) are decreased. YFP n=4,
PDGFRα n=3, Bmp4 n=3, Plp n=4, OLIG2 n=4 B) Immunohistochemistry of the overall cell count (DAPI)
and inflammatory cell markers (TMEM119, CD68, LAMP2, CD45, IBA1 and GFAP). DAPI is a non-specific
cell marker, TMEM119 is a specific marker of microglia, CD68 is a marker of phagocytosing cells, LAMP2
is a lysosome marker, CD45 is a marker of haematopoietic derived cells (except erythrocytes), IBA1 is
a microglia and macrophage marker, and GFAP is an astrocyte marker. DAPI n=3, Caspase3 n=3, KI67
n=3, TMEM119 n=3, CD68 n=3, LAMP2 n=2, CD45 n=2, IBA1 n=7, GFAP n=7 * p < 0.05, ** p < 0.01 and
*** p < 0.001

126

Cre-negative

Cre-positive

A
PDGFRα

B
Bmp4

C
Plp

D
Olig2

Figure 3.11. Immunohistochemistry and ISH labelling S10-Myrf(7wk) mice – OL labelling
example images. A) PDGFRα labelling with tyramide amplification showing an increase in both the
number and ramification of PDGFRα+ cells in Cre-positive animals. B) Bmp4 ISH showing a substantial
increase in the number of Bmp4+ cells in Cre-positive animals. C) Plp ISH showing a decrease in both
the cell density and expression level of Plp+ cells in Cre-positive animals. D) OLIG2 labelling showing
a reduction in the number of OLIG2+ cells in Cre-positive animals. PDGFRα and OLIG2
immunohistochemistry was performed in the 647 far-red channel. Scale bar: 100 µm.
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Figure 3.12. Immunohistochemistry and ISH labelling S10-Myrf(7wk) mice – inflammatory
labelling example images. A) TMEM119 labelling with tyramide amplification showing an increase in
the number of TMEM119+ cells in Cre-positive animals. Note, the amplification causes non-specific
background outside the SCWM and CC but ensures satisfactory labelling within it. B) CD68 labelling
showing a substantial increase in the number of CD68+ cells in Cre-positive animals. C) IBA1 labelling
showing an increase in both the cell density and ramification of IBA1+ cells in Cre-positive animals. D)
GFAP labelling showing an increase in GFAP staining in Cre-positive animals. TMEM119, IBA1 and
GFAP immunohistochemistry was performed in the 647 far-red channel. Scale bar: 100 µm.
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Figure 3.13. Whole section images of Plp labelled S10-Myrf(7wk) mice. Tile scan made up of 20x
confocal microscopy images of S10Myrf(7wk) and control. A) Plp expression in a Cre-negative and a
Cre-positive animal. In the control, cells express Plp highly and are of highest density in white matter
tracts such as the CC and fimbria of the fornix. In the Cre-positive animal at this magnification almost
no Plp expression is visible because of its reduced intensity and number of cells expressing it. Note
the small patch of strongly Plp expressing cells in the Cre-positive sample, possibly caused by
successful differentiation of neural stem cells or clonal expansion of one or a small number of
unrecombined OLPs.
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Figure 3.14. Proportion of actively phagocytosing microglia – S10-Myrf(7wk) mice. A) The
proportion of IBA1+ cells in Cre-negative (left) and Cre-positive (right) animals which are CD68+.
There is a clear increase from 68.9% to 95.7% in the proportion of cells which are phagocytosing in
the Cre-positive animals p < 0.001.
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SLIM analysis shows an increase in cellularity in the subventricular zone
Spatial light interference microscopy (SLIM) is a recently developed technique at the University of
Illinois Urbana-Champaign. SLIM’s characterising features are that it is capable of quantitative widefield label-free imaging with micron level resolution (Kandel et al., 2017; Lee et al., 2017; Min et al.,
2016). SLIM analysis was performed to assess for quantifiable structural differences at the cellular and
sub-cellular level. Jorge Maldonado and Catherine Best-Popescu (University of Illinois, USA) first
assessed changes in the SVZ. There was an increase in the control versus S10-Myrf(7wk) animal in
average interior dry mass of each cell (0.157 vs 0.486 pg respectively), the mean areas of each cell
(78.25 vs 95.00 µm2) and overall cell count (857 vs 1224 cells/mm2). The SVZ is known to be a source
of both neuronal and OL precursors with both microglia and astrocytes providing important interactions
with both of these cell types (Kazanis et al., 2017; Matarredona et al., 2018; Naruse et al., 2018). The
increase in cellularity, size and interior dry mass indicates the presence of increased numbers of
phagocytic cells in this niche. Microglial activation in the SVZ is important in OLP generation
following CC demyelination (Naruse et al., 2018). The increased dry mass and cellularity of the SVZ
is likely a result of increased microglial and OLP proliferation in the area in response to global
demyelination.

Taken together the LAMP2, CD68 and SLIM data demonstrate that the inflammatory cells present in
high numbers in S10-Myrf(7wk) Cre-positive animals are actively phagocytosing, what can be assumed
to be myelin or OL debris as a result of the reduction in number of OLs.

Peripheral macrophages are likely to be infiltrating the S10-Myrf SCWM and CC at 7
weeks post-induction
Having established the function of these cells, the next question is their origin. Some possibilities that
could account for some or all of the IBA1+ cells are:

1. Proliferation and activation of local microglia at the site of demyelination
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2. Microglial proliferation and migration from other brain areas (e.g. subventricular zone (SVZ))
to white matter areas where demyelination is predominant
3. Recently identified CNS macrophages may be easily able to reach the site of demyelination
(Kierdorf et al., 2019; Mrdjen et al., 2018)
4. The BBB may open, allowing infiltration of peripheral macrophages

While the answer is likely a combination of several of the above, whether the BBB is open in the model
is a particularly interesting question. Peripheral macrophages are known to infiltrate the CNS in MS
and therefore could be a source of IBA1+ cells in our S10-Myrf model (Allegretta et al., 1990).
Differentiation between microglia and macrophages is difficult. There are several markers that have
supposed specificity for microglia, but they are generally poorly characterised and the activation of
microglia in pathological conditions further muddies the distinctions between cell types with activated
microglia having a different transcriptome (Sousa et al., 2018). I used several macrophage/microglial
markers to differentiate the two. The first was TMEM119, which is described as a specific marker of
microglia, with IBA1+, CD68+ TMEM119˗ macrophages reported to be present in MS plaques (Satoh
et al., 2016). There was a significant increase in the number of TMEM119+ cells in Cre-positive animals
indicating an increase in the number of microglia. This increase only accounted for a small proportion
of the number of IBA1+ cells, though the sensitivity of the stain is not clear (Figures 3.10 and 3.12).
CD45, also known as leucocyte common antigen, is used as a differential marker for microglia and
monocytes in combination with IBA1. IBA1+ CD45+ double-positive cells are considered to be
monocytes and IBA1+ CD45- cells are considered to be microglia, although whether activated microglia
are reliably distinguishable in this way is unclear (Greter et al., 2015). Both IBA1+ and CD45+ double
positive and IBA1+CD45- cells are present in Cre-positive animals, indicating that both macrophages
and microglia are present. Based off this stain both microglia and peripherally derived monocytes are
present (Figure 3.15).
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IBA1/CD45/DAPI

Figure 3.15. Immunohistochemistry labelling of infiltrating macrophages. Immunohistochemistry
labelling of macrophages (IBA1+/CD45+). IBA1+CD45+ cells can be seen (dashed white arrow) which
are considered to be macrophages as well as IBA1+CD45- cells (white arrow) which are microglia.
IBA1-CD45+ cells may be infiltrating monocytes prior to differentiation into IBA1+ macrophages. Scale
bar: 100 µm.

It appears the inflammatory response in S10-Myrf(7wk) animals is made up of both microglia and
macrophages. These macrophages may be CNS or peripherally derived. CNS macrophage populations
in perivascular and meningeal niches have been recognised since the late 1990’s, however they are still
extremely poorly characterised and rarely considered in human or preclinical studies (Kierdorf et al.,
2019; Mato et al., 1996). Macrophages at the CNS interface are haematopoietically derived during
embryogenesis but establish stable populations throughout life, making them distinct from both
microglia and peripheral macrophages (Goldmann et al., 2016). Often macrophages in pathological
lesions of the CNS such as MS plaques were assumed to be peripherally derived (Grajchen et al., 2018),
but with the discovery of CNS-resident macrophages, the origins of these cells in MS lesions becomes
less clear. This uncertainty along with the considerable difficulties already described in distinguishing
macrophages from microglia make it almost impossible to determine whether macrophages originate
from within the CNS or the periphery (Koeniger and Kuerten, 2017).
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While any infiltrating cells have been assumed to be macrophages which are IBA1+, it is possible that
their precursors, monocytes, may infiltrate the CNS before differentiating into macrophages.
Infiltrating monocytes are thought to be IBA1- when they initially infiltrate the CNS, quickly becoming
IBA1+ (Ajami et al., 2011). Therefore, it may be possible to identify whether there are infiltrating
monocytes by assessing for the presence of CD45+, IBA1- cells. Based off initial observation there does
appear to be the presence of CD45+, IBA1- cells (Figure 3.15). Quantitative analysis was not performed
as CD45 labelling was not considered reliable enough to make cell counts meaningful.

In addition to the antibodies described in the previous paragraph, I also attempted to use anti-Sall1
(specific to microglia) (Buttgereit et al., 2016), anti-CD11b/anti-Mac-1 (a marker of microglia and
macrophages) (Jeong et al., 2013) and CD40 (a marker of activated microglia) (Cao et al., 2009).
However, optimisation of these antibodies for reliable labelling was not successful. Werner et al. (2020)
report a Cxcr4-CreER mouse line which differentiates haematopoietic stem cell derived macrophages
from microglia in combination with a GFP reporter. While not useable in combination with the S10Myrf model the authors identify a suitable candidate for labelling to identify peripherally infiltrating
immune cells which would be a valuable tool for the field. Another alternative method for identification
of peripherally derived myeloid cells would be the use of indocyanine green dye injection (Sim et al.,
2015). While not proven to label myeloid cells within the mouse brain it may be a promising approach
for identifying peripheral immune infiltration. Aside from these novel techniques there are no reliable
labelling methodologies for differentiating microglia versus peripherally derived macrophages
(Koeniger and Kuerten, 2017).

An increase in phagocytic cells might be the cause of the worsening phenotype and
demyelination
S10-Myrf mice develop a much worse phenotype between 5 and 7 weeks post-induction and the
demyelination at 7 weeks post-induction is qualitatively much more marked than at 5 weeks postinduction. The density of Plp+ OLs is not significantly lower in S10-Myrf(7wk) Cre-positive mice than
in S10-Myrf(5wk) Cre-positive mice, indicating this change is not directly driven by OL death (see
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Figure 3.17 for direct comparison). Phagocytic cells greatly increase in number from 5 to 7 weeks postinduction and these cells have been shown to be actively phagocytosing (Figure 3.14) and may be the
cause of this increased demyelination.

There are two potential causes of an immune-mediated worsening of demyelination from 5-7 weeks
post-induction. Either there is infiltration of macrophages which cause the great increase in phagocytic
cell numbers, or the profile of microglia changes and there is substantial proliferation and activation of
these cells. Staining demonstrated the presence of macrophages in the CNS though their overall
contribution is unclear. Cre-positive S10-Myrf(7wk) mice have an increase in percentage of IBA1+
cells which are CD68+ compared to Cre-negative animals, indicating a change in balance of activated
versus non-activated microglia. Possibly this activated response may have become predominant by 7
weeks post-induction and become deleterious. There is debate in the literature about the exact role of
microglia in demyelination generally, with several studies indicating pro-remyelination properties
(Lloyd et al., 2019), and others indicating a negative phenotype associated with inappropriate microglial
activation (Traka et al., 2016). Whether microglia are beneficial or deleterious in the response to
demyelination is likely to be context dependant and it is possible that the CNS immune response to be
the cause of worsening demyelination from 5 to 7 weeks post-induction in S10-Myrf animals.
Phagocytic cells, either microglia or macrophages (CNS or peripherally derived) seem to be involved
in the severely worsening demyelination of S10-Myrf mice from 5 to 7 weeks post-induction.

SLIM cellular analysis of S10-Myrf 7-week timepoint cortex
SLIM analysis and quantification of cells was also performed in the cerebral cortex. This showed an
increase in the average interior dry mass of each cell S10-Myrf(7wk) animals compared to control
(0.041 vs 0.073 pg) and the cell count (1152 vs 2366 cells/mm2) but a decrease in the mean area of each
cell (72.17 vs 55.30 µm2). As with the SVZ the increase in interior dry mass and cell count potentially
indicates a phagocytic inflammatory process. Only one animal was analysed per group with 10
measures performed per animal, so more data is needed to draw conclusions. Nevertheless, there seems
to be pathology in the cerebral cortex of these animals as well as that which has already been described
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in the CC and SCWM. I have not investigated cortical pathology elsewhere in this thesis but exploration
of OL pathology in the cortex would be an interesting avenue of research as OLs make up approximately
25% of cells in the cerebral cortex (Valério-Gomes et al., 2018).

S10-Myrf model – comparison over time – eriochrome cyanine
Eriochrome cyanine staining at each timepoint has already been discussed but putting these side by side
allows for visual inspection of myelination changes over the time-course of the model. While a
consistent stain methodology was used, the nature of the staining protocol with subjective timings for
two stages means that direct quantitative comparison of sections not stained on the same slide is invalid.
Nevertheless, qualitative comparison can be useful. As can be seen in Figure 3.16 there may be initial
demyelination at 3 weeks post-induction. By 5 weeks post-induction there is clear demyelination and
at 7 weeks post-induction demyelination is severe. This time-course is consistent with the phenotype
displayed by Cre-positive animals. Staining at 5 weeks represents the level of demyelination required
for the initial phenotype to become apparent. It is remarkable that demyelination needs to be so obvious
before pathological behaviour is detected. Other models also show remarkable function even with
considerable demyelination, for example, Tubb4a mutant rats (‘taiep rat’) and the Shi mouse model
(Doolittle and Schweikart, 1977; Duncan et al., 2017). The latter have practically no myelin yet survive
for approximately 10 weeks with a worsening demyelination phenotype including tremor and seizures.

Nevertheless, it is unlikely that myelin loss can be tolerated without deleterious effects on brain function
at some level. Closer examination, using more demanding physical or cognitive tests may detect
differences at earlier time points. It may also be possible that loss of recently formed myelin may cause
the loss of newly learned skills, as OLPs are known to be necessary for motor skill learning (McKenzie
et al., 2014). However, this could not be pursued within this thesis.
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Figure 3.16. Comparison of S10-Myrf mice eriochrome cyanine staining over time A) Example
eriochrome cyanine images from control (top-left), S10-Myrf(3wk) (top-right), S10-Myrf(5wk)
(bottom-left) and S10-Myrf(7wk) (bottom-right). There is already clear demyelination at 5 weeks
post-tamoxifen and by 7 weeks this demyelination is marked.

S10-Myrf model – comparison over time – cell number quantification
The cell counts for each time point are presented together for comparison in Figure 3.17. By assessing
these counts over time various trends become clear. It is important to note that multiple animal cohorts
were used to generate statistically meaningful comparisons at each timepoint. By routinely applying
the same methodology both with regards to the animals and to histology protocols following perfusion
any variation across cohorts should be minimised but cannot be eliminated.

YFP+ and Plp+ OLs show a similar pattern of reduction over the time course of the model. YFP+ cells
include Plp- OLPs as well as Plp+ mature OLs. The reduction in both mature OLs and OLs generally,
appears to be consistent with the majority of the reduction occurring by 5 weeks post-induction with a
slowed rate of reduction from 5 to 7 weeks post-tamoxifen. This indicates that recombined cells are
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undergoing cell death predominantly during the first 5 weeks following recombination. Demyelination
as revealed by eriochrome cyanine, as well as motor phenotype, both lag behind the reduction in number
of mature OLs. Both demyelination by eriochrome cyanine staining and the phenotype of the mice only
become clear at 5 weeks post-induction and then severely worsen until 7 weeks post-induction, while
Plp+ cells and YFP+ cells decline in number little, if at all, during this period.

The reduction in YFP+ OLs is driven by the reduction in number of Plp+ OLs which make up the
majority of OLs. In fact, there is an increase in the number of PDGFRα+ cells from 3 weeks postinduction onwards. At 7 weeks post-induction there is also an increased number of Bmp4 newly formed
OLs, corroborating the PDGFRα+ cell counts. Myrf-deficient OLPs are capable of division but are not
able to differentiate, survive and myelinate (Emery et al., 2009). Therefore the increase in number of
OLPs may be the result of futile division of recombined cells. Alternatively, some of the increased
number of OLPs might be derived from unrecombined neural stem cells that are known to reside around
the SVZ and the meningeal layer (Dang et al., 2019).

The increase in OLPs, regardless of their origin, is a homeostatic response to demyelination, with a
greater increase in OLPs seen at 5- and 7-weeks post-induction when demyelination is substantial. This
response have been previous reported in demyelinating mouse mutants such as Jimpy (a Plp mutation)
(Naruse et al., 2018; Phillips, 1954; Skoff and Said Ghandour, 1995).

Inflammatory cell numbers (either microglia or macrophages identified by IBA1 labelling or astrocytes
shown by GFAP labelling) increase steadily with demyelination up to 5 weeks post-induction.
However, between 5- and 7-weeks post-induction a threshold appears to be reached whereby the number
of IBA1+ cells increases dramatically from 4 times to 20 times as many as in CC and SCWM of Crenegative controls. Immune cells are required for clearance of myelin and cellular debris resulting from
OL cell death, with myelin fragments being gradually released within the non-pathogenic CNS
(Safaiyan et al., 2016). Immunolabelling of S10-Myrf(7wk) animals showed macrophages to be present
as well as microglia. These macrophages might be CNS derived or the BBB might have become
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permeable, as in MS, allowing entry of macrophages from the periphery (Kierdorf et al., 2019; Kirk et
al., 2003).

The marked increase in inflammatory cells from 5 to 7 weeks post-induction might explain why
demyelination and motor phenotype increase substantially over this period, while there is no evidence
of a reduction in OLs. Figure 3.14 showed there to be an increase in the proportion of IBA1+ cells
which are phagocytosing in demyelinating mice at the 7-week post-induction timepoint compared to
control. There is substantially more phagocytosis occurring in brains of animals at 7-weeks postinduction than at 3 or even 5 weeks as a result of the substantial increase in IBA1+ cells. This may
represent a loss of control of the inflammatory response between 5- and 7-weeks post-induction, and
this “runaway” response might be responsible for at least part of the phenotype.
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Figure 3.17. Summary of S10-Myrf mice immunohistochemistry and ISH cellular labelling.
Immunohistochemistry (YFP, PDGFRα, OLIG2, IBA1 and GFAP) and ISH (Plp) of OL and
inflammatory cell numbers in S10-Myrf animals across all three timepoints. Mature OLs and OLs
overall decrease in number steadily at 3 and 5 weeks post-induction. There was no statistical evidence
of a reduction in OL numbers from 5 to 7 weeks post-induction. PDGFRα+ OLPs are increased in
number at 5 weeks and increased further at 7 weeks post-induction but are only a small contribution to
overall OL numbers. IBA1+ microglia and macrophages increase steadily in number at the first two
timepoints but then undergo a substantial increase at 7 weeks post-induction. The amount of GFAP+
astrocytes labelling has a similar pattern with a less substantial increase at 7 weeks post-induction.
Sample sizes for each data point are provided in the figures presented for each specific timepoint. All
six antibody labels were statistically significant using a Welch’s one-way ANOVA at the *** level.
Control data points were averaged across from control animals perfused at 3, 5 and 7 weeks posttamoxifen. Asterisks above an individual bar give the significance of statistical comparison with the
previous timepoint or control, i.e. *** above a 3 weeks post-tamoxifen bar represents a *** significant
difference between control and 3 weeks post-tamoxifen on post hoc tests. Full details of statistical
methods are given in section 2.6. * p < 0.05, ** p < 0.01 and *** p < 0.001

S10-Myrf model – comparison over time – summary

I have characterised the S10-Myrf model, using three different timepoints, thirteen different
immunohistochemical labels and surveillance of animal weights and phenotype. These findings have
shown that the development of physical phenotype and the process of demyelination start slowly,
become evident around 5 weeks post-induction and progress swiftly to severe demyelination and a
debilitating phenotype by 7 weeks post-induction. There is an attempt at homeostasis through the
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proliferation of immature OLs, but this is ineffective, and the animals have to be humanely killed at 7
weeks post-induction. An inflammatory response can be seen at all time-points and seems to increase
with demyelination until 5 weeks post-induction. Between 5 and 7 weeks post-induction, there is a
substantial increase in phagocytic cells in the CNS. Macrophages invade the CNS at 7 weeks postinduction, either from CNS resident populations or from the periphery as a result of BBB permeability.
The increase in phagocytic cells occurs at the same time as a worsening phenotype, while OL cell
numbers do not change substantially during this time indicating a potential pathological role of the
inflammatory response.

3.2.2 Shiverer mouse model
The Shi mutation is an autosomal recessive loss-of-function mutation of the MBP gene (Chernoff et al.,
1974; Chernoff, 1981). MBP is the most common protein component of myelin and is critical for
compaction. MBP binds to the two adjacent cytoplasmic surfaces of the myelin membranes and rapidly
polymerises into a fibrous network providing the force for membrane compaction (Aggarwal et al.,
2013). Without functional MBP, MbpShi/Shi (Shi) mice have almost no compact central myelin from
birth, and develop a typical dysmyelination phenotype, including rapid shaking of hindlimbs and caudal
trunk during locomotion from P10-14, with occasional seizures from P30 (Bird et al., 1978; Chernoff
et al., 1974; Chernoff, 1981). The amount of compact myelin in the peripheral nervous system is normal
(Kirschner and Ganser, 1980; Privat et al., 1979). Although compact multilamellar myelin is absent,
Shi OLs form one or several loose wraps around axons, which is thought to confer some protection and
support, allowing the mice to survive for 50-100 days postnatally (Rosenbluth, 1980). Breeding of Shi
mice was performed by Dr Huiliang Li. After birth I performed all other aspects of the experimental
work.

Animals were perfusion-fixed at eight weeks old (P56), having displayed a significant phenotype
throughout their life, equivalent to grade three or four on the modified EAE clinical scoring used to
evaluate the S10-Myrf model (Koenning et al., 2012).
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Shi mouse model – histochemical characterisation
As expected, there was essentially no myelin in Shi homozygotes with no differentiation between white
and grey matter observable in terms of staining intensity. In contrast, Shi heterozygotes appeared fully
myelinated in keeping with their lack of a phenotype and the recovery of the phenotype with germline
insertion of the wildtype Mbp gene in which there is 25% of normal expression level. Example images
and quantification are shown in Figure 3.18.
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Figure 3.18. Eriochrome cyanine staining of Shi mice. A) Example eriochrome cyanine stain of
littermate Shi animals to compare Mbp Shi/+ (left) and Mbp Shi/Shi (right) animals at the perfusion date of
eight weeks of age. There is no myelination visible in Shi animals. B) Quantification of the
eriochrome cyanine stain using mean light intensity in a region of interest covering the SCWM and
CC from the lateral border of one lateral ventricle to the lateral border of the other, showed a
significant reduction in eriochrome staining in Shi animals compared to littermate controls. N.B. a
higher mean light intensity indicates less staining intensity. n=3 in both groups. * p < 0.05, ** p <
0.01 and *** p < 0.001
141

Shi mouse model – cell number quantification
Immunohistochemistry results are shown in Figure 3.19, with example confocal images in Figure 3.20.
There is an increase in numbers of both PDGFRα+ OLPs and CC1+ mature OLs in contrast to the
decreased number of Plp+ OLs caused by Myrf recombination in the S10-Myrf model. In addition to
increased cellular density the superior to inferior diameter of the CC was increased (292 ± 10µm vs 412
± 27µm p<0.001). In Shi mice the developmental myelination failure causes a proliferation of OLPs
and generation of new OLs in a futile attempt to myelinate the brain. OL number was historically
thought to be controlled by survival factors associated with or secreted by axons (Barres and Raff,
1994), though there is now evidence of other cell types being able to induce OLP proliferation (Naruse
et al., 2018). Regardless, the inability to myelinate results in an increase in overall OL number. This
means that either OLs do not die from a lack of functional Mbp to the same extent as a lack of Myrf, or
there is greater proliferative capacity to produce OLs in these younger animals to overcome the OL cell
death which is occurring.

There is also an increase in the numbers of IBA1+ microglia and amount of GFAP labelling. These
increases are similar to those seen at 5 weeks post-induction in the S10-Myrf mice. For there to still be
an inflammatory response in an animal that has never been myelinated suggests either that there is cell
death as a result of the inability to form compact myelin generating cellular debris to be cleared, or that
the failure of myelination itself can cause inflammation.

There is a significant increase in the number of Ki-67+ cells in the SCWM and CC of Shi animals. Ki67 is a protein present during all active phases of the cell cycle but absent in quiescent cells, i.e. those
in G0 or early G1, and is therefore a marker of actively proliferating cells (Figure 3.19) (Bruno and
Darzynkiewicz, 1992). Which cell population(s) that are responsible for this increase in Ki-67+ cells –
OLPs or microglia, for example – is not known.
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Figure 3.19. Immunohistochemistry of Shi mice. A) Immunohistochemistry labelling of OLPs
(PDGFRα), mature OLs (CC1), and overall cell count. There was a significant increase in PDGFRα and
CC1 which along with the increase in inflammation resulted in an increased overall cell count (DAPI).
B) Immunohistochemistry labelling of microglia/macrophages (IBA1), astrocytes (GFAP) and actively
dividing cells (KI67). Increased numbers of IBA1+ cells and GFAP labelling indicates an active
inflammatory process, with KI67 unsurprisingly being increased either as part of the inflammatory or
OL cell proliferation. n=3 for all counts with 3 sections per animal and 3 ROIs per section for a total
of 9 measurements per animal, * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 3.20. Immunohistochemistry of Shi mice – example images. A) PDGFRα immunolabelling
shows an increased number of cells in Shi animals B) CC1 immunolabelling reveals an increase in the
number of cells in Shi animals and increased size of CC C) IBA1 labelling shows an increased number
of cells and ramification in Shi animals D) GFAP labelling shows an increase in the number cells and
ramification in Shi animals. PDGFRα and GFAP labelling was performed in the 647 far-red channel.
Scale bar: 100µm
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SLIM analysis of Shi mutant mice
SLIM analysis of the SVZ was performed in the Shi model as it was in S10-Myrf(7wk) mice. There
was a greatly increased cell number in the SVZ in Shi homozygotes versus control (2295 vs 857
cells/mm2 respectively) but a decrease in the average dry mass of each cell (0.093 vs 0.157 pg
respectively). As shown by immunolabelling Shi mice have an increase in CC1+ OL density and a
greatly thickened CC and only moderate inflammation. This corroborates the SLIM data as the increase
in cell number in the SVZ would appear to be non-phagocytic cells (likely OL lineage cells) or
phagocytic cells with no cargo, given the reduction in average dry mass. Naruse et al. (2018) describe
a similar process with the generation of OLPs in the subventricular zone following focal demyelination
of the CC.

SLIM cellularity analysis of cortex of Shi mutant mice
SLIM analysis of the cellularity of the cortex was performed in the Shi model to determine if there was
any cortical pathology present. Analysis of the cortex revealed a negligible increase in the cell density
(1318 vs 1152 cells/mm2), an increase in the average dry mass of each cell (0.088 vs 0.041 pg) and a
slight decrease in the area of each cell (66.22 vs 78.21 µm2). Increased cell dry mass indicates the
presence of some phagocytic cells showing pathology was not limited to the white matter.

Shi model – summary
Shi mice have been shown to contain almost no compact myelin in their brains. This is associated with
an increased number of OLs, in contrast to S10-Myrf mice, and an inflammatory response similar to
that seen in the initial stages of the S10-Myrf model. This indicates that inflammation occurs as a
response to a failure of myelination as well as demyelination. Perhaps the inflammatory cells in Shi
homozygotes are clearing OL lineage cells that are produced in an ongoing but futile attempt to form
myelinating OLs. It seems that Shi homozygotes are a useful comparison to S10-Myrf(7wk) mice, since
there is a severe lack of myelination in both models but a much greater inflammatory response in S10-
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Myrf(7wk) mice, allowing for examination of the effect of the inflammatory component of the response
to demyelination on MRI signal.

3.2.3 Cuprizone mouse model
Cuprizone is a copper-chelating agent which selectively damages OLs, causing demyelination
(Blakemore, 1972, 1973). The exact mechanism by which this occurs and why it has specificity for
OLs is unknown (Gudi et al., 2014). Nevertheless, the cuprizone model has been widely used as a
model of demyelinating disease, mainly because of its ease of use and the ability to allow remyelination
with withdrawal of the treatment, unlike S10-Myrf which does not remyelinate, or Shi which never
forms myelin in the first place.

Animals were given 0.3% cuprizone diet at P60 for six weeks and then perfused, alongside littermate
animals maintained on normal diet. The time-course is depicted in Figure 3.21 A. At this dosage, and
time course on the C57B6J mouse background used, no phenotype or weight loss was observed.

Cuprizone mouse model – eriochrome cyanine staining
Demyelination was observed on eriochrome cyanine staining. There was an almost statistically
significant (p=0.07) decrease in staining intensity across the CC and SCWM of cuprizone animals
compared to animals given control diet (Figure 3.21 B and C). While it did not achieve statistical
significance this was likely a power issue rather than a true lack of difference. Given there is
demyelination on a macroscopic level, it is interesting that there is no overt phenotype and, superficially
at least, the mice moved and behaved normally. Taken together with my observations on S10-Myrf
mice, which do not display an overt phenotype until around 5 weeks post-induction, at which time there
is already substantial demyelination, it is clear that full myelination is not required for a mouse’s basic
behaviours, at least in lab conditions. The typical signs of “demyelination” seem better correlated with
the onset and development of CNS inflammation than loss of myelin per se.

146

6 wks.

Perfused

A

2 wks.

4 wks.

P60

Cuprizone diet

B

Control diet

C

Cuprizone diet

Mean light intensity in corpus callosum
(arbitrary units)

150
145
140
135
130
125
120
115
110
Control diet

Cuprizone diet

Figure 3.21. Experimental timeline and eriochrome cyanine staining of cuprizone mice. A)
Experimental timeline of the cuprizone model. At P60 animals were given 0.3% Cuprizone chow in
place of control diet for six weeks prior to perfusion. Littermate animals were maintained on control
chow diet and perfused on the same date B) Example eriochrome cyanine stain of littermate cuprizone
animals to compare mice given control (left) and cuprizone (right) diet. On visual inspection there is
slight demyelination. C) Quantification of the eriochrome cyanine stain using mean light intensity in
a region of interest covering the SCWM and CC from the lateral border of one lateral ventricle to the
lateral border of the other showed a near significant reduction in eriochrome staining in cuprizone
animals compared to littermate controls. N.B. a higher mean light intensity indicates less staining
intensity. n=3 in both groups. * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Cuprizone mouse model – cell number quantification
Immunohistochemistry was carried out to analyse cellular pathology (Figures 3.22 and 3.23). Unlike
S10-Myrf and Shi, there was no apparent increase in the number of PDGFRα+ OLPs in cuprizonetreated mice. CC1+ cells were dramatically reduced in number in cuprizone diet animals compared to
control. Interestingly this is the only instance where there is no increase in immature OLs associated
with a decrease in mature OLs, indicating that cuprizone is likely to be causing cell death at all stages
of the OL lineage unlike the S10-Myrf and Shi models.

As in both S10-Myrf and Shi, IBA1+ microglia and GFAP+ labelling is increased in cuprizone-treated
mice. This response closely resembles the inflammatory response seen at the 3- and 5-week timepoints
in the S10-Myrf model and the inflammation seen in the Shi model, with an increase of approximately
2.5-fold in the number of IBA1+ cells. The reduction in OLs caused a reduction in the cellularity of the
CC and SCWM, in contrast to the S10-Myrf and Shi models in which cellularity was increased. Finally,
the number of Ki-67+ cells is significantly increased. As there is no evidence of an increase in OLP
numbers this increase is likely to reflect the increased number of microglia.
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Figure 3.22. Immunohistochemistry labelling of cuprizone mice. A) Immunohistochemistry
labelling of OLPs (PDGFRα), mature OLs (CC1), and overall cell count. There was no significant
difference in PDGFRα but a statistically significant decrease in CC1 count with cuprizone diet. B)
Immunohistochemistry labelling of microglia (IBA1), astrocytes (GFAP) and actively dividing cells (Ki67). There was a significant increase in both inflammatory markers. KI67 was also increased. * p <
0.05, ** p < 0.01 and *** p < 0.001.
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Figure 3.23. Immunohistochemistry labelling of mice administered cuprizone diet – example
images. A) PDGFRα labelling shows no difference in the number of cells B) CC1 labelling reveals a
reduction in the number of cells in animals given cuprizone diet C) IBA1 labelling shows an increased
number of cells and ramification in animals given cuprizone diet D) GFAP labelling shows an increase
in the number cells and ramification in animals given cuprizone diet. Note: PDGFRα and GFAP
labelling was performed in the 647 channel and subsequently assigned false colours in the visual
spectrum.
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SLIM cellularity analysis of SVZ of cuprizone administered animals
SLIM analysis of the cellularity of the SVZ was performed in the cuprizone model as in the S10Myrf(7wk) and Shi mice. Analysis of the SVZ revealed a slight increase in cell number (from 857 to
1078 cells/ mm2) in the SVZ, a slight decrease in the average dry mass (0.16 vs 0.13 pg) and mean area
(78.3 vs 76.9 µm2) of each cell in control versus cuprizone diet treated animals. As in the Shi model
the increased cellularity with a reduction in average dry mass of each cell suggesting that the cells
responsible might be parenchymal OLPs (‘oligodendroblasts’) as described in Kazanis et al. (2017).
But the differences in measurements are minimal and a sample size of one means that all can be said is
that SLIM can detect no obvious pathology in the SVZ of these animals.

Cuprizone model summary
Cuprizone is a pharmacological cause of demyelination used in genetically identical mice in contrast to
the genetic models examined so far. Results of cuprizone treatment were a statistically significant
demyelination which caused no obvious behavioural phenotype. Unlike the previous two models there
was no increase in the number of OLPs, indicating that cuprizone is toxic to all developmental stages
of the OL lineage. Consistent with this, there was an overall reduction in the number of cells in the CC.
As in the previous models there was a substantial reduction in the number of mature OLs, and a
moderate inflammatory reaction in line with the S10-Myrf 3- and 5-week timepoints and Shi model,
indicating that peripheral infiltration is unlikely [unlike S10-Myrf(7wk)].

3.2.4 OpaliniCreERT2:Myrf(fl/fl):Rosa26-eYFP model
Opalin, also called transmembrane protein 10, is a transmembrane glycoprotein expressed by OLs but
not myelinating cells of the peripheral nervous system.

Opalin is expressed soon after OLP

differentiation and is thought to be important in the structure of paranodal myelin loops (De Faria et al.,
2019; Yoshikawa et al., 2008). Opalin-Myrf differs from S10-Myrf in that recombination occurs solely
in mature myelinating OLs (since OLs but not OLPs express Opalin). Therefore remyelination is
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possible as OLPs will be unaffected in contrast to S10-Myrf where all stages of the OL lineage will
express Cre (though OLs are unaffected until the expression of Myrf).

Opalin-Myrf animals were administered tamoxifen for induction over four days at P100 and then
perfused 7 weeks later. Over this period mice did not display any phenotype or weight loss unlike in
the S10-Myrf model. The experimental timeline is summarised in Figure 3.24.

Opalin-Myrf model – eriochrome cyanine staining
Eriochrome cyanine staining was used to determine if there was any demyelination occurring in these
animals. Surprisingly, given the absence of a phenotype, there was a clear and statistically significant
decrease in eriochrome cyanine staining in homo floxed animals compared to the het floxed controls
(Figure 3.24). The other feature which was obvious on visual inspection of the homo floxed animals
was a thickening of the SCWM and CC which is greater than that which can be accounted for by
perfusion differences or other artefacts (276 ± 27.4µm vs 369 ± 19.5µm p<0.01). Finally, as in the S10Myrf model demyelination appears to predominantly affect medial aspects of the CC. This therefore
seems to be a consistent effect related to cell properties in these areas.
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Figure 3.24. Experimental timeline and eriochrome cyanine staining of Opalin-Myrf mice. A)
Experimental timeline of the Opalin-Myrf model. At P100 animals were induced with four consecutive
days of tamoxifen administration. Animals were closely observed and weighed for signs of a
phenotype and then perfused at 7 weeks post-induction. B) Example eriochrome cyanine stain of
littermate Opalin-Myrf animals comparing control Opalin-Myrf het floxed (left) and Opalin-Myrf
homo floxed (right) animals. On visual inspection there is a clear demyelination and thickening of the
CC. C) Quantification of the eriochrome cyanine stain using mean light intensity. The region of
interest covered the SCWM and CC from the lateral border of one lateral ventricle to the lateral border
of the other showed a significant reduction in eriochrome staining in Myrf homo floxed versus control
het floxed animals compared to littermate controls. n=3 * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Opalin-Myrf model – cell number quantification
Immunolabelling for OLs was performed to determine why these mice did not display a phenotype
observable using the clinical scoring system used in this thesis, despite significant demyelination.
Results of cell counts obtained following immunolabelling are given in Figure 3.25 with example
confocal microscopy images in Figure 3.26. As this model is novel it is important to know how effective
recombination is in these mice. In wild-type mice OLs are known to have extreme longevity with little
change in the number of Opalin+ YFP+ OLs over time (Tripathi et al., 2017). A recently developed
Opalin antibody showed a similar distribution to Plp positive cells which in turn is similar to the
distribution of CC1+ cells and therefore the number of recombined cells (i.e. Opalin+ cells) should be
relatively similar to the number of CC1+ cells in the case of 100% recombination efficiency (De Faria
et al., 2019). Additional unpublished data shows a high degree of overlap of CC1 and Opalin driven
recombination (Tripathi, R; Unpublished). Therefore the 36.7% ± 2.5 of CC1+ cells which are YFP+ at
7 weeks post-induction in control animals is an accurate estimate of the true recombination rate. This
relatively low rate of recombination is in line with other studies using the Opalin-iCreERT2 (Tripathi et
al., 2017) and may explain the lack of a phenotype in these mice as only a relatively small number of
OLs are affected.

Despite the low recombination rate there was a significant reduction in the number of both CC1+ mature
OLs and the overall number of OL lineage cells revealed by OLIG2 immunolabelling in homo floxed
mice. Given the demyelination seen in eriochrome cyanine staining the loss of OLs is unsurprising.
All counts represent cell density. Given that the SCWM and CC are increased in thickness in homo
floxed animals relative to control the overall reduction in OLs is not as large as shown in Figure 3.25.
Once this is considered the absence of a phenotype is less surprising as there may be enough myelination
over the SCWM and CC to prevent an overt motor phenotype.

154

A

3000
2500

Cells per mm2

2000
1500
1000
500
0
DAPI

YFP

Cre+ Myrf(fl/+)

CC1

Olig2

Cre+ Myrf(fl/fl)

Figure 3.24. Immunohistochemistry labelling of Opalin-Myrf mice. A) Immunohistochemistry
labelling of all cells (DAPI), recombined cells (YFP), mature OLs (CC1) and all OLs (OLIG2). There was
no significant difference in PDGFRα but a statistically significant decrease in CC1 count with cuprizone
diet. n=3 * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 3.26. Immunohistochemistry labelling of Opalin-Myrf mice – example images. A) CC1
labelling with a reduction in the cell density in Myrf(fl/fl) animals. B) OLIG2 labelling shows a reduction
in the cell density in Myrf(fl/fl) animals. Scale bar: 100 µm.
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Time constraints prevented immunolabelling for inflammatory cell markers. However, given there are
~500 fewer OLs per mm2 in homo floxed animals but no change in overall cell number there is almost
certainly an increase in inflammatory cell numbers. This would be in line with all results found in
previous models and there are no other cell types to explain the lack of difference in overall cell density.

As in previous examples of demyelination without an observed phenotype it is possible there is a subtle
motor and/or cognitive phenotype. It would be interesting to determine what effect on motor learning
and memory this level of demyelination causes. While these mice appear to function well, when
presented with a challenge which is known to require active myelination such as motor learning, their
loss of myelin may mean they are unable to meet this as effectively as normally myelinated animals
(McKenzie et al., 2014; Xiao et al., 2016). Memory is also thought to be myelin dependant and therefore
in an analogous way Opalin-Myrf animals may not perform as well on memory related tasks (e.g. T or
radial maze) as normally myelinated animals (Sampaio-Baptista and Johansen-Berg, 2017; Scholz et
al., 2009). In addition to learning paradigms the actual encoding of memories has always been a holy
grail of neuroscience. It may be possible that myelination at least partly preserves already learned skills.
By inducing recombination of OLs shortly after the learning of a skill, such as the complex running
wheel, it may be possible that the mice unlearn this.

Opalin-Myrf model – summary
Opalin-Myrf mice are an interesting comparison to the S10-Myrf model, in that OLPs are unaffected
and therefore remyelination is possible. In Opalin-Myrf animals the area of the CC and SCWM appears
to be increased. Therefore, while the cell density of mature OLs is severely reduced the total number
of OLs within the CC and SCWM will not be reduced to the same extent. This means that the
demyelination at a cellular level may not be as bad as cellular density indicates and may be why these
animals do not display a clinically observable phenotype.

There are 745 cells per mm2 in the SCWM and CC which are OLIG2- and are likely to represent a
moderate inflammatory response to demyelination in these animals as well, which means that in every
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model and at every timepoint there is an inflammatory response to de- and dysmyelination of various
aetiologies.

Only a superficial examination of the Opalin-Myrf model was possible because of time constraints,
which has severely limited the conclusions which are possible from this model. Further data from the
model would have been informative. For example, while I have inferred the presence of inflammatory
cells in these mice based on subtracting other cell counts, quantifying these cells would have been
beneficial and would have provided further evidence for the inherent nature of inflammation in response
to demyelination. Further to this the Opalin-Myrf model is interesting as it mirrors the Plp-Myrf model
reported in Koenning et al. (2012) as only mature OLs are affected in both models. Assessing whether
these mice could recover to complete myelination would have been an interesting avenue of research
to pursue by simply perfusing animals several months after administration of tamoxifen. It would be
hypothesised that the animals would recover to an almost fully myelinated state as in the comparable
model of Koenning et al. (2012).
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3.3 Discussion
The four models have been discussed in detail individually. I now summarise and then compare the
information provided to give an overview of the distinctive features of each model. All comparable
cell counts have been summarised in Figure 3.27. A table summarising the findings in all four models
is provided below (Table 3.3):

Table 3.3. Summary of immunohistochemistry and in situ hybridisation performed in mouse
models of demyelination A) The cell counts presented in previous figures are summarised here. Note
that differences have been ascribed a number of arrows, either pointing up to represent an increase
relative to control, or down to represent a decrease. Generally, the number of arrows is on a scale of
1-5 where 1 arrow represents the smallest change reliably detectable and 5 represents what is
considered the largest change possible in an animal. The number of arrows is meant to represent the
data as best possible, however for accurate representations refer to the relevant Figures. Arrows do
not necessarily depict statistically significant differences.
S10-Myrf mice were assessed at three different timepoints. At 3 weeks post-induction the animals have
yet to display any gross motor phenotype or weight loss. There was no statistically identifiable
difference on eriochrome cyanine staining, suggesting that significant demyelination has yet to be
initiated. Cellular labelling showed a reduced number of mature OLs and a clear inflammatory
response.
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The initial phenotype in S10-Myrf mice was observed at 5 weeks post-tamoxifen. At 5 weeks postinduction there is a clear reduction in eriochrome cyanine staining. The numbers of OLPs are increased
and the number of mature OLs are further decreased compared to the 3-week time point, in line with
worsening demyelination. Numbers of microglia and astrocytes are moderately increased again.

The motor phenotype is severe in S10-Myrf(7wk) mice with an intention tremor, substantial hindlimb
instability and ataxia. OLPs are again further increased but the number of mature OLs is actually not
significantly different from the 5-week timepoint indicating a slowing of the OL effect. IBA1+ cells at
this timepoint have increased to 5 times more than S10-Myrf(5wk) mice. Macrophages are present and
may contribute to this markedly increased number of IBA1+ cells. These macrophages are either
derived from specific CNS niches or outside the CNS. The amount of GFAP labelling increases in a
similar fashion, likely as a response to the increasing dysregulation in the brains of these animals.

The major features of interest in the S10-Myrf model are that there is significant OL loss before either
a reduction in observable myelination or the appearance of a gross motor phenotype. This suggests
myelin itself might out-live the OL cell body that produced it and preserve motor function while in the
“non-living” state, or that those still living OLs are able to increase their myelination capability to make
up for some OL death. Newly formed OLs and myelin are required for learning and memory in rodents
(McKenzie et al., 2014; Sampaio-Baptista et al., 2013); deficiencies in learning and memory may be an
indicator of OL dysfunction prior to overt manifestation, something which may be relevant to many
human neurological diseases. Proliferation of inflammatory cells happens prior to the appearance of
any phenotype. There is a controlled increase in inflammatory cells until a threshold is reached,
probably caused by the BBB becoming permeable, allowing the infiltration of macrophages. At this
point there is a considerable increase in IBA1+ cell numbers. OL number does not change over this
time indicating that IBA1+ cells are responsible for the severe worsening of the phenotype from 5 to 7
weeks post-induction, potentially through pathological phagocytosis of myelin. This process appears
similar to the late onset T cell infiltration reported by Traka et al. (2016), which resulted in fatal myelin
loss following an initial phase of OL loss and was associated with autoimmunity to MOG.
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The spontaneous Shi mutation was compared to the other models of demyelination. In fact, it is more
accurate to describe it as a model of dys- or hypomyelination rather than demyelination as these animals
never successfully myelinate. The phenotype seen in this model are remarkably similar to the more
extreme phenotype in S10-Myrf(7wk) animals, with intention tremor, hindlimb weakness and ataxia.
There is a remarkable lack of myelination with essentially no myelin observable on eriochrome cyanine
staining. As in the S10-Myrf model there is an increase in the number of PDGFRα+ cells, however in
contrast to the S10-Myrf model there is an increase not a decrease in the number of mature OLs. It
therefore seems that with an Mbp mutation OLPs do not undergo apoptosis to the same extent as with
Myrf recombination, but as with S10-Myrf OLPs cells cannot myelinate once differentiated. In Shi
there is moderate inflammation both in terms of microglia and astrocytes but there does not seem to be
any sign of the substantial increase in inflammatory cells seen in S10-Myrf(7wk) mice. There is a
significant increase in cellularity in the SCWM and CC because of both the increase in OL and
inflammatory cell numbers.

The cuprizone model was a pharmacological based alternative to the genetic models. In these animals
we do not observe any phenotype and relatively mild demyelination. There was a trend towards a
decreased number of PDGFRα+ cells, which is in contrast to the increase seen in all other models. There
is also a decrease in mature OLs. These findings would be in line with the drug having a deleterious
action across all stages of the OL lineage. Even in this relatively mild model there is an increase in
inflammatory cells on a par with that seen in S10-Myrf(5wk) or Shi, though not the substantial increase
seen in S10-Myrf(7wk) mice.

The final model characterised is the Opalin-Myrf model in which there is recombination of Myrf as in
the S10-Myrf model but only in mature, myelinating OLs. There was no phenotype observed in these
animals, however there was a significant reduction in eriochrome cyanine staining indicating that
demyelination had occurred. Immunohistochemistry revealed that there was a reduction in the density
of mature OLs by ~25% and thickening of the CC and SCWM suggests inflammation although time
constraints prevented me from confirming this by immunolabelling. Thickening of the white matter
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means that the absolute reduction in OL number is less than that shown by cell density measurement
and may explain the lack of a phenotype.

Given that there is a consistent inflammatory response in all models despite their various aetiological
differences, inflammation appears to be an inherent aspect of demyelination and should always be
considered in its investigation.

Another intriguing finding is the lack of a gross motor phenotype even with what appears to be fairly
substantial demyelinating pathology, as in the Opalin-Myrf model, cuprizone model, S10-Myrf(3wk)
animals and the mild phenotype of S10-Myrf(5wk) mice. While it is possible that more subtle motor
tests would elicit a phenotype at lower levels of demyelination there are no clear motor impairments
that are a threat to survival in animals with substantial demyelination across four different models. In
recent years myelin has been accepted as necessary for learning and memory (McKenzie et al., 2014;
Sampaio-Baptista and Johansen-Berg, 2017; Sampaio-Baptista et al., 2013). Investigation of learning
and memory deficits in these animals would be an interesting direction for future research.

Finally, there seems to be an increase in OLPs in response to demyelination, except for the cuprizone
model in which OLPs are directly affected themselves. The obvious explanation is that an increase in
OLP proliferation is a homeostatic response to the death of mature OLs. However, the increase in OLP
number also correlates with the increase in microglial numbers. There has been a recent study showing
that microglial activation induces OLP proliferation in response to focal demyelination (Naruse et al.,
2018). The increase in PDGFRα+ OLPs could be partially regulated by microglial activity. The
exploration of this relationship between inflammatory cells and de- and remyelination is what I describe
in Chapter 5. Cell counts comparable across multiple models have been summarised in Figure 3.27.
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Figure 3.27. Summary of immunohistochemistry and ISH performed in various models of demyelination. A) OL cell counts presented in previous figures
are summarised here. Cell counts are given relative to their specific control, i.e. S10-Myrf(5wk) counts are relevant to Cre-negative littermate controls as
given in Figure 3.7. Note, for YFP cell counts S10-Myrf controls were Cre-negative and therefore did not have YFP. Counts of S10-Myrf(5wk) and S10-Myrf(7wk)
animals are given relative to S10-Myrf(3wk) Cre-positive animals. S10-Myrf mice were labelled for Plp whereas Shi, cuprizone diet and Opalin-Myrf mice were
labelled for CC1 for technical reasons. Numbers are given relative their control which used the same labelling method. Statistical comparisons and sample
sizes have been provided in the specific sections for each model. B) Inflammatory marker labelling presented in previous figures are summarised here. Cell
counts are given relative to their specific control. Note the marked increase in IBA1+ cells in S10-Myrf(7wk) animals relative to all other models and timepoints
of the S10-Myrf model. Statistical comparisons and sample sizes have been provided in the specific sections for each model.
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Chapter Four - How does de- or dysmyelination
affect diffusion MRI?
4.1 Introduction
What differences in DWMRI signal mean at a cellular level is not known. The hypothesis that changes
in DWMRI signal are caused by movement of water from the extracellular to intracellular space
(restricted diffusion) or the reverse (unhindered diffusion), is principally based on evidence from
experiments performed by Michael Moseley in the late 1980’s (Moseley et al., 1990).

These

experiments did not involve histological analysis and, in the interim, definitive histological comparison
to DWMRI has not been performed.

By experimentally inducing dys- or demyelination in a model organism (mice) we might be able to
begin to investigate whether myelin alterations underlie DWMRI signal changes. In addition, we might
obtain useful information on the sensitivity of MRI signal changes to dysmyelination. The results may
allow for more reliable MRI markers of de- and dysmyelination to be identified, through comparison
of different measures provided by DWMRI.

In this chapter I describe the process of DWMRI sequence optimisation and acquisition. I then present
the results of DWMRI scans in four different models of dysmyelination, with in vivo and post-mortem
data. I compare the results of DWMRI measures in the different models, along with the histology of
each model to provide clues to the cellular correlates of DWMRI signal. I refer to the basic histological
characteristics of each model, however, those results are discussed in detail in Chapter 3 with a summary
in Figure 3.27.

The main purpose of this experiment was to assess changes in DWMRI signal with de/dysmyelination.
While some of the main factors which cause DWMRI signal change are generally known their exact
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contributions are unclear. It was expected that the changes in DWMRI signal would correlate well with
demyelination across timepoints in the S10-Myrf model. In addition there may be confounders which
could be assessed by their presence or lack thereof in the different models.

4.2 Results
4.2.1 In vivo DWMRI scanning – Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP
Sequence optimisation
The initial experimental plan was to perform in vivo DWMRI scanning of S10-Myrf animals at 5 weeks
post-tamoxifen [S10-Myrf(5wk)].

This timepoint was chosen based on previous data from our

laboratory, which suggested that marked demyelination was present at 5 weeks post-induction
(McKenzie et al. 2014). S10-Myrf(5wk) animals were scanned, with four Cre-positive animals and
four Cre-negative controls. Initial scans were done to optimise the sequence. These scans were done
to test which parameters gave the best signal-to-noise ratio (SNR) while still being feasible in terms of
total time.

In vivo scans were performed on a Varian 9.4 Tesla MRI scanner. Two scan sequences were planned.
The first was a two HARDI shell sequence, which would allow for traditional DTI measures, as well as
SMT processing to resolve neurite orientation confounding issues. An EPI multi-shot spin-echo
sequence was used for this with b values of 1000 s/mm2 and 3000 s/mm2 for the two shells. 53 directions
and seven b0 images were acquired per shell, giving a total of 120 images. A δ of 6 ms and Δ of 12 ms
was used for each shell. The gradient strength was altered to create the desired b values, using a gradient
strength of 197 mT/m for the b value of 1000 s/mm2, and 341 mT/m for the b value of 3000 s/mm2. See
section 1.7.8-17 for a description of EPI, spin echo, DWI and SMT.

To achieve an acceptable SNR a single 1 mm slice in the mid-sagittal plane was acquired with an
anisotropic resolution of 0.25 mm in the read out, and 0.125 mm in the phase encoding directions. A
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scout sequence was used to plan the orientation of the mid-sagittal slice, which I selected, as close to
the midline as possible.

Given the above parameters, the minimum echo time possible was chosen, which was 33.97 ms.
Repetition time was then chosen as a compromise between SNR and scan time, with a TR of 1000 ms
being acceptable. Eight shots with three averages were used giving a scan time of 32 minutes per shell.

A second sequence designed to investigate diffusion at longer times was also used. This involved a
stimulated echo sequence in which multiple repetitions with varying mixing times were used. For the
purpose of this explanation each repetition will be called an “arm”. For each arm the time to echo (TE)
(28.2 ms), time to repetition (TR) (2000 ms), δ (3 ms) and Δ (mixing time + 7.488 ms) were all kept at
fixed values. Note that while Δ is nominally fixed at 7.488 ms, the effective Δ will increase as the
mixing time is increased. The mixing time between gradients was changed for each arm, with the first
arm at 15 ms the second at 50 ms and then going up in increments of 50 ms until 700 ms was reached,
for a total of 15 arms. The gradient value was reciprocally chosen to maintain the b value at 1000
s/mm2, ranging from 268.7 mT/m for 15 ms mixing time, to 46.9 mT/m for a mixing time of 700 ms.
Note that while Δ is nominally fixed at 7.488 ms, the effective Δ will increase as the mixing time is
increased meaning that the b value would increase if gradient strength were not reduced. For each arm
three perpendicular gradient directions were acquired, with one b0 image. Slice planning and resolution
was identical for the two-shell spin echo sequence and the multi-arm sequence with scans run back to
back on the same animal.

Acquiring both sequences meant some compromises were necessary to keep the total scan time within
realistic limits. With the setup time required, approximately 2.5 hours of scan time was achievable per
animal. The principal compromise required was the slice thickness of 1 mm which was necessary to
boost the SNR per unit scanning time. Any given sequence has a maximal achievable SNR per unit
scanning time assuming optimal conditions, which is then modified by the resolution. Therefore, when
the scanning time is limited either the resolution or SNR is impacted with compromise between the two
required for both to be acceptable.
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Preliminary in vivo scanning experiments
I acquired all data and sent it to Enrico Kaden (CMIC, UCL) who processed the data and then sent me
the NIFTI files for quantification and interpretation. There were no observable differences in two shell
DTI signal between the Cre-positive and Cre-negative S10-Myrf(5wk) animals in any of the markers
outputted from the image analysis. Example images with heatmap scaling of FA, with motion and
Rician noise correction (use of Rician rather than Gaussian distribution for estimation of noise signal)
are given, alongside quantification of the signal in a ROI designed to measure signal in the CC in Figure
4.1.
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Figure 4.1. In vivo DWMRI fractional anisotropy results. A) Example images from 5-week postinduction S10-Myrf animal (right) and control (left). Images given are FA with motion and Rician
noise correction performed. While this was only one measure given in analysis, there was no obvious
difference in any of the different measures. The positions of major white matter tracts are illustrated in
the line drawing. B) Quantification of FA images did not reveal any difference between Cre-negative
and Cre-positive animals. Signal was quantified using ImageJ within the indicated boundary. n=4 with
one ROI per animal. (D – dorsal, V – ventral, R – rostral, C – caudal)
Image J software was used to outline the white matter tracts of interest and to quantify pixel intensity
within them. Relative FA was calculated in arbitrary units.

The absence of measurable FA differences in S10-Myrf(5wk) mice was surprising, so histology was
performed to assess myelination, using eriochrome cyanine staining. While some demyelination was
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observed in S10-Myrf(5wk) mice it was less than expected from previous data (McKenzie et al. (2014).
At five weeks post-tamoxifen, a motor phenotype is only just observable (McKenzie et al. (2014)),
which is in keeping with the phenotype I observed and eriochrome cyanine is a somewhat subjective
stain. Therefore, I performed post-mortem scanning of S10-Myrf animals at both 5- and 7-weeks postinduction. By performing post-mortem scans resolution could be increased and any motion artefact
would be removed, which may have been confounding the in-vivo results. The three other mouse
models of demyelination assessed in Chapter 3 were scanned to provide histologically validated
comparison data. For the detailed results of histological analysis refer to Chapter 3.

While it was hoped that performing ex-vivo scanning would ameliorate some of the difficulties
associated with in vivo scanning there are different challenges associated with using fixed, ex-vivo
tissue. Formaldehyde fixation of tissue causes cross-link formation between proteins (Thavarajah et al.,
2012). Formation of these cross-links reduces the T1 and T2 relaxation times of water in tissue (Dawe
et al., 2009; Raman et al., 2017). The reduction in T2 relation time is recovered by washing in PBS, a
method which I used (Shepherd et al., 2009). Recent studies have not found a substantial effect on FA
and MD, the two principle DWMRI measures used in this thesis, however an effect on these biomarkers
cannot be ruled out (Shatil et al., 2018).

Ex-vivo MRI also poses unique challenges for sample preparation and scanning. Perfusion of animals
for scanning requires specific tissue dissection of the skull as outlined on page 94 of this thesis. Also,
samples need to be stored for several weeks in post-fixative to ensure consistent fixation (Holmes et al.,
2017). Finally, while scanning of three brains at once was considered to be beneficial it required a large
field of view and scanning of considerably more ‘dead space’ than would be necessary if a single brain
were to be scanned at once. Scanning three brains simultaneously means less time spent preparing
samples for scanning but the larger field of view compromises the SNR.

169

4.2.2 Post-mortem DWMRI scanning
Sample preparation optimisation
For post-mortem scans, optimisation of both sample preparation and the scan sequence was required.
Negative results must always be considered in light of the SNR and resolution of the scan, i.e. that with
those parameters no difference was detected, akin to power issues in histological analyses.

All post-mortem scans were performed using a 3D printed custom-made structure designed to hold
three mouse heads (brain in situ within cranium). The three-head holder is stored within the bore of a
50 ml Terumo syringe, which in turn fits inside the hydrogen 25 mm transmit-receive Bruker volume
coil (i.e. a hardware insert into the Bruker 9.4 Tesla scanner which is capable of transmitting r.f. pulses
and receiving signal from excited spins, which is tuned to be sensitive to hydrogen atoms and has a coil
radius of 25 mm, determining the target depth at which signal is obtained). Tape was applied to the
outside of the Terumo syringe to ensure a tight fit within the r.f. coil as any motion during long scan
times results in a substantial decrease in SNR.

Animals were perfusion-fixed with PFA as described in Chapter 2, and brains left in skull as
recommended by Cleary et al. (2011). Skulls were post-fixed in fresh pH 7.4 4% (w/v) PFA solution
for two weeks, with one change of PFA halfway through. In-situ brains were washed in 1X PBS at
4°C. There are no published data on the optimal post-fix wash time for tissue MRI signal recovery, so
I performed a time course, with daily scans during washing and discovered that there was no difference
in signal between a brain washed for 3 days or for 2 weeks. To be safe I washed all brains for one week
before scanning. Skulls were kept in 1X PBS with 0.1% (w/v) sodium azide to prevent microbial or
fungal growth. Skulls were placed in the three-head holder within the 50 ml syringe, using a consistent
orientation to allow identification of the brains in the MRI image. The syringe was filled with the
fluorinated lubricant fomblin (Sigma-Aldrich) to minimise any signal from water surrounding the
skulls.
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Sequence optimisation
Initial scans were similar to the sequence used for in vivo DTI scanning, with two HARDI shells. Postmortem scanning requires higher b values to achieve equal attenuation because of the effects of
perfusion and lower temperature of fixed versus living tissue (Roebroeck et al., 2019). However long
scan times can be used to achieve necessary b values. The higher b value shell used in post-mortem
scans showed an artefact called the “dot compartment component” of the signal. Dot compartment
signal is historically thought to arise from small isotropic spaces where the diffusion of water is highly
restricted in all directions, i.e. dots, hence the name (Alexander et al., 2010; Stanisz et al., 1997). It was
generally seen only in post-mortem tissue indicating that it may be related to a fixation artefact.
However, most in vivo scans do not reach a level of diffusion-weighting where the dot compartment
signal becomes obvious. Dot compartment signal has been observed at in vivo b values which have
only become achievable because of recently developed ultra-strong gradients and tensor-valued
diffusion encoding methods (Jones et al., 2018; Setsompop et al., 2013; Sjölund et al., 2015;
Szczepankiewicz et al., 2019). A recent study by Tax et al. (2020) managed to identify the dot
compartment signal in vivo, with it constituting a substantial fraction of the signal in the cerebellum
(~10%). The exact cause of this signal remains unclear.

Dot compartment signal meant that a third HARDI shell with a maximal achievable b value was needed.
To achieve this a special small-bore gradient was inserted into the Bruker 9.4T scanner, allowing
gradient field strengths of up to 1 T/m, which in turn allows both for ultra-high b values and for high b
value scans to be carried out in a shorter time period by allowing for shorter δ and Δ times.

Using the high-strength gradient insert the following scan sequence was developed. Professor Mark
Does (Vanderbilt University, U.S.A.) provided us with a base spin echo sequence called REMMIRARE.
Three HARDI shells were acquired at b=2500, 7500 and 12500 s/mm2, with 30 diffusion directions
inputted using Emmanuel Caruyer’s (University of Rennes, France) sampling scheme (Caruyer et al.,
2013). There were three b0 images per shell giving a ratio of 1 b0 image for every 10 diffusion-weighted
images, which were spaced with one at the start and two at the end of each shell. As three shells were
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acquired back-to-back this meant that the overall sequence started with one b0 scan then thirty different
diffusion directions at the lowest b value, three b0 scans followed by the second shell with another three
b0 scans preceding the final HARDI shell with two final b0 scans to finish.

While a 3D sequence was tried, a 2D sequence was used to prevent signal dropout caused by signal
interference from tissue outside the scan area i.e. wraparound effect. Field of view could not be
increased to solve this because of the reduction in resolution this would cause, therefore the 2D sequence
was used. The parameters for each image were: effective TE 29.74 ms (first echo time 22.19 and echo
spacing 7.548), TR 2025 ms, RARE factor 4, 12 averages. As these were post-mortem scans the long
scan times allowed meant that an isotropic resolution of 0.15 mm could be achieved. A 22.8 mm2 field
of view was required to cover all three samples meaning that a matrix size of 152 was used for both the
read out and phase encoding directions to give a 0.15 mm isotropic resolution. No slice gap was used
with the hope that ramp-up effects of the slice encoding would not create significant signal overlap or
degradation from neighbouring slices. Slice thickness was 0.15 mm, giving 0.15 mm3 voxels. Crusher
gradients were used to remove signal artefacts, principally the presence of small volumes of water, that
could not be removed by sample optimisation. No fat or spatial saturation pulses were used. The total
scan time per shell was 8h:27m:52s:200ms, giving a total scan time of 25h:23m:36s:600ms for three
samples. In total, 57 samples were scanned for a total scan time of 482h:28m:35s:400ms.

Recurrent issues with phase correction of the scan meant that the number of slices was limited to 27
giving an effective 3D field of view of 22.8 x 22.8 x 4.05 mm 2. In addition, phase correction issues
also meant that gradients could only be used up to 81% of gradient scaling. This had downstream
effects as it meant that δ and Δ had to be increased to achieve a given maximal b value which in turn
meant that the effective echo time was increased, and SNR reduced. The exact cause of the phase
correction issues was unclear but given the nature of the scan with large gradients being applied over
multiple narrow slices with a large number of averages the processing burden on the system is
considerable.
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Lengthening of the echo time required by the phase correction issues along with the large field of view
(hence a large matrix size) meant that an average SNR of 12.8 was achieved across all scans. While
this is certainly acceptable it must be considered when interpreting results, as the sensitivity of an MRI
scan is determined by the SNR and the resolution of the scan. The SNR of the scan therefore determines
the magnitude of difference detectable between groups. The high resolution of the scan will increase
the spatial sensitivity as masking of spatially specific effects by averaging signal over large voxels will
be minimised. The 0.15 mm resolution achieved means that changes below this scale may not be
detectable.

Data processing
Once data was acquired it was sent to Enrico Kaden (University College London) for processing. All
processing was discussed and agreed with Dr Kaden while Bernard Siow (The Crick Institute, U.K.)
provided advice on the scanning practicalities. The methodology for image processing was decided
jointly and then performed by Dr Kaden. In summary the steps involved in image processing were:

1. Control point co-registration for spatial alignment using translation and rotations and cubic
interpolation performed within Matlab (The Mathworks Inc., 2019)
2. Gibbs ringing suppression (Kellner et al., 2016)
3. Rician noise bias reduction (Kaden et al., 2016b)
4. Brain mask created using the morphological operations tool within Matlab (The Mathworks
Inc., 2019)
5. Diffusion tensor estimation (Basser et al., 1994a)
6. Diffusion kurtosis imaging (Veraart et al., 2013)
7. Directionally averaged diffusion signal using the spherical mean technique (Kaden et al.,
2016b)
8. Microscopic diffusion kurtosis imaging (µDKI) (Jensen et al., 2005; Kaden et al., 2016b)
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The SNR issues, already described, have a more pronounced effect in the high b value shells where
there is limited signal. Therefore, for DTI only the lowest b value shell was used, whereas for DKI and
µDKI the first two shells were used, and for SMT processing all three shells were used. The decision
to only use certain shells was taken by Dr Kaden on the basis of the signal and noise present after data
acquisition. The use of only lower b value shells will result in a small reduction in SNR in the processed
images, though this should be limited as absolute signal at high b values is extremely low. For DKI
and µDKI processing there was insufficient signal to make quantitative analysis meaningful. Therefore,
quantitative analysis focused on DTI and SMT images.

Following image processing as described, mean signal in the WM ROI between the lateral aspect of the
left and right lateral ventricles was quantified by manually drawing an ROI for each slice in each animal.
ROIs were drawn on the images to be quantified, blinded to the group. The anterior-posterior
distribution of slices selected was from the first slice in which the CC merges at the midline to the first
slice in which the hippocampal bodies are visible. The spatial distribution of the ROI was chosen to
closely reflect the distribution used in histological analysis of the four different dysmyelination models,
as described in Chapter 4. ROIs were drawn with attention to ensuring only white matter was
encompassed within each ROI. ROIs were drawn in the same way as those for eriochrome cyanine
staining quantification, as shown in Figure 3.3, page 107. Signal within the ROI was averaged.
Quantification was performed for FA and SMT processed MD as the processed images had acceptable
SNR and these are the two most commonly used metrics in preclinical and clinical DWMRI.

Image analysis was perhaps the biggest weakness in the methodology of this thesis. Time and expertise
limitations meant that a normal analytical pipeline could not be performed with mean signal as
quantified by manually drawn ROIs used instead. There are considerable issues with this. Firstly, there
will be partial voxel effects when drawing an ROI. These effects should not be biased towards a group
as images were blinded, however it will affect measurement accuracy. Secondly, it meant that a
standard FA result given between 0 (complete unrestricted diffusion) and 1 (complete anisotropy) was
not attained which would have allowed for more easily interpretable results.
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S10-Myrf mouse model – 5-week post-induction timepoint - fractional anisotropy
FA is a measure of the directionality of diffusion of water within a voxel. In white matter, water
diffusion is highly directional and therefore has a high FA value relative to the surrounding grey matter.
Axon fibres have highly organised directionality within a white matter voxel with water being much
less impeded in the direction of the axon rather than perpendicular to it. Several structural features are
thought to contribute to FA signal including myelination and orientation of fibres within the voxel
(Szczepankiewicz et al., 2015).

The in vivo scans of S10-Myrf(5wk) animals failed to demonstrate a difference in FA in Cre-positive
versus Cre-negative animals (see Figure 4.1). This finding was replicated in the post-mortem scans
with a non-significant 4.33% reduction in the diffusion anisotropy observed in the Cre-positive group.
Example images from the Cre-negative and Cre-positive groups are shown below in Figure 4.2.

A

Myrf(fl/fl):Rosa26-eYFP

Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Figure 4.2. Fractional anisotropy analysis of post-mortem S10-Myrf(5wk) mice. A) Example
images of a S10-Myrf(5wk) animal (right) and control (left). There was no obvious difference between
the Cre-negative and Cre-positive animals on either visual inspection or quantitative analysis (n = 3).
While this result may be because of insufficient imaging sensitivity, the fact that there is the same
finding both in vivo and post-mortem with two different sequences makes this less likely. S10Myrf(5wk) mice have an initial, mild, motor phenotype of demyelination. According to the histological
analysis, however, there was demyelination by this timepoint (Figure 3.6). Therefore, it would seem
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that while there is demyelination in S10-Myrf(5wk) animals it does not translate into either a significant
motor phenotype or changes in FA. Therefore, FA at the SNR and resolution achieved in our study
seems to be less sensitive to demyelination and accompanying tissue alterations than histology.

S10-Myrf mouse model – 7-week post-induction timepoint - fractional anisotropy
S10-Myrf(7wk) animals display a severe motor demyelination phenotype, as well as severe worsening
of demyelination as seen on eriochrome cyanine staining, death of OLs and an extreme inflammatory
response with invasion of macrophages (Figures 3.9-15). There is a 33% reduction in the FA signal in
the CC as shown in Figure 4.3. While there is histologically detectable demyelination in S10Myrf(5wk) animals this is not detected in the FA signal, whereas in S10-Myrf(7wk) mice there is a
detectable FA signal change. There are essentially two changes which occur between 5 and 7 weeks
post induction in S10-Myrf mice. Firstly there is a severe worsening of demyelination. Secondly, there
is a marked increase in inflammatory cell numbers. These two events result in a marked worsening of
the phenotype of these mice. FA signal being different between Cre-negative and Cre-positive animals
at 7 weeks and not 5 weeks post-induction indicates that one of these two changes may be responsible.
If the signal change is based purely on the demyelination, then it may be that FA is only sensitive to a
certain threshold of demyelination which is reached at some point after 5 weeks post-induction.
Alternatively the substantial increase in inflammatory cells may be causing the reduction in FA signal
through disruption of neurite orientation of each voxel. Of course, it may be that both of these
contribute. Of note is that FA signal change seems to correspond better to the phenotype of these mice
than the presence of demyelination per se.
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Myrf(fl/fl):Rosa26-eYFP

Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Figure 4.3. Fractional anisotropy analysis of post-mortem S10-Myrf(7wk) mice. A) Example
images of a S10-Myrf(7wk) animal (right) and control (left). There is a clear reduction in signal
intensity in white matter tracts in Cre-positive animals. Statistical comparison revealed this to be a
33% reduction with a highly significant p value (p < 0.001) (n = 5).

Shi mouse model - fractional anisotropy
Shi animals suffer from a mutation in the MBP gene meaning they never form compact myelin (Privat
et al., 1979). From the 2nd postnatal week mice display typical a dysmyelination phenotype including
tremor, which progressively worsen and leading to seizures and death between P50-100. Shi animals
were perfused at P56. FA showed a statistically significant 8.24% (p < 0.05) reduction in signal in
white matter areas; example images are shown in Figure 4.4.

Remarkably, while there is a reduction in FA of white matter areas, it is modest in scale, and white
matter remains clearly delineated from grey matter. This result is extremely similar to that reported in
Nair et al. (2005), in which a modest 10% reduction was seen in FA in in vivo scans of Shi mice. In
contrast, on eriochrome cyanine histological staining white matter areas are indistinguishable from their
neighbouring grey matter areas as there is no compact myelin in the brains of these animals. Therefore,
for Shi animals to have comparable FA to control mice shows that compact myelin cannot be the
principle determinant of the FA of a given axon tract, in fixed tissue. Perfusion of Shi animals at 8
weeks of age is well into the peak phase of myelination in normal healthy mice, so there would be a
substantial expected difference in a measure of myelination between Mbp(Shi/+) and Mbp(Shi/Shi) mice.
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Therefore, in both S10-Myrf and Shi mice myelination does not appear to be the only determinant of
FA signal.

A

Mbp(Shi/+)

Mbp(Shi/Shi)

Figure 4.4. Fractional anisotropy analysis of post-mortem scans of Shi mutant mice. A) Example
images from Shi animal (right) and wild type (left). There is a slight reduction in signal intensity in
white matter tracts of Shi animals. Statistical comparison revealed this to be an 8.24% (±2.36)
reduction with a significant p value (p < 0.05) (n = 5).

Opalin-Myrf model - fractional anisotropy
Opalin-Myrf animals undergo demyelination following deletion of Myrf exon 8 in mature myelin
forming OLs, under the action of Opalin-CreERT2 (Emery et al., 2009; Tripathi et al., 2017). Deletion
of Myrf in the mature stages of the OL lineage should allow for remyelination as OLPs are unaffected.
This is in contrast to S10-Myrf animals in which recombination occurs throughout the lineage. There
is less recombination in Opalin-Myrf animals at approximately 40% of CC1+ OLs compared to virtually
100% recombination S10-Myrf animals.

Opalin-Myrf animals have demonstrable demyelination at the histological level with an accompanying
increase in inflammatory cells but no phenotype, in contrast to the severe phenotype in S10-Myrf
animals. Only affecting mature OLs and the lower recombination rate means this is unsurprising. There
was no evidence of a difference in FA of white matter in these animals compared to littermate controls
with a non-significant 3.38% increase in FA signal on quantification in the CC and SCWM. Example
images of Opalin-Myrf animals are given in Figure 4.5A.
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Cuprizone mouse model - fractional anisotropy
Cuprizone diet causes demyelination at the histological level with an accompanying increase in
inflammatory cells but no overt signs. In cuprizone administered animals there was a non-significant
3.57% reduction in FA signal on quantification in the CC. Example images of cuprizone model animals
are given in Figure 4.5B.
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OpaliniCreERT2:Myrf(fl/+):Rosa26-eYFP

OpaliniCreERT2:Myrf(fl/fl):Rosa26-eYFP

Control diet

Cuprizone diet

B

Figure 4.5. Fractional anisotropy post-mortem scans of Opalin-Myrf and cuprizone mice. A)
Example images from Opalin-Myrf animals. Homo-myrf floxed animal (right) and control (left).
There is no obvious difference between the groups, with statistical analysis showing a non-significant
3.38% increase in FA in homo-floxed demyelinated animals (n = 4). B) Example images from
cuprizone administered (right) and control animals (left). There is no obvious difference between the
groups with statistical analysis showing a highly non-significant 3.57% reduction in FA in cuprizone
administered animals (n = 4).
Lack of FA signal change in Opalin-Myrf and cuprizone administered mice is consistent with the results
in S10-Myrf(5wk) mice which showed demyelination (on both eriochrome cyanine stain and histology,
see Chapter 3 (Figures 3.24 and 3.25)) without a phenotype and no change in FA signal. A summary
of FA quantification is provided in Table 4.1:
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Model

FA percentage difference

p-value

S10-Myrf(7wk) – Myrf(fl/fl):Rosa26-eYFP(fl/fl)versus
Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP(fl/fl)

33.01 % reduction*** ±
3.80

0.00039
n=5

S10-Myrf(5wk) – Myrf(fl/fl):Rosa26-eYFP(fl/fl)versus
Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP(fl/fl)

4.33 % reduction ± 3.67

0.38
n=3

Shi – wild-type versus Shi mutation

8.24 % reduction* ± 3.70

0.041
n=5

Opalin-Myrf 7 weeks post induction –
OpaliniCreERT2:Myrf(fl/+):Rosa26-eYFP versus
OpaliniCreERT2:Myrf(fl/fl):Rosa26-eYFP

3.38 % increase ± 3.32

Cuprizone diet 6 weeks administration - control diet
versus cuprizone diet

3.57 % reduction ± 3.37

0.24
n=4
0.43
n=4

N.B * p < 0.05, *** p < 0.001, ± S.E.M.
Table 4.1. Summary of FA percentage differences between dysmyelination and control groups.
S10-Myrf(7wk) and Shi mice are the only models which demonstrate a statistically significant
difference in FA, despite all models displaying histological demyelination.

Fractional anisotropy summary
FA analyses of these four models indicate that the contribution of absolute myelination to the FA signal
in a voxel is limited. The reduction in FA is much greater in S10-Myrf(7wk) animals than in Shi
animals. While both animal models are highly demyelinated, the Shi model has a complete absence of
compact myelin in the absence of substantial inflammation, meaning that the lack of compact myelin
per se cannot explain the magnitude of FA reduction see in S10-Myrf(7wk). Histological analysis
reveals that in the S10-Myrf(7wk) there is a large inflammatory response with accompanying
infiltration of macrophages. While the Shi model also has an associated inflammatory response, it is
much less substantial (Chapter 3 (Figure 3.19)). This indicates that while demyelination doubtless
contributes to the reduction in FA signal inflammatory cells are also important.
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Importantly, while the severe inflammation in S10-Myrf(7wk) mice increases the cellularity of the CC
and SCWM it is not the cellular infiltration per se that causes the substantial decrease in FA seen in
these animals as Shi mice also have substantially increased cellularity predominantly as a result of
increased OLs. It is the proliferation specifically of inflammatory cells which reduces the FA signal,
as this is the main difference between Shi and S10-Myrf(7wk) mice. Demyelination must also
contribute, however the fact that the Shi mice which do not have compact myelin still have relatively
preserved FA signal demonstrates that it cannot be the major determinant. The two most likely ways
in which inflammatory cells may cause a reduction in FA are because of specific DWMRI properties
of microglia and macrophages or because of cellular water changes as a result of the inflammatory state
of these mice, similar to those hypothesised in multiple sclerosis plaques (Balashov et al., 2011).

Mean diffusivity scans
MD should be more sensitive to osmotic changes induced by inflammation. MD measures the mean
amount of diffusion in a voxel regardless of directionality, therefore high MD results from large
extracellular water volumes where diffusion is the least impeded. MD was measured using the SMT in
order to remove the effect of neurite orientation changes. SMT is one of several techniques that attempt
to delineate fibre orientation changes from bona fide diffusivity changes. This is through directional
averaging of the signal without any assumptions as to the direction of diffusion. Therefore, it can be
interpreted as a pure measure of diffusivity without the caveats associated with other diffusion
measures. These scans used data from all three shells meaning that it has a marginally better SNR than
the FA datasets.

While white matter has a highly directional diffusivity and therefore high FA values, its overall
diffusivity, reflected in MD, is lower than the surrounding grey matter as overall impedance to water
diffusion is greater. Thus, white matter tracts such as the CC have lower MD values than surrounding
grey matter. Most likely a result of subtle differences introduced during fixation there is variation in
the overall MD of different brains. This means the absolute value of MD in white matter tract areas
can be influenced by the baseline value of MD without reflecting genuine change as a result of
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pathology. Therefore, the analysis was normalised to the grey matter signal of each brain to remove
this variation. The values reported are SMT contrast, i.e. the percentage difference in signal between
grey matter and white matter. Averaging all control animals (n = 20) showed there to be a 38.4% ±
3.1% reduction in SCWM signal versus motor cortex grey matter in healthy animals. Note that the age
of control animals ranged from P56 to P153 depending on the experiment. However, there was no
consistent difference in SMT contrast between the younger and older control animals.

S10-Myrf model – 5-week post-induction timepoint – SMT processed mean diffusivity
Comparison of SMT processed MD signal between the CC and SCWM, and grey matter in
demyelinated and control animals did not reveal a difference in S10-Myrf(5wk) animals. There was a
non-significant 19.7% decrease in the contrast between SCWM and motor cortex (39.2% less signal in
Cre-negative versus 31.5% less signal in Cre-positive animals) but this was not significant (p = 0.51).
Example images are shown in Figure 4.6.

A

Myrf(fl/fl):Rosa26-eYFP

Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Figure 4.6. SMT processed MD post-mortem scans of S10-Myrf(5wk) mice. A) Example images
from S10-Myrf(5wk) animals. There was no obvious difference between Cre-negative (left) and Crepositive (right) S10-Myrf(5wk) mice. Quantification revealed a 19.7% reduction in contrast between
grey and white matter in Cre-positive animals, but this was non-significant (n = 3).
This is consistent with the findings of the FA analysis (Figure 4.2). As always, we must exercise caution
with regards to the fact that these findings provide no evidence of difference between the two groups,
rather than evidence of no difference in S10-Myrf(5wk) Cre-negative versus Cre-positive animals. All
that can be said is that this MRI sequence with a sample size of 3 animals per group cannot detect a
difference in MD signal in the SCWM of S10-Myrf(5wk) mice.
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S10-Myrf model – 7-week post-induction timepoint – SMT processed mean diffusivity
However, as with FA, when animals are perfused two weeks later, at 7-weeks post-induction, when
they are displaying clear behavioural signs of demyelination (e.g. on rotarod testing) there is a
significant reduction in contrast between SMT processed MD signal in the SCWM compared to grey
matter in Cre-positive animals. Strikingly, the MD signal is higher in the SCWM than in the cortical
grey matter (39.0% less signal in Cre-negative white matter, versus 18.5% more signal in Cre-positive
white matter compared to motor cortex grey matter). Example images are shown in Figure 4.7.
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Myrf(fl/fl):Rosa26-eYFP

Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Figure 4.7. SMT processed MD post-mortem scans of S10-Myrf(7wk) mice. A) Example images
from S10-Myrf(7wk) animals. There was a clear increase in the signal from white matter tracts of the
Cre-positive animals meaning there was a loss of contrast between white matter and grey matter with
a 147.3% reduction in contrast from Cre-negative to Cre-positive animals meaning that the SCWM
actually had a higher, not lower, signal than surrounding grey matter areas, p < 0.001 (n = 5).
There is an extreme increase in the SMT processed MD signal in the white matter of Cre-positive S10Myrf animals between 5-weeks and 7-weeks post-induction, as is evident from Figures 4.6 and 4.7. The
signal change lacks sensitivity to demyelination as by 5 weeks post-induction this is already obvious
on eriochrome cyanine staining. As with FA the marked change between 5 and 7 weeks post-induction
would indicate that something occurring over this period affects the MD DTI signal. This will either
be a sensitivity issue in that a certain level of demyelination is required to be detected by MD or
inflammatory changes result in the MD changes.
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Shi mouse model – SMT processed mean diffusivity
In Shi animals there is a statistically significant 103.7% reduction in the contrast between white and
grey matter (i.e. white matter is 3.7% brighter than cortical grey matter), as can be seen in Figure 4.8.

However, as with FA, the difference in Shi animals is less than is seen in S10-Myrf(7wk) animals,
providing further evidence that a lack of compact myelin per se does not determine this signal change;
if that were the case Shi animals should have a considerably greater change in signal than S10Myrf(7wk) animals. Therefore the severe inflammatory changes occurring in the S10-Myrf(7wk) mice
must be altering the diffusion signal.

A

Mbp Shi/+

Mbp Shi/Shi

Figure 4.8. SMT processed MD post-mortem scans of Shi mutant mice. A) Example images from
control (left) and Shi mutant (right). There was a clear increase in the signal from white matter tracts
of the mutant animals meaning there was a loss of contrast between white matter and grey matter with
a 103.3% reduction from wild-type to Shi animals meaning that the SCWM was essentially
indistinguishable from surrounding grey matter areas based on MD signal (n = 5).

Opalin-Myrf model – SMT processed mean diffusivity
Opalin-Myrf mice have demonstrable demyelination at the histological level but no phenotype (Chapter
3 (section 3.2.4)). There was no observable difference in SMT processed MD contrast between white
and grey matter in these animals compared to littermate controls. In Opalin-Myrf animals there was a
non-significant 30.5% reduction in the contrast between grey and white matter (34.1% less signal in
white matter versus grey in Cre-negative animals versus 23.7% less in Cre-positive animals, n=4).
Example images of Opalin-Myrf animals are given below in Figure 4.9A. This is consistent with the
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S10-Myrf(5wk) results which showed that the presence of demyelination without a phenotype or
substantial inflammation does not appear to produce a change in SMT processed MD, or at least not a
change detectable with the SNR, resolution and statistical power of this dataset.

Cuprizone mouse model – SMT processed mean diffusivity
In cuprizone administered animals there was a non-significant 16.0% reduction in the contrast between
grey and white matter (45.3% less signal in white matter versus grey matter of control diet administered
and 38.1% less signal in white matter versus grey matter of cuprizone chow administered animals).
Example images of Opalin-Myrf and cuprizone model animals are given below in Figure 4.9B.

This is consistent with the Opalin-Myrf and S10-Myrf(5wk) mice which showed that the presence of
demyelination without a phenotype does not appear to produce a change in SMT processed MD, or at
least not a change detectable with the SNR and resolution of this dataset.
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Figure 4.9. Spherical mean technique processed mean diffusivity post-mortem scans of OpalinMyrf and cuprizone mice. A) Example images from Opalin-Myrf animals. Homo-myrf floxed animal
(right) and control het-floxed (left). There is no obvious difference between the groups, with statistical
analysis showing a non-significant 30.5% reduction in contrast in signal between grey and white matter
(n = 4). B) Example images from cuprizone administered (right) and control animals (left). There is
no obvious difference between the groups with statistical analysis showing a highly non-significant
16.0% reduction in FA in cuprizone administered animals (n = 4).
A summary of the SMT processed MD quantification in all models analysed is provided in Table 4.2:

186

Model

SMT contrast
percentage change

p-value

S10-Myrf(7wk) – Myrf(fl/fl):Rosa26-eYFP(fl/fl)

147.30 %
reduction*** ±
13.61

0.000023

19.67 % reduction
± 35.23

0.51

versus Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP(fl/fl)
S10-Myrf(5wk) - Myrf(fl/fl):Rosa26-eYFP(fl/fl)
versus Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP(fl/fl)
Shi – wild-type versus Shi mutation

n=5

n=3
103.67 % reduction
** ± 7.58

0.0071
n=5

Opalin-Myrf 7 weeks post induction –
OpaliniCreERT2:Myrf(fl/+):Rosa26-eYFP versus
OpaliniCreERT2:Myrf(fl/fl):Rosa26-eYFP

30.48 % reduction
± 7.66

Cuprizone diet 6 weeks administration - control diet versus
cuprizone diet

15.94 % reduction
± 6.88

0.24
n=4
0.32
n=4

N.B. * p < 0.05, ** p < 0.01 and *** p < 0.001.
Table 4.2. Analysis of SMT processed MD percentage difference in contrast between
dysmyelination and control groups. Summary of percentage contrast difference of WM ROI and
cortical grey matter, between dysmyelination and control groups. S10-Myrf(7wk) and Shi mice are the
only models that demonstrate a statistically significant difference in MD, despite all models displaying
histological demyelination.

SMT processed mean diffusivity summary
The results from SMT processed MD analysis of these four models are similar to the FA results. The
S10-Myrf(7wk) and Shi animals display a statistically significant reduction in contrast, but the other
demyelination cohorts do not.

These results suggest that MD signal has limited sensitivity to

demyelination as there is no detectable difference in the cuprizone, Opalin-Myrf or the S10-Myrf(5wk)
animals despite all of these having histological demyelination. The reduction in SMT processed MD
contrast is greater in S10-Myrf(7wk) animals than in Shi animals, the latter possessing practically no
compact myelin. This suggests that something other than compact myelin is modulating the signal.
The inflammatory response is much greater in S10-Myrf(7wk) animals, than in Shi animals. It is
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possible, therefore, that cellular inflammation which is more pronounced in S10-Myrf(7wk) than Shi
dominates both the FA and MD signals.

4.2.3 SLIM analysis of total dry mass in SCWM and CC of demyelination
models
Dry mass of the SCWM and CC was assessed by Catherine Best-Popescu and Jorge Maldonado.
Initially, it was expected to see a decrease in dry mass in the S10-Myrf(7wk), Shi and cuprizone diet
animals compared to control, because of the loss of myelin associated with these mouse models.
However, there was an increase in dry mass in the S10-Myrf mouse model at 51 pg/mm2 compared to
control, cuprizone and Shi animals which were not statistically different from each other at
approximately 45 pg/mm2 (Figure 4.10). Phagocytic cells containing cellular debris may be the cause
of increased dry mass in S10-Myrf animals, as S10-Myrf(7wk) animals have many more of these cells
than any other model. An increase in dry mass may indicate why S10-Myrf(7wk) animals display a
greater alteration in DWMRI signal than Shi animals. While both models have increased cellularity of
the CC and SCWM most of the increased cell number in S10-Myrf(7wk) mice are phagocytic cells
which contain cellular debris, resulting in the increased overall dry mass.

The increase in dry mass in the SCWM in S10-Myrf(7wk) animals, likely caused by the increased
number of inflammatory cells, is expected to increase both the volume and the overall water content of
the WM, as well as disrupting the well-ordered directionality within each voxel, and therefore might
explain the greater reduction in FA in S10-Myrf(7wk) animals post-induction animals than Shi animals,
despite the latter having less myelin.
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p = 0.0007
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Figure 4.10. SLIM dry mass measurement. A) Measurements of average dry mass per mm2 from
10 different ROIs across the CC. S10-Myrf has greater dry mass per mm2 in the WM ROI relative to
Shi, cuprizone and control with no statistical difference between these three (n = 1), 10 measurements
per animal. (S10-Myrf(7wk) vs control p = 0.00073)

4.3 Discussion
Both in vivo and post-mortem MRI scanning of animal models of demyelination was performed. One
model of dysmyelination was scanned in vivo, and four were scanned post-mortem for comparison with
histology and SLIM imaging data. There were several conclusions.

First, a considerable amount of time was spent optimising the set-up of post-mortem scans. The
scanning of three brains simultaneously in situ within skull was shown to be feasible, even with long
scan times and diffusion sequences which are extremely sensitive to motion.

The data acquired from the different models of demyelination showed that there is not a linear
relationship between the amount of myelin and the DWMRI signal. Only the Shi and S10-Myrf(7wk)
animals demonstrated a statistically significant difference in FA and MD. These animals are extremely
demyelinated and have severe motor deficits. In S10-Myrf(5wk), Opalin-Myrf and cuprizone diet
animals there is histological evidence of demyelination but no overt phenotype and no evidence of
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change in DWMRI measures. The threshold at which DWMRI measures change in demyelinated
animals seems to be high, so that partial demyelination is undetectable using DWMRI, at least at the
SNR achieved in this study. Therefore, on the face of it DWMRI does not appear to be particularly
sensitive to myelination changes within these animal models.

As the two most demyelinated models have significantly different FA and MD, myelin does seem likely
to partially determine DWMRI signal. However, there seem to be other factors modulating the signal.
S10-Myrf(7wk) post-induction animals have a greater reduction in FA and increase in MD than Shi
mice, which have no compact myelin. The greater level of inflammation in the S10-Myrf(7wk) animals
may cause the greater change in DWMRI signal. There are two ways in which inflammation might
cause a change in DWMRI signal. The first is through cellular infiltration of white matter areas. The
non-anisotropic, higher mean diffusivity microglia contrast with the ordered structure of white matter.
Infiltration of these cells will therefore cause a reduction in the FA and an increase in the MD of the
CC. An additional way in which inflammation may modulate DWMRI signal is through a shift in water
volumes. The change in the inflammatory microenvironment will likely cause a shift in water
synonymous with oedema seen in many inflammatory diseases such as MS with the majority of MS
lesions displaying increased mean diffusivity as in these samples (Balashov and Lindzen, 2012). Given
that the presence of inflammatory cells and shifts in compartment in which water is stored are always
present together it is not possible to differentiate between the two by MRI.

Data provided by SLIM supports the idea of increased cellularity modulating DWMRI signal. S10Myrf(7wk) animals were found to have greater dry mass per mm 2 than Shi, cuprizone diet or control
animals in the CC and SCWM. While Shi mice also have increased cellularity in the CC and SCWM
(Figure 3.19), this is driven by OLs rather than phagocytic cells. The data provided by SLIM
demonstrates that the increased cellularity in both Shi and S10-Myrf mice does not equate to the same
difference in the amount of material in the CC and SCWM with only S10-Myrf having an increased dry
mass. The inflammatory reaction in S10-Myrf mice seems to have an effect beyond the simple
increased cellularity both in terms of overall dry mass and the DWMRI signal.
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The difference in MD appears to be greater than the difference in FA in S10-Myrf(7wk) animals and
Shi animals. However, it is important to note that the SMT processing used data from all three HARDI
shells while FA was only derived from the b = 2500 s/mm2 HARDI shell. This means the MD sequence
might just be more sensitive to diffusion changes if higher b value shells are more sensitive than lower
b value shells, which is likely.

Significant differences in FA and MD were only present in those mice in which sufficient
de/dysmyelination to cause a phenotype was present, as shown in Chapter 3. This corresponded to a
significant difference in FA and MD in S10-Myrf(7wk) and Shi mice, whereas S10-Myrf(5wk),
cuprizone and Opalin-Myrf mice did not display significant differences on FA or MD nor did they
display an overt phenotype. While there is substantial demyelination in S10-Myrf(5wk), cuprizone or
Opalin-Myrf mice as shown in chapter 3, this does not translate into a phenotype (there is loss of tail
tone in S10-Myrf(5wk) but this is a relatively trivial difference). This would indicate that somehow
there is preservation of at least gross function of demyelinated white matter tracts in S10-Myrf(5wk),
cuprizone and Opalin-Myrf mice. This relative preservation seems to be reflected in a preservation of
FA and MD signal. As mentioned previously this lack of FA and MD difference may simply be a
function of a lack of sensitivity of the method used for DWMRI in this thesis both in image acquisition
and analysis.

The reduction in FA appears to be much greater in S10-Myrf(7wk) mice than in Shi mice. At first this
appears to be counterintuitive as Shi mice have no myelination of white matter tracts as evidenced by
eriochrome cyanine staining of these animals reported in Chapter 3. S10-Myrf(7wk) mice while
substantially demyelinated still have more remaining myelin than Shi mice. The other main difference
between S10-Myrf(7wk) and Shi mice is that the former have substantial infiltration of white matter by
inflammatory cells. While Shi mice do have an increase in inflammatory cells relative to control it is
approximately six time less than that seen in S10-Myrf(7wk) mice (Figure 3.27). An increase in
phagocytic cells would be hypothesised to have a substantial effect on FA if these cells were to contain
a substantial amount of debris. This is because while Shi mice do not have the same level of
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inflammatory cells there is actually a substantial increase in cellularity of the corpus callosum of Shi
mice caused by an increase in non-myelinating OLs. Therefore the fundamental difference is the
function of the cells which constitute the increased cellularity in the CC and SCWM of these models.
As shown by SLIM S10-Myrf(7wk) mice have more dry mass within the CC and SCWM than any of
the other models (Figure 4.10), indicating active phagocytosis of cellular debris. This phagocytic
inflammation likely causes the much greater reduction in FA in S10-Myrf(7wk) mice than Shi mice
through the destruction of aligned fibre tracts reducing the directionality of the DWMRI signal.

SMT processed MD has a similar result with S10-Myrf(7wk) mice and Shi mice being the only ones
with a statistically significant difference. This time MD is increased in the CC and SCWM in contrast
to the decrease in FA. Again the difference in S10-Myrf(7wk) mice is greater than in Shi mice. The
presence of a substantial number of actively phagocytosing cells within the CC and SCWM of S10Myrf(7wk) mice is again the likely explanation. Through destruction of the tracts which reduces the
directionality of the DWMRI signal the overall diffusivity will be increased as protons are more freely
able to move in other directions. While Shi mice do not have any myelination, they are not undergoing
the same destruction of myelin and axons which is occurring in S10-Myrf(7wk) mice, which is why the
differences seen in Shi mice are of a lower magnitude.

In summary, post-mortem DWMRI of three in situ mouse brains over long scan times is feasible.
Results of these scans show that a combination of myelination and inflammation appear to cause a
change in DWMRI signal, principally a reduction in the anisotropy and increase in MD of white matter
tracts. However, DWMRI does not appear sensitive to mild to moderate demyelination at the SNR and
resolution achieved in my experiments.
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Chapter Five – What role does inflammation
play in de- and remyelination?
5.1 Introduction
The blood-brain barrier is a selectively permeable border preventing cells from infiltrating the CNS
(Ehrlich, 1885; Reese and Karnovsky, 1967). Because of this the CNS has its own resident immune
system, principally made up of microglia and astrocytes (Forrester et al., 2018). These cells react to
infection, neoplasms and other insults including demyelination. As has been described in Chapter 3 the
inflammatory response of microglia is an inherent part of demyelination. In all models and timepoints
investigated there was at least a doubling of the number of IBA1+ cells (Figure 3.27B). This inherent
linkage of demyelination and inflammation therefore poses the question: how important is the
inflammatory response to demyelination? Many diseases are described as precipitating an over-zealous
immune response leading to deleterious consequences, which in turn, either constitute a primary aspect
of the disease such as in MS or appear due to autoimmunity e.g. autoimmune encephalitis (Dalmau and
Graus, 2018; Filippi et al., 2018).

To characterise the importance of microglia and OLs in demyelination, it was decided to modulate the
microglial response and then determine any effect this has on the phenotype and severity of
demyelination on histology. I used a pharmacological inhibitor of CSFR1 called PLX5622 (PLX)
(Plexxikon Inc.). The CSFR1 receptor is thought to be expressed in microglia as a surface receptor
critical for survival (Erblich et al., 2011). Administration of this drug allows for a reduction in the
microglial proliferative response to demyelination (Huang et al., 2018b). While Huang and others
depict CSFR1 inhibitors as having highly targeted effects this is not true. As those studies show
microglia are effectively reduced in number by PLX treatment, but its specificity is unclear. CSFR1 is
present throughout the mononuclear phagocyte lineage including monocytes, macrophages, dendritic
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cells, microglia and osteoclasts. For example a mouse model deficient in CSF-1 displays a phenotype
predominantly related to osteopetrosis. Thus, it is important to acknowledge that while microglia are
the predominant CSFR1 dependant cells in the brain any effects seen may also be the result of action
on other cells of the mononuclear phagocyte lineage which may infiltrate the CNS if the BBB is open,
as is hypothesised in the later stages of S10-Myrf mice.

Thus, we decided to test the effect of PLX on the Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP (S10-Myrf)
model. As described in Chapter 3 S10-Myrf mice undergo significant demyelination over a period of
weeks, with a strong inflammatory component. Concurrently work was being completed by Alejandra
Quiroga of the Li laboratory on a complementary model whereby cuprizone was administered to induce
demyelination followed by PLX. By assessing the effects of PLX administration in demyelination it
allows for determination of the importance of the inflammatory response to demyelination.

In this chapter I describe the different effects of PLX administration when started at 3 and 5 weeks postinduction in S10-Myrf mice. I also present the data produced by Dr Quiroga, using the experimental
paradigm mentioned above, in order to inform my data, at all times making it clear when data presented
is not my own.

The main purpose of this experiment was to assess whether inflammation is beneficial or deleterious in
the response to demyelination. While anticipated outcome is that it would be both of these, to what
degree and when each is present is of interest.
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5.2 Results
5.2.1 PLX effects on the cuprizone mouse model
PLX treatment for 2 weeks increases demyelination in cuprizone demyelinated mice
Previous experiments (Dr Quiroga, unpublished data) were done in the lab giving P60 mice cuprizone
chow for six weeks and followed by PLX chow for two weeks. This resulted in a reduction in IBA1+
microglia and an increase in GFAP+ astrocytes (Figure 5.1).
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Figure 5.1. Cuprizone and PLX
administration in adult mice histology.
A) Timeline for
administration of cuprizone and PLX
diets. B) Example eriochrome cyanine
staining images. C) Example confocal
images
in
mice
administered
cuprizone ± PLX. Note reduction in
IBA1+ cell number with PLX, and
highly ramified nature of IBA1+ cells
in cuprizone model. GFAP number
and ramification is visibly increased
with PLX administration and PDGFRa
and Plp+ cell number is reduced with
PLX diet. N.B. Plp stained using in
situ hybridisation.
All images
provided by Alejandra Quiroga.
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Astrocytosis has been noted in all demyelination models examined in this thesis and has been well
reported in the literature in response to various insults including trauma, ischaemia, neurodegenerative
disease, infection, seizures and autoimmune diseases (including MS) (Liddelow et al., 2017; Sofroniew
and Vinters, 2010). Cuprizone demyelinated mice given PLX also have fewer Plp expressing mature
OLs in the CC (Figure 5.1 and 5.2). In Figure 5.3 an image of a mouse CC and SCWM directly after 6
weeks of cuprizone administration is provided in order to give an idea of the baseline level of
demyelination prior to PLX administration.
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Figure 5.2. Cuprizone and PLX administration in adult mice – cell counts. A) Quantification of
number of IBA1+, PDGFRa+ and Plp+ cells. IBA1+ and Plp+ cells are significantly reduced with PLX
administration. * p < 0.05, ** p < 0.01 and *** p < 0.001.
As described in Chapter 3, cuprizone administration causes a patchy demyelination with a ~25%
reduction in the number of mature OLs along with an accompanying micro- and astrogliosis (Figure
3.27). Once cuprizone diet is removed remyelination begins (Gudi et al., 2014). More accurately, the
removal of the demyelinating agent allows for what remyelination process may be occurring to produce
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effective remyelination as can be seen in brains stained with eriochrome cyanine four weeks after
removal of cuprizone diet (Figure 5.3).

A

Cuprizone 6 weeks

Cuprizone 6 weeks + 4 weeks control diet
Figure 5.3. Recovery from cuprizone treatment. A) Eriochrome cyanine stain of an age matched
control animal and an animal given 6 weeks of cuprizone diet and control diet for 4 weeks. This shows
essentially complete remyelination by 4 weeks after removal of cuprizone diet. Scale bar: 500 µm.
As there should be minimal ongoing demyelination after switching from the cuprizone diet to PLX
chow a reduction in mature OLs with PLX, relative to animals given cuprizone and then control diet,
must be caused by a failure of remyelination, which is completely successful in the absence of PLX.
Precisely why a reduction in microglial number would cause a failure of remyelination is not clear.
There is emerging evidence that microglia can induce generation of OLPs, and it may be this process
the reduction in microglia inhibits (Naruse et al., 2018). While the effects of microglia are often
described as being wholly positive or detrimental this is of course not the case with the balance of
microglial effects either tipping towards one or the other depending upon the precise mix of different
microglial activation states and numbers across the brain (Li and Barres, 2018).
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Cuprizone’s mechanism of action is unclear (Gudi et al., 2014). In contrast the S10-Myrf model
mechanism of action (i.e. Myrf recombination) is precise, and it was for this reason the S10-Myrf model
was used as a comparison. There are two crucial differences to note between the S10-Myrf model and
cuprizone demyelination. Firstly, the demyelination level in S10-Myrf is much more significant after
5 weeks post-induction than in the cuprizone model and it produces a more spatially consistent
demyelination in comparison with cuprizone’s patchy effects. Furthermore, this severe demyelination
leads to a much more extreme inflammatory response at some point between 5- and 7-weeks postinduction which is not seen in the cuprizone model. Secondly, as S10-Myrf involves a recombination
event, demyelination cannot be stopped at a given time, rather it continues until the mice need to be
perfused 7 weeks post-induction, as described in Section 3.2.1.

5.2.2 Effects on the Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP model of PLX
administration from 5 weeks post-induction
As PLX5622 had been previously shown to deplete the vast majority of microglia in the brain in 2
weeks (Elmore et al., 2014; Huang et al., 2018b) we decided to induce P100 S10-Myrf mice and give
them PLX chow from weeks 5 to 7 after tamoxifen injection (Figure 5.4 A). I will refer to these animals
as S10-Myrf(PLX5) from now on.

Weight loss
Mice were weighed at routine intervals to monitor their health and indirectly assess the severity of the
effects of demyelination and PLX treatment. As seen in Figure 5.4 B, the animals given PLX may have
suffered worse weight loss; but it was not statistically significant when using the Benjamini-Hochberg
multiple comparisons correction. However, the worsening health status meant that it was necessary to
perfuse the entire cohort at day 49 rather than the planned day 54 (standard maximal perfusion date of
S10-Myrf mice).
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Figure 5.4. Weight loss of S10-Myrf(PLX5) mice. A) Experimental timeline. S10-Myrf animals
were given tamoxifen for 4 days at P100 and given PLX diet from 5 weeks post-tamoxifen until the
date of perfusion, at 49 days after initiation of tamoxifen treatment. B) The chart shows the percentage
of starting weight measured over time. There were no statistically significant differences when using
independent samples t-tests for each timepoint using Benjamini-Hochberg multiple comparisons
correction method with a 0.1 false discovery rate. Control diet n=6, PLX diet n=8

Effect of PLX administration on myelination
To investigate whether there were any gross myelin changes in S10-Myrf(PLX5) mice eriochrome
cyanine staining was performed. PLX treatment did not affect myelination in Cre-negative or Cre-
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positive animals (Figure 5.5). Considering the lack of a statistically significant difference between Crepositive animals given PLX and those on a control diet in terms of weight, it is unsurprising there is no
obvious myelination differences. Whether subtle myelination differences would be detected by mean
light intensity quantification of eriochrome cyanine staining is unclear. Therefore, this result only rules
out major differences induced by PLX administration from week 5-7 post-induction.
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Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP

Control diet
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Cre- Control diet
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Cre+ Control diet
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Figure 5.5. Eriochrome cyanine staining S10-Myrf(PLX5) mice. A) Example eriochrome cyanine
stain of littermate S10-Myrf(PLX5) animals to compare control (left) and PLX diet (right). On visual
inspection there does not appear to be a difference in the level of myelination. B) Comparison of mean
light intensity in the SCWM and CC of animals with and without Cre and with and without PLX. There
was no evidence of difference in myelination caused by PLX, either in the Cre-negative or Cre-positive
animals. Comparison of Cre-negative and Cre-positive animals, regardless of diet and comparing like
diets was significant, as it had been in previous cohorts (Figure 3.9) p < 0.01. N.B. a higher mean light
intensity indicates less intense staining. . Cre-negative control diet n=2, Cre-negative PLX diet n=2,
Cre-positive control diet n=2, Cre-positive PLX diet n=2, three measurements per animal over the
SCWM and CC covering the area between the lateral aspect of each lateral ventricle
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Cellular effects of PLX administration
Cre-negative S10-Myrf(PLX5) mice did not have any difference in the number of OLs at any stage of
the lineage (PDGFRa+, BMP4+, Plp+ or OLIG2+ cells) (Figure 5.6 A). In addition, use of the drug on
cultured OLPs does not have a direct negative effect (Alejandra Quiroga, unpublished). This is in line
with a recent study which did not find a difference in OL numbers with long-term PLX administration
in adult mice (Liu et al., 2019). The number of IBA1+ microglia in Cre-negative animals administered
PLX was reduced by 78.2% as expected (Figure 5.6 B), indicating that PLX was effective. These results
show that PLX affects microglia and not OLs in healthy animals. Surprisingly, when Cre-positive mice
were analysed no difference in IBA1+ microglia or GFAP labelling was detected (Figure 5.7).
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Figure 5.6. Immunohistochemistry and ISH labelling Cre-negative S10-Myrf(PLX5) mice – cell
counts. A) Immunohistochemistry (PDGFRα and OLIG2) and in situ hybridisation (Bmp4 and Plp)
of oligodendrocyte numbers in Cre-negative animals with and without PLX administration. Plp has
also been quantified using mean intensity of the stain using the same ROIs as for the cell counts,
denoted as PLP mean intensity. There is no evidence of a difference in oligodendrocyte numbers at
any stage of the lineage, in non-demyelinated controls. B) Immunohistochemistry of microglia (IBA1)
and astrocytes (GFAP). There is a highly significant reduction in the number of microglia but no
evidence of a difference in astrocyte numbers. Plp mean intensity is measured in arbitrary units. * p
< 0.05, ** p < 0.01 and *** p < 0.001. PDGFRα n=3, Bmp4 n=2, Plp (count and mean) n=2, OLIG2
n=2, IBA1 n=2, GFAP n=2.
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Figure 5.7. Immunohistochemistry and ISH labelling Cre-positive S10-Myrf(PLX5) mice – cell
counts. A) Immunohistochemistry (YFP, PDGFRα and OLIG2) and ISH (Bmp4 and Plp) of
oligodendrocyte numbers in Cre-positive animals with and without PLX administration. Plp has also
been quantified using mean intensity of the stain using the same ROIs as for the cell counts, denoted as
PLP mean intensity. There is a near significant reduction in the number Bmp4+ cells with PLX and
increase in the number of Plp+ mature OLs, with no evidence of difference in PDGFRα+ and OLIG2+
cells. B) Immunohistochemistry of microglia (IBA1) and astrocytes (GFAP) which constitute the CNS
cells involved in the inflammatory response. There is no evidence of a difference in either IBA1 or
GFAP numbers. Plp mean intensity is measured in arbitrary units. * p < 0.05, ** p < 0.01 and *** p <
0.001.YFP n=3, PDGFRa n=3, Bmp4 n=4, Plp (count and mean) n=4, OLIG2 n=4, IBA1 n= 4, GFAP
n=4 samples per animal and 3 ROIs per sample.
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Figure 5.8. Immunohistochemistry and ISH labelling S10-Myrf(PLX5) mice – example images.
A) PDGFRα labelling showed no difference in the number of cells in mice given PLX diet B) Plp labelling
revealed a slight statistical increase in number and staining intensity, but this was not clear on visual
inspection C) Bmp4 labelling showed a reduced number of cells and labelling intensity in animals
administered PLX D) IBA1 labelling did not show any obvious difference in the number of cells in
animals administered PLX. PDGFRα labelling was performed in the 647 channel. Scale bar: 100 µm.
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S10-Myrf(PLX5) summary
IBA1+ cells not being affected by PLX treatment is either because PLX is not having an effect, or it is,
and the cells are responding in such a way that IBA1+ cells end up with the same number.

If PLX is not working there are two potential causes for this, either the mice are eating it, but it is
pharmacologically inactive, or the demyelinating mice are not eating it. It is unlikely that the PLX is
pharmacologically inactive, for example because of the particular mouse strain. Given that the PLX is
shown to be working as expected in litter and cage-mate control animals it is shown to be working in
in this mouse strain and housing setting. It is also unlikely that the demyelinating mice are not eating
it. As the phenotype was only just becoming evident at 5 weeks the mice should have the motor ability
to ingest the diet. In addition, diet was provided on the floor of the cages in the exact same manner as
control diet, so access cannot be an issue. Also there is no statistically significant weight loss in the
PLX group. Even if the average of ~15% weight loss seen is indeed real and not a sampling error
multiple studies have shown this level of weight loss to occur within 18 hours of fasting in mice which
would mean the mice must have eaten plenty of PLX chow (Jensen et al., 2013). Given lack of
significant symptoms at this stage, ease of access to the chow, and lack of more acute weight loss it not
feasible that the mice are not eating the chow.

Considering these explanations are not plausible and there were other potential changes seen in the
cellular composition of S10-Myrf(PLX5) mice given PLX, the PLX is active but the end result after
two weeks is no difference in IBA1+ cells.

It is important to consider possible other sites of action of PLX in these mice when interpreting results.
PLX may be acting on other cells of the mononuclear phagocytic lineage either in the periphery or
within the CNS. My hypothesis of the explanation of these data is that PLX is inhibiting microglia in
these mice however the overall IBA1+ cell number remains the same overall. I would have two
explanations for this. Either there are CSFR1 independent cells which increase in number as the CSFR1
dependant microglia are inhibited. It is known that tumour associated macrophages which increase
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inflammation are CSFR1 independent (Cannarile et al., 2017). An increase in this cell type within the
CNS following peripheral infiltration would explain the potentially worse weight loss in mice given
PLX. Alternatively, if microglia are beneficial during the initial stages of PLX administration, their
inhibition would be detrimental. This would therefore speed up the progression of the model. The need
to perfuse the entire cohort early because of severity of weight loss in mice administered PLX would
corroborate this. If the model did progress more quickly in mice given PLX then inflammation in these
mice would increase as is evidenced by the substantial increase in IBA1+ cells between S10-Myrf(5wk)
and S10-Myrf(7wk) mice. The increased inflammation in these mice as a result of progression of the
model could negate any reduction in IBA1+ cells caused by PLX.

The two explanations of CSRF1 independent IBA1+ cells increasing in number in response to PLX and
progression of the model causing more inflammation to offset any reduction caused by PLX may well
work in concert with one another. While this was my initial hypothesis to explain the data acquired
from giving PLX to S10-Myrf mice from 5 weeks post induction there was insufficient evidence to
support it. Therefore I decided to administer PLX from 3 weeks post-induction to further assess the
effects of PLX on demyelination.

It is possible that the effects of PLX on other cells of the mononuclear phagocytic lineage are causing
the potentially worse weight loss in S10-Myrf(PLX5) mice. I did consider this; however exploration
of this possibility is challenging with various cell types in the periphery needing to be assessed. It is
important to note that it is an alternative possibility which should also be considered in the interpretation
of the results of S10-Myrf mice given PLX from 3 weeks post induction which are described in the next
section.

5.2.3 Effects on the Sox10iCreERT2:Myrf(fl/fl):Rosa26-eYFP model of PLX
administration from 3 weeks post-induction
To assess whether a longer PLX course would clarify the role of microglia in demyelination I decided
to administer the PLX chow beginning at 3 weeks post-tamoxifen administration (S10-Myrf(PLX3)
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mice). Perfusion was necessary five days earlier in S10-Myrf(PLX5) mice given PLX than Cre-positive
S10-Myrf mice given control diet. While this was not statistically significant it indicates a possible
worsening of phenotype with PLX. If true, then this effect should be increased by both earlier and
longer administration. Any negative effect seen with PLX administration may be particularly potent as
the increase in IBA1+ cells at 3 and 5 weeks post-induction is moderate and in line with the inflammation
seen in the cuprizone model. Data provided by Alejandra Quiroga indicates that PLX administration to
cuprizone demyelinated animals results in a decrease in OL number (Figure 5.2). If this more moderate
inflammation is beneficial in contrast to the extreme demyelination and macrophage infiltration seen
between 5 and 7 weeks post-induction, then any negative effect on it would be expected to result in a
worsened phenotype and reduced number of OLs.

Weight loss
Animals were weighed to monitor their health throughout the experiment. Weight recordings were also
used to monitor the severity of the effects of demyelination and effects of PLX treatment. Mice given
PLX experienced significantly greater weight loss than Cre-positive littermate controls given control
diet. Weight loss started from day 33 after the first dose of tamoxifen and 18 days after starting PLX
treatment (Figure 5.9). At this time no weight loss was seen in the control animals (Cre-positive with
control diet). The weight loss which occurred in the PLX group necessitated the perfusion of the entire
cohort at day 39, a full two weeks prior to the intended perfusion date, due to Home Office license
restrictions.

Phenotype
As with weight loss S10-Myrf(PLX3) administered PLX experienced a significantly worse phenotype
(Figure 5.9C). Data were dichotomised into a clinical score of >1.5 and <1.5 as a score of 2 and above
affects the hindlimbs and was therefore considered to be a threshold for a clinically meaningful
phenotype, as evidenced by the loss of weight around the same time as a grade 2 phenotype. Using the
dichotomized data, the hazard ratio calculated using Cox proportional hazards model is 3.9 with 95%
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confidence intervals of 2.74-5.54, meaning that a mouse given PLX from week 3 post-tamoxifen is
almost four times as likely to suffer a phenotype of greater than 1.5 on the clinical scoring scale by day
39 post-induction (p<0.000001).

Worsening clinical score and weight loss provides substantial

evidence that PLX administration during demyelination causes a detrimental effect. No phenotype was
observed in Cre negative animals given either control or PLX diet.
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Figure 5.9. Weight loss and phenotype of S10-Myrf(PLX3) mice. A) Experimental timeline. S10Myrf animals were given tamoxifen for 4 days at P100 and then administered PLX diet from 3 weeks
post-tamoxifen until the date of perfusion. B) The chart shows the percentage of starting weight
measured over time. From P11 onwards there was a statistically significant difference in weight
between the PLX group and control diet group. * - statistically significant timepoint using independent
samples t-tests for each timepoint, with Benjamini-Hochberg multiple comparisons correction method
using a 0.1 false discovery rate. Control diet n=8, PLX diet n=9. C) Clinical disease scores for S10Myrf mice given PLX compared to S10-Myrf mice given control diet and Myrf mice. Mice given PLX
diet display a statistically significantly worse phenotype. p < 0.001 using data dichotomised into <1.5
and >1.5 clinical score and analysed using the Cox proportional hazards model. N.B. data remained at
p < 0.001 when a 0.5 clinical score threshold was used.
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Effect of PLX administration on myelination
To investigate whether there were any gross myelin changes in S10-Myrf(PLX3) mice eriochrome
cyanine staining was performed. There was no evidence of difference in myelination between Crenegative animals given control diet or PLX diet (Figure 5.10B). In Cre-positive animals there was
reduced staining intensity (i.e. higher mean light intensity) in mice given PLX (Figure 5.10). The
difference in myelination is likely to underlie the clearly increased phenotype and weight loss seen in
these animals.
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Figure 5.10. Eriochrome cyanine staining S10-Myrf(PLX3) mice. A) Example eriochrome cyanine
stains of littermate S10-Myrf animals to compare control (Left) and PLX diet (right) from week 3 until
perfusion at 5 weeks. On visual inspection there does appear to be a difference in the level of
myelination shown by the stain. B) Comparison of mean light intensity in the SCWM and CC of
animals with and without Cre and with and without PLX. There was evidence of difference in
myelination caused by PLX in Cre-positive animals. N.B. a higher mean light intensity indicates less
intense staining. * p < 0.05, ** p < 0.01 and *** p < 0.001. Cre- Control diet n=3, Cre- PLX diet n=2,
Cre-positive Control diet n=4, Cre-positive PLX diet n=4, three measurements per animal over the
SCWM and CC covering the area between the lateral aspect of each lateral ventricle
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Effect of PLX administration on the OL lineage
Histological analysis of OL and inflammatory cells was undertaken to determine the cell changes
underlying the difference in myelination. There was no observable effect on the number of PDGFRα+,
Plp+ or OLIG2+ cells of the OL lineage when Cre-negative animals were given PLX diet from 3 to 7
weeks post-induction, as expected (Liu et al., 2019). The number of IBA1 expressing microglia cells
in Cre-negative animals administered PLX was reduced by 55%, as is the expected effect of the drug
(Figure 5.11). In Cre-positive animals there was a reduction in the number of Plp+ mature OLs and Plp
mean labelling intensity, with an increase in PDGFRα OLPs which resulted in no evidence of change
to the overall number of OLIG2+ OLs or number of recombined cells as given by YFP labelling.
Paradoxically there was a substantial increase in the number of IBA1 expressing microglia and an
increase in the GFAP labelling in S10-Myrf(PLX3) mice given PLX (Figure 5.12-3).
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Figure 5.11. Immunohistochemistry and ISH labelling Cre-negative S10-Myrf(PLX3) mice – cell
counts. A) Immunohistochemistry (PDGFRα and OLIG2) and ISH (Plp) of oligodendrocyte numbers
in Cre-negative animals with and without PLX administration. Plp has also been quantified using mean
intensity of the stain using the same ROIs as for the cell counts, denoted PLP mean. There is no evidence
of a difference in oligodendrocyte numbers at any stage of the lineage, in non-demyelinated controls.
Note there is no YFP present in Cre-negative animals. B) Immunohistochemistry of microglia (IBA1)
and astrocytes (GFAP). There is a significant reduction in the number of microglia and increase in
GFAP labelling. * p < 0.05, ** p < 0.01 and *** p < 0.001. N.B. Plp mean is measured in arbitrary
units. PDGFRa n=4, Plp (count and mean) n=2, OLIG2 n=2.
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Figure 5.12. Immunohistochemistry and ISH labelling Cre-positive S10-Myrf(PLX3) mice – cell
counts. A) Immunohistochemistry (ROSA, PDGFRα and OLIG2) and ISH (Plp) of OL numbers in
Cre-positive animals with and without PLX administration. Plp has also been quantified using mean
intensity of the stain. There is a significant reduction in the numbers of mature Plp expressing OLs.
B) Immunohistochemistry of microglia (IBA1) and astrocytes (GFAP). Both IBA1 and GFAP are
significantly increased* p < 0.05, ** p < 0.01 and *** p < 0.001. YFP n=3, PDGFRa n=3, Plp (count
and mean) n=5, OLIG2 n=5, IBA1 n= 4, GFAP n=4.
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Figure 5.13. Immunohistochemistry and ISH labelling S10-Myrf(PLX3) Cre-positive mice –
example images. A) PDGFRα labelling showed an increase in the number of cells and their
ramification in animals administered PLX diet B) Plp labelling showed a decrease in the number of
cells C) IBA1 labelling showed an increased number of cells in animals administered PLX D) GFAP
labelling showed an increase in the number and ramification of cells in animals administered PLX.
PDGFRα and GFAP labelling was performed in the 647 channel. Scale bar: 100 µm.
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As in S10-Myrf(PLX5) mice the number of microglia is not reduced in S10-Myrf(PLX3), despite it
being shown to work as expected in control mice. In S10-Myrf(PLX5) mice there was no difference in
IBA1 cell count and mixed effects with a possibly worse phenotype but an increase in the number of
mature OLs. In S10-Myrf(PLX3) mice there was a clear worsening of phenotype, with mice given PLX
suffering worse weight loss, phenotype and demyelination. There was also a reduction in the number
of mature Plp+ OLs.

PLX administration in S10-Myrf(PLX3) mice causes a severe worsening of the demyelination
phenotype. There is a reduction in number of IBA1+ cells relative to the level expected given the
phenotype of these animals, but an absolute increased compared to healthier Cre-positive mice given
control diet. Given that PLX effectively reduces IBA1+ cell number in litter and cage-mate Cre-negative
control animals it is being ingested and working in these mice. The worsening of the phenotype and
presumed presence of PLX insensitive macrophages result in a paradoxical increase in IBA1 + cell
number relative to S10-Myrf(PLX3) mice given control diet.

While S10-Myrf(PLX5) mice had to be perfused early because of a worsening of weight loss in a couple
of the mice administered PLX the difference was not significant and no difference in phenotype was
noted. Therefore part of the rationale behind the S10-Myrf(PLX3) time course was to assess whether
earlier PLX administration clarified any differences. In the S10-Myrf(PLX3) mice those administered
PLX suffered a markedly more severe phenotype and weight loss demonstrating that PLX was having
a detrimental effect on these animals.

One of my two preliminary hypotheses based on S10-Myrf(PLX5) data were that the PLX was reducing
the number of microglia as expected initially but that this was resulting in worsening demyelination and
quicker progression of the model indicating that microglia are beneficial for during demyelination. By
reaching the end stage of the model earlier S10-Myrf(PLX3) mice administered PLX develop the much
more severe inflammation as seen in S10-Myrf(7wk) mice.
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As has been described in Chapter 3 there seems to be a stable level of inflammation at the levels of
demyelination associated with no evident phenotype; however, once a certain demyelination threshold
is reached the number of IBA1+ cells increases to a far greater level. Given that PLX worsens
demyelination, animals given the drug will reach this threshold sooner, which will cause a substantial
increase in the number of microglia and the infiltration of PLX insensitive macrophages. Importantly,
the number of IBA1+ cells (654 cells/mm2) is still far fewer than is seen at the maximal timepoint of the
S10-Myrf model when control diet is used (1332 cells/mm2), despite S10-Myrf(PLX3) and S10Myrf(7wk) having the same, maximal severity of symptoms. PLX does seem to be causing a reduction
in IBA1+ cells compared to what would be expected with the amount of weight loss, severity of
phenotype and demyelination of these mice (Figure 3.10). Therefore in the S10-Myrf(PLX3) time
course my hypothesis of inhibition of microglia causing a worsening phenotype which results in greater
inflammation than mice not given PLX would explain these data. It is important to note that the
inflammation seen in S10-Myrf(PLX3) mice given PLX is less than that which would be expected for
the severity of the phenotype.

My alternative hypothesis is that PLX is not inhibiting all IBA1+ cells when it is being administered
and that the CSFR1 independent IBA1+ are proliferating to increase the inflammatory cell count as the
phenotype worsens. The CSFR1 independent IBA1+ cells may be infiltrating macrophages. Proinflammatory tumour associated macrophages are known to be CSFR1 independent (Cannarile et al.,
2017). Inhibition of the more inflammatory suppressing aspect of the inflammatory response would
lead to a worsening of the phenotype and an increase in overall IBA1+ inflammatory cell count as seen
in S10-Myrf(PLX3) mice. It is most likely that both inhibition of microglia causing quicker progression
of the model and a failure to inhibit particularly pro-inflammatory CSFR1 independent cells is
occurring.

It is important to consider possible other sites of action of PLX in these mice when interpreting results.
The more severe phenotype seen in mice given PLX may be the result of the action of PLX on cells of
the mononuclear phagocyte lineage in the periphery rather than, or in addition to, its effects within the
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CNS. Assessment of these effects was not feasible, but this is an important alternative explanation
which confounds some of the data presented.
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5.3 Discussion
To understand the effects caused by inhibition of CSFR1 during de- and remyelination in the S10-myrf
model two different timelines of administration were used.

The first of these involved the

administration of PLX in S10-Myrf animals from 5-7 weeks post-induction. In Cre-negative control
animals, the number of microglia was reduced and there was no observable effect on the number of
cells of the OL lineage, as would be expected from recently published reports (Liu et al., 2019).
However, in Cre-positive animals, mice had to be sacrificed early because of reduced weight, though
this was not statistically significant. Cell counts revealed a significant deficit in the number of newly
formed OLs but an increase in the number of Plp+ mature and OLs and intensity of Plp labelling.
In Dr Quiroga’s data examining the action of PLX in cuprizone diet she showed a deficit in OLPs with
a resultant deficit in Plp+ OLs and a reduction in IBA1+ cells. While there were signs of a worsening
of the phenotype in S10-Myrf(PLX5) mice given PLX, these were not conclusive and histology actual
showed an increase in mature OL number. IBA1+ cell number was not different between mice given
PLX and control diet at perfusion. This lack of difference may possibly be because PLX does not affect
macrophages which were shown to be present at maximal perfusion in Chapter 3. Without being able
to differentiate between microglia and macrophages reliably enough to quantify the populations this is
impossible to demonstrate. Changes seen in S10-Myrf(PLX5) mice were somewhat mixed with a
potentially worse phenotype but increased number of mature OLs.

A second time course was performed to determine whether longer PLX administration (from 3 instead
of 5 weeks post-induction) could clarify its effects during demyelination. S10-Myrf(PLX3) mice given
PLX had more severe weight loss and demyelination phenotype, compared to Cre-positive mice given
control diet, with the mice requiring perfusion just nine days after beginning treatment (Figure 5.9). In
no other S10-Myrf cohort, either used for histology or MRI was perfusion earlier than 7 weeks required.
This phenotype was because of an increase in demyelination in Cre-positive animals given PLX, as
shown by eriochrome cyanine staining (Figure 5.10). As expected there was a reduction in IBA1 cell
count in Cre-negative mice, with an increase in GFAP+ astrocytes, possibly to compensate for some
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microglial phagocytic functions (Figure 5.11) (Wakida et al., 2018). This again demonstrated that PLX
was working in cage-mate controls. In S10-Myrf(PLX3) mice given PLX there was a paradoxical
increase in the number of IBA1 cells. In the same animals there was a reduction in Plp+ cells and
staining intensity (see Figure 5.12 for complete results of cell labelling). When compared to S10Myrf(7wk) Cre-positive mice the number of IBA1+ cells are reduced. While these mice are at a different
time post-induction (S10-Myrf(PLX3) perfused at 39 days, S10-Myrf(7wk) perfused at 54 days) they
are at the same weight, severity of phenotype and demyelination (by eriochrome cyanine, Plp+ cells and
Olig2+ cells). It would be reasonable for them to have comparable inflammation as all other features
are the same, however the number of IBA1+ cells is greatly reduced in S10-Myrf(PLX3) mice in
comparison (~1400 cells/mm2 vs ~650 cells/mm2). This relative reduction alongside the fact that the
number of IBA1+ cells is reduced in control animals likely indicates that PLX is inhibiting microglia
despite the paradoxical increase in absolute number relative to control.

Inhibition of microglia results in a worsening of the demyelination phenotype in S10-Myrf(PLX3)
animals. Without being able to characterise the inflammatory cells in the brain accurately, into
microglia and macrophages of CNS and peripheral origin it is difficult to assess why the phenotype
worsens. It may be that the infiltration of macrophages underlies the swift progression of pathology
seen in these mice as well as the S10-Myrf model from 5 weeks post-induction onwards. Plemel et al.
(2020) used the CX3CR1 inducible Cre to label microglia and differentiate microglia and macrophages
(Goldmann et al., 2013). Using this approach the authors showed that microglia prevented sustained
macrophage infiltration of a CNS demyelinated lesion.

This interaction provides an interesting

explanation for the findings in S10-Myrf(PLX3) mice. If there is depletion of microglia in these animals
this may allow for increased infiltration of macrophages, the presence of which has already been
demonstrated in S10-Myrf(7wk) mice. As macrophages are IBA1+ an increase in these cells could
partially underlie the increased IBA1+ cell number in S10-Myrf(PLX3) mice. Increased macrophage
infiltration could also explain the severe worsening of the phenotype of S10-Myrf(PLX3) mice given
PLX, compared to control diet. The S10-Myrf phenotype did not severely deteriorate until just before
7 weeks post-induction at which point macrophages are present, it may be the presence of macrophages
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which results in inappropriate demyelination, with their presence increased following microglial
depletion this process would speed up resulting in the need for early perfusion of S10-Myrf(PLX3)
mice. Macrophages being an important determinant of disease is similar to the pathology seen in MS,
where macrophages have been known to be a principle driver of demyelination in patients for a long
time (Genain et al., 1999).

Microglia are known to have other beneficial effects in addition to prevention of CNS infiltration by
macrophages. Of those relevant to demyelination, the promotion of OL proliferation and differentiation
is the most important. Naruse et al. (2018) demonstrated that microglia induced OLP generation in the
SVZ following focal demyelination of the CC. Minocycline inhibition of microglia resulted in a
decrease in OLP formation. This result may provide a mechanism for the reduction in mature OLs seen
in S10-Myrf(PLX3) mice with reduced OLP formation secondary to microglial inhibition. PDGFRα+
cells are increased in S10-Myrf(PLX3) mice given PLX compared to control diet, however as with the
increased IBA1+ cell count the number may be lower than that seen with a similar phenotype, weight
loss and reduction of Plp+ cells in S10-Myrf(7wk) mice (191±16 vs 210±6.89 p = 0.253). As this result
is non-significant microglia inducing OLP formation should remain as a possible explanation for the
reduction in mature OLs seen in these mice. Other mechanisms by which microglia promote the
maintenance of myelination and even remyelination include the clearance of debris (Lampron et al.,
2015; Neumann et al., 2008), secretion of growth factors and cytokines which promote OL proliferation
and differentiation (e.g. IGF-1 amongst others (Hlavica et al., 2017)) and alterations to the extracellular
matrix (e.g. the degradation of chondroitin sulfate proteoglycans (Pu et al., 2018))(Miron, 2017). The
loss of any or all of these beneficial effects is likely to contribute to the detrimental impact of microglial
inhibition in S10-Myrf mice. Importantly, these data presented indicate that the overall effect of
microglia is seemingly beneficial in this model.

The effects of microglia are of course not entirely beneficial or deleterious, but a mixture of the two.
Heterogeneity of microglia has been recognised for a long time (Lawson et al., 1990). However it is
only recently that the classification of microglia into more than simply activated or quiescent states has
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happened (Ransohoff, 2016). Microglial heterogeneity in various CNS diseases has been the focus of
considerable research in the past few years (Keren-Shaul et al., 2017; Krasemann et al., 2017; Lloyd
and Miron, 2019; Mathys et al., 2017). As well as disease specificity microglial responses vary
depending on location within the CNS. For example in Naruse et al. (2018) focal demyelination of the
internal capsule did not cause microglial activation of OLP generation in the SVZ, whereas
demyelination of the CC did. Microglial heterogeneity may be the cause of the more mixed picture in
S10-Myrf(PLX5) mice than S10-Myrf(PLX3) mice. While both actually received PLX for a similar
amount of time (S10-Myrf(PLX5) 14 days, S10-Myrf(PLX3) 18 days) it was begun at times when the
inflammatory processes were slightly different, with S10-Myrf(PLX5) mice about to transition to the
much more inflammatory state seen in S10-Myrf(7wk) mice whereas S10-Myrf(PLX3) mice were still
in the phase of relatively modest inflammation.

Microglia during the more modest stages of

inflammation may have a more beneficial profile which would explain why their inhibition is clearly
detrimental, whereas the inhibition of microglia during the later stages of the model seems to have a
more mixed effect indicating a finer balance between the beneficial and detrimental effects during these
stages. In an analogous way the deleterious pathways of microglial activation are considered important
in the transition of MS from the relapsing-remitting form to primary progressive MS, with the more
stable immune activation of initial plaques which remyelinate giving way to an immune response
resulting in progressive demyelination.

When taken together these two experiments and the data from PLX administration in cuprizone mice
show that inhibition of microglia causes a worsening in the demyelination phenotype. This is likely to
be through the various beneficial effects of microglia on OLs. This interaction is shown to be an
important determinant of disease. There is heterogeneity in interaction between microglia and OLs,
with PLX given later in the course of the model having a more mixed result. This heterogeneity in
microglial response across and within disease models is being increasingly recognised.

Better

characterisation of the mechanisms which determine the response of microglia to disease and interaction
with OLs is critical in developing effective therapies to various CNS diseases, most obviously MS.
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Chapter Six – Summary and conclusions
During my PhD I have investigated the processes accompanying demyelination and the importance of
inflammation in remyelination. Various different modalities were used in the assessment of these
processes in four different demyelination models. The range of methods in combination with the lack
of detailed pre-existing data meant that much of my PhD was involved in the learning and optimisation
of these techniques to provide reliable data for use in future studies.

Nonetheless, several important findings emerge from my work. Some of these have been identified
through rigorous hypothesis testing, while others have been serendipitously discovered in the process
of data acquisition.

In Chapter 3, I performed a comprehensive glia-centric histological analysis of four different models of
de- and dysmyelination, namely: S10-Myrf, Shi, Cuprizone and Opalin-Myrf, with three different
timepoints investigated in the S10-Myrf model. Perhaps the most striking finding, is that inflammation
is ubiquitous in demyelination. In all models and at all timepoints within these models, even with antimicroglial treatment used in Chapter 5 there was a significant increase in the presence of inflammatory
cells. This is important as many studies only look at the implications for neurons or OLs when
investigating demyelination. However, it is clear that the inflammatory response is a major factor in
remyelination and must therefore be considered concurrently. Actually it was the worsening of the
inflammatory response, associated with macrophage infiltration, which appeared to precipitate the most
severe demyelination and phenotype, rather than the loss of OLs themselves. Investigation of the factors
determining peripheral infiltration and detailed characterisation of the contribution of microglia versus
macrophages to the immune response would be valuable for understanding of demyelinating disease.

The other main finding described in Chapter 3 was that there can be considerable OL loss prior to any
overt phenotype. The implication of this is that there may be some other function lost at the more subtle
stages of demyelination. The hypothesis which is becoming increasingly accepted is that myelin
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encodes learning and memory paradigms (Sampaio-Baptista and Johansen-Berg, 2017). Subtle models
of demyelination may be useful in the further exploration of myelin’s role in learning and memory.

Limitations in this chapter of my thesis included the inability of current methods to comprehensively
differentiate between microglia, CNS resident macrophages and peripherally infiltrating macrophages.
Time and financial limitations hampered further labelling which would have been informative. This
principally would have involved labelling of inflammatory cells in Opalin-Myrf mice. Other labelling
which may have been informative includes MBP which could have provided an alternative quantitative
measure of myelination compared to eriochrome cyanine. Only analysing the CC and SCWM is another
limitation of this thesis in general. Other areas which could have been investigated include the cortex,
spinal cord and peripheral nervous system. It is possible that effects in these areas are causing some
aspects of the phenotype seen.

Continuation of this line of investigation would first involve labelling for inflammatory cells in the
Opalin-Myrf model. This would complete the basic cellular picture across the four different models.
To be able to delineate microglia, CNS macrophages and infiltrating macrophages would be highly
informative. Therefore pursuing this further would be the next most crucial step, perhaps investigating
techniques such as peripheral injection of indocynanine green dye as described in Sim et al. (2020).
Finally behavioural investigation of these models would be of interest, as it is posited that there will be
behavioural deficits with mild demyelination. Characterising these deficits would indicate a role for
while myelin is absolutely necessary. Initial behavioural tests would be for more subtle motor signs,
including gait analysis and rotarod test to determine the sensitivity of the phenotype scoring system to
initial motor symptoms. Additional behavioural tests of memory including T maze, radial maze and
novel object task would investigate the potential encoding of memory in myelination, though this is
currently purely speculative.

In Chapter 4, I discussed the findings of DWMRI analysis of these models. By scanning four different
models of demyelination I demonstrated that considerable demyelination must occur before it is
detected as a change in DWMRI signal. The non-linear relationship between the level of myelination
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and changes in FA and MD indicates that absolute levels of myelination change are unlikely to be the
sole cause of DWMRI changes seen in learning paradigms (Scholz et al., 2009). Inflammation which
accompanies demyelination appears to be an important modulator of DWMRI signal with the greatest
change occurring in the model not with the most demyelination but with the most inflammation (S10Myrf 7-week timepoint).

The greatest limitation of my thesis was the analysis method of the DWMRI data acquired. While the
atypical method used should be specific it will have limited sensitivity. A superior method would have
involved voxel-wise analyses of co-registered data. A more standard analysis pipeline would have also
allowed for other areas of the brain to be assessed, principally areas of the cortex and other white matter
tracts.

Continuation of this line of investigation would principally be to reanalyse already acquired data.
Through a traditional analysis pipeline for the data this would allow much more rigorous testing of
multiple different brain areas which may be highly informative. The sensitivity of the data is likely to
be improved allowing for more confidence in its interpretation.

Mollink et al. (2017) is the publication which most closely resembles the work described in chapters 3
and 4 in terms of methodology. In it they performed a comparison of diffusion MRI, histology and
polarised light imaging to assess fibre orientation dispersion in white matter. Use of diffusion MRI,
histology and a third ultrahigh resolution method represents an ideal method for fully assessing the
structure of brain and its correlates in diffusion MRI signal. The authors were able to successfully
combine these techniques to verify that fibre orientation dispersion estimates given by diffusion MRI
are an accurate representation of tissue architecture. While the methodology had certain similarities to
my project Mollink et al. (2017) studied healthy tissue with the purpose of assessing fibre orientation
dispersion in contrast to the aims of chapters 3 and 4 of this thesis.

Sampaio-Baptista et al. (2020) is a recently published study which provides an excellent blueprint for
comparative diffusion MRI and cellular data. In the paper they used one hemisphere of rat brains for
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diffusion MRI and the other half for mRNA expression analysis. Through using this method they
demonstrated that experience-induced diffusion MRI changes in white matter are supported at the
molecular and cellular level. While this was done in rats it would be a useful methodology for assessing
mice and would have been a reasonable alternative to the methods used in this thesis.

In Chapter 5, I investigated the role of inflammation in de- and remyelination. In general terms
inflammation is considered to have a deleterious impact by both clinicians and researchers. However,
on the whole this is of course not the case. I used a pharmacological drug which specifically targets
microglia in combination with the S10-Myrf model which I had characterised with both DWMRI and
histology. The first time course showed a mixed effect of the treatment on the demyelination
experienced by these animals. Therefore, a second experiment was performed with the pharmacological
treatment given from at an earlier stage of demyelination. Inhibition of microglia caused a severe
worsening of phenotype, weight loss, demyelination and a reduction in mature OL number, indicating
a beneficial role of microglia at this stage of the model. This finding was supported by data from Dr
Alejandra Quiroga using the same pharmacological treatment in the cuprizone model of demyelination,
in which inhibition of microglia caused a reduction in OL cell number.

The exact mechanism by which microglia are beneficial in this model cannot be demonstrated. Recently
identified beneficial mechanisms of microglia in demyelination include promotion of OLP formation
and proliferation (Naruse et al., 2018) and the prevention of macrophage infiltration of demyelinated
lesions (Plemel et al., 2020). As well as these novel mechanisms there are microglia’s more traditional
actions such as clearance of debris, secretion of cytokines and modulation of the extracellular matrix,
which are known to be beneficial (Lloyd and Miron, 2019). The exact role of microglia is now
recognised as heterogenous and highly context specific. This is reflected in the different results
depending on the time point at which microglia are inhibited.

Limitations in this chapter are similar to those for chapter 3 as both used histological methods. Of
greatest pertinence is the inability of current methods to comprehensively differentiate between
microglia, CNS resident macrophages and peripherally infiltrating macrophages. Additionally, only
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analysing the CC and SCWM is another limitation. Other areas which could have been investigated
include the cortex, spinal cord and peripheral nervous system. It is possible that effects in these areas
are causing some aspects of the phenotype seen.

Continuation of this line of investigation would have principally involved analysis of earlier timepoints
following PLX administration, particularly in S10-Myrf(PLX3) mice. Doing this would have allowed
for greater understanding of the activity of PLX in these mice. To do this I would have perfused mice
approximately one week following the start of PLX administration as this is when mice given PLX
begin to display a worse phenotype than those given a control diet.

There are two alternative hypotheses for what would have been found. Either IBA1 counts would have
still been raised in which case PLX is inhibiting a subgroup of IBA1 + cells with the other population
increasing in number in an uncontrolled fashion. The exact identity of these cells is unclear without
effective labelling for microglia, CNS resident macrophages and infiltrating macrophages. I would
hypothesise that either PLX does not effectively inhibit highly activated microglia seen in this model
or does not effectively inhibit a macrophage population. It is already known that tumour associated
macrophages which are in a pro-inflammatory state are CSFR1 independent, lending weight to the latter
explanation (Cannarile et al., 2017).

Alternatively IBA1+ cell counts would be reduced in mice given PLX treatment. If this were the case
then it indicates that this reduction in cells results in the worsened phenotype seen shortly afterwards,
therefore indicating that the IBA1+ cells are doing something beneficial during demyelination. Again
characterisation of the different IBA1+ subgroups would be informative for identifying which cells are
of particular importance. Either result of earlier analysis of S10-Myrf mice given PLX will be
informative as to the exact cellular processes which are occurring.

PLX 5622 is a relatively new pharmacological inhibitor and therefore there have not been published
studies similar to that described in chapter 5. There have been attempts to assess the importance of the
response of microglia to CNS insults in terms of OLs and myelin. In particular Naruse et al. (2018)
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demonstrated that microglial activation induced generation of OLPs from the subventricular zone after
focal demyelination in the CC. This positive effect of microglia following demyelinating injury is a
useful comparison to the data provided in chapter 5, as it provides some additional plausibility of a
positive effect of microglia in S10-Myrf mice.

Cells types are generally considered within a vacuum by studies. However, the interplay between
different cell types, in this thesis between OLs and inflammatory cells, particularly microglia, must be
recognised as an important determinant of health and disease. Of course, the ability to characterise the
interaction between cell types and subtypes is challenging as it is hard enough to develop an
understanding of one cell class let alone several. However, the interplay between cell types must at
least be considered when interpreting results, as effects of other cell classes are a prominent confounder
of many studies.

While this thesis has approached the questions involved with as much rigour as possible, various
limitations must be noted. It is through interpretation of data without being mindful of its weaknesses
that poor scientific decisions are made. In addition to those already mentioned a couple of general
issues pervade this thesis, which are common to almost all preclinical animal studies. These are
foremost, sample size issues for any given piece of data, and the presumed homogeneity of animals.
While every effort is made to minimise variation between mice the differences in gender and
environmental factors are too often ignored despite increased awareness of their importance (Beery,
2018). There are many other causes of experimental variability which affect results. These need not
be explicitly detailed here, but their presence is acknowledged.

I hope that the work done in completing this thesis will have aided in the progression of neuroscience,
albeit if only marginally. Progress can often lead to more questions than answers, and the results
detailed in this thesis are no different.
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