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Abstract
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system
(CNS) characterised by immune-mediated destruction of myelin-producing
oligodendrocytes. While there is a plethora of disease-modifying therapies to reduce
relapses, there are currently no available treatments to boost oligodendrocyte and
myelin regeneration. Therefore, uncovering the mechanisms that regulate
remyelination is an essential task to elucidate druggable targets and improve the
quality of life of people living with MS or other demyelinating conditions.
Previously, we reported that regulatory T cells (Treg) are required for efficient myelin
regeneration in the mouse CNS. Treg secrete cellular communication network factor
3 (CCN3), a matricellular protein that promotes oligodendrocyte progenitor cell (OPC)
differentiation and myelination in murine mixed glial and brain slice cultures,
respectively. In addition, previous reports demonstrated that CCN3 is expressed by
CNS cells in the human and rat brain, suggesting that Treg may not be the predominant
source of CCN3 in this context. Based on these findings, we hypothesised that CCN3:
1) is expressed in the adult mouse CNS, 2) is required for CNS myelination and 3) is
necessary for efficient myelin regeneration. To test these hypotheses, an
immunohistochemical characterisation of CCN3 expression was first performed in the
mouse CNS. Furthermore, myelination and remyelination were investigated in CCN3deficient mice and wild type (WT) controls. To interrogate the latter, two models of
toxin-induced demyelination were used: cuprizone feeding and lysolecithin injection
in the spinal cord ventral white matter.
We found that CCN3 is detected in specific anatomical regions of the healthy CNS,
predominantly in neurons. Despite this expression, CCN3-/- mice myelinate to levels
comparable to WT controls. When demyelination is induced in WT animals, CCN3
becomes transiently upregulated during demyelination and remyelination. In the brain
of cuprizone-fed mice, CCN3 is detected in bulbar-like structures that co-localise with
a marker of axonal damage. In spinal cord lysolecithin-induced lesions, CCN3 is
briefly upregulated by oligodendrocyte lineage cells and glial fibrillary acidic proteinpositive cells. However, despite this expression, CCN3 deficiency did not impair OPC
differentiation during remyelination in these models.

Despite the negative functional outcomes in the models used in this study, the peculiar
and dynamic expression patterns of CCN3 in the mouse CNS suggest unidentified
roles in a range of neurological processes. This thesis lays a framework of reference
for future studies investigating the roles of CCN3 (and other CCN proteins) in
myelination, remyelination and other neurological functions.
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RT-PCR ............................... Reverse Transcription Polymerase Chain Reaction
S100A4 ................................ S100 calcium binding protein A4
S1BF .................................... primary Somatosensory cortex (Barrel Field)
S1Tr ..................................... primary Somatosensory cortex (Trunk)
S1ULp .................................. primary Somatosensory cortex (Upper Lip)
S2 ......................................... secondary Somatosensory cortex
SCN ..................................... SupraChiasmatic Nuclei
scRNAseq ............................ single cell RNA sequencing
SD ........................................ Standard Deviation
SDS ...................................... Sodium Dodecyl Sulfate
SEM ..................................... Standard Error of Means
Sema3F ................................ Semaphorin 3F
SF ......................................... Septofimbrial Nucleus
SHH ..................................... Sonic HedgeHog
SI .......................................... Substantia Inominata
SNP ...................................... Single Nucleotide Polymorphism
SOX ..................................... Sex determining region Y-box
SP ......................................... Signal Peptide
SPMS ................................... Secondary Progressive Multiple Sclerosis
SRF ...................................... Serum Response Factor
STN ...................................... SubThalamic Nucleus
SUB ..................................... SUBiculum
SUM..................................... SUpraMammillary nucleus
SVZ ...................................... SubVentricular Zone
TBS ...................................... Tris Buffered Saline
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TCF4 .................................... Transcription Factor 4
TCR ..................................... T Cell Receptor
TEM ..................................... Transmission Electron Microscopy
TF......................................... Transcription Factor
TFEB ................................... Transcription Factor EB
Tfh cell ................................. T follicular helper cell
TGF-β .................................. Transforming Growth Factor β
Th cell .................................. T helper cell
TH ........................................ Thyroid Hormone
TNFα.................................... Tumour Necrosis Factor α
Treg ...................................... Regulatory T cell
Tris ....................................... Tris(hydroxymethyl)aminomethane
Tsc ....................................... Tuberous sclerosis
TSP-1 ................................... type 1 repeat of Thrombospondin domain
UCB ..................................... Umbilical Cord Blood
VCAM-1 .............................. Vascular Cell Adhesion Molecule 1
VEP ...................................... Visually Evoked Potentials
VSMC .................................. Vascular Smooth Muscle Cell
VTA ..................................... Ventral Tegmental Area
VWC .................................... type C repeat of Von Willebrand factor domain
vWM .................................... ventral White Matter
VZ ........................................ Ventricular Zone
WISP1-3 .............................. Wnt-1 Inducible Signalling Pathway proteins 1-3 (CCN4-6)
WM ...................................... White Matter
WT ....................................... Wild Type
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1. Introduction
1.1 Multiple sclerosis
Multiple sclerosis (MS) is a chronic, immune-mediated, demyelinating condition of
the central nervous system (CNS). In 1838, Dr. Robert Carswell first depicted this
(then unknown) pathology. The drawing displayed discoloured lesions in the CNS of
a patient with paralysis of unknown aetiology (Compston et al., 2006). However, it
was not until 1865 that Dr. Jean-Martin Charcot identified, described and characterised
the clinical and pathological presentation of MS (Compston et al., 2006). MS is the
most common non-traumatic neurological cause of disability in young adults and
currently affects over 2.8 million people worldwide (The Multiple Sclerosis
International Federation (MSIF), 2020). This, however, may be an underrepresentation
due to the shortage of epidemiological data in some countries. There is an increased
prevalence of MS in women compared to men (Orton et al., 2006; Ahlgren, Odén and
Lycke, 2011; Mackenzie et al., 2014). MS often first manifests clinically and is
diagnosed in young adults of 20 – 40 years old (The Multiple Sclerosis International
Federation (MSIF), 2020). Albeit rarely a fatal disorder, it often leads to a substantial
decrease in the quality of life of people living with MS (pwMS). The exact cause of
MS is uncertain, but it is known as a multifactorial disease. Genetic, lifestyle and
environmental factors contribute towards an increased likelihood of developing the
condition.
1.1.1 Risk factors that influence MS susceptibility
Genetic risk factors
There is a myriad of genetic factors that partially contribute towards an increased risk
of developing MS. Many have been identified in genome-wide association studies
(GWAS), which compare allele frequencies at genomic loci from pwMS and healthy
control cohorts. Specific single nucleotide polymorphisms (SNPs) within human
leukocyte antigen (HLA) genes and associated regulatory regions constitute the
strongest genetic risk factors for MS (Jersild, Svejgaard and Fog, 1972; Naito et al.,
1972; Jersild et al., 1973; Sawcer et al., 2011). HLA molecules present antigens to T
lymphocytes. The most compelling risk association with MS to date is the allele HLADRB1*15:01 (Sawcer et al., 2011; Patsopoulos et al., 2013). As with HLA, most SNPs
associated with MS susceptibility are located within or near genes involved in
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lymphocyte function (Sawcer et al., 2011). Some examples include interleukin 2 and
7 receptor α chain genes (IL2RA and IL7RA, respectively) (Hafler et al., 2007; Sawcer
et al., 2008, 2011). These data suggest that immune dysregulation may at least partially
influence MS aetiology. In total, over 230 risk variants for MS have been identified
(over 100 of which are not in HLA regions) (reviewed in Olsson, Barcellos and
Alfredsson, 2016; Cotsapas and Mitrovic, 2018). These figures from GWAS suggest
that 1) several genes and associated regulatory regions are strong candidates for MS
causality, 2) different pwMS may have different underlying risk-associated genetic
and molecular make-ups and 3) MS is therefore a complex trait, in which the same
phenotype can arise from different genotypes. Nevertheless, genetics alone does not
fully explain susceptibility. Other determinants that can affect susceptibility to MS are
environmental and lifestyle factors.
Environmental and lifestyle risk factors
The incidence and prevalence of MS are generally higher in geographical sites located
further from the equator, particularly in northern latitudes (Simpson et al., 2019)
(Figure 1.1). Importantly, the risk to develop MS for an individual remains that of the
geographical location at which they were located up to adolescence. This is revealed
by epidemiological migration studies observing that populations migrating from a lowrisk to a high-risk area retain a low risk to develop MS if they migrate after adolescence
and vice versa (Dean and Kurtzke, 1971; Kurtzke, 1975; Visscher et al., 1977; Gale
and Martyn, 1995; Thompson, Baranzini, et al., 2018; Nielsen et al., 2019; Simpson
et al., 2019). A high body mass index (BMI) in individuals younger than 20 years of
age also confers a higher risk to develop MS (Munger, Chitnis and Ascherio, 2009;
Hedström, Olsson and Alfredsson, 2012). Frequent sun exposure confers a protective
effect against MS development, and vitamin D deficiency is associated with a higher
risk of MS (Van Der Mei et al., 2003; Munger et al., 2004, 2006; Bäärnhielm et al.,
2012). Generally, the major source of vitamin D is through skin exposure to the sun
(Holick, 2004). These associations may therefore partly explain the latitude gradient
effect on MS risk. It has been previously hypothesised that vitamin D may mediate the
higher risk of developing MS in obese individuals, since a high BMI is associated with
vitamin D insufficiency (Wortsman et al., 2000; Olsson, Barcellos and Alfredsson,
2016). Nevertheless, mendelian randomisation studies support obesity as an
independent risk factor from vitamin D (Jacobs, Noyce, et al., 2020). Exposure to
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infectious agents is an additional risk factor that increases MS susceptibility. More
specifically, infection by the Epstein-Barr virus (especially featuring a clinical
symptomatic presentation of infectious mononucleosis) confers an increased risk of
MS (Ascherio and Munger, 2007; Handel et al., 2010; Jacobs, Giovannoni, et al.,
2020). Another striking risk factor is smoking, with a dose-response correlation
between smoked cigarette numbers and risk of MS development. This effect is likely
independent from nicotine, as snuff tobacco consumption does not increase the risk for
MS (in fact, surprisingly, it appears to confer a protective effect) (Ghadirian et al.,
2001; Hernán, Olek and Ascherio, 2001; Hedström et al., 2009). Because MS is much
more common in females than males, it has been proposed that sex-associated factors
may affect disease risk. A retrospective epidemiological investigation found a strong
positive association between testicular hypofunction (used as a surrogate of low
testosterone levels) and MS (Pakpoor et al., 2014). These results warrant the need to
further investigate the association between MS risk and sex hormones (including
testosterone). Finally, circadian dysregulation has also been hypothesised to play a role
in the aetiology of MS, as performing shift work before 20 years of age is associated
with an increased MS risk (Hedström et al., 2011). Together, these epidemiological
data highlight the complexity of MS aetiology, which up to this day remains under
scrutiny.
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Figure 1.1 Prevalence of pwMS in the world. Diagram and data retrieved from the Atlas of
MS (The Multiple Sclerosis International Federation (MSIF), 2020).

1.1.2 The myelin sheath: structure and function
MS is a demyelinating disease of the CNS, meaning that myelin sheaths are damaged
and lost. What is myelin? Why is it important in the CNS? And why do neurological
abnormalities arise when myelin is lost?
Myelin composition and structure
Rudolf Ludwig Virchow, the pathologist that coined the term “neuroglia” (which
means “nerve glue”), also conceived the name “myelin” (Boullerne, 2016). Myelin
comes from the Greek word “myelos” (meaning “marrow”) and is a lamellar, compact
structure that spirally wraps axons in the nervous system. This provides myelin sheaths
(or internodes) with the characteristic appearance of electron-dense (cytoplasmic
surface) and light (extracellular membrane contact) layers seen in electron microscopy
images of the nervous system (Baumann and Pham-Dinh, 2001). In the CNS (brain,
spinal cord and optic nerves), myelin sheaths are made by the plasma membrane of
oligodendrocytes (Bunge, Bunge and Pappas, 1962). In the peripheral nervous system
(PNS), myelin is made by the plasma membrane of Schwann cells (Geren, 1954;
Robertson, 1955). CNS myelin insulates axons, with its dry weight consisting of
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approximately 70% lipids and 30% proteins, while generally the opposite ratio is
observed in other cell membranes (Norton and Poduslo, 1973). Louis-Antoine Ranvier
described for the first time the presence of periodic gaps in myelin, in which axons are
exposed to the extracellular space, that are now known as the nodes of Ranvier
(Barbara, 2007). The nodes are separated from the internodes by two molecularly
distinct regions called the paranode, consisting of less compact myelin loops that
contain cytoplasm and the paranodal axo-glial junction (PNJ) (Robertson, 1959), and
the juxtaparanode, which is located under the compact myelin adjacent to the paranode
but does not extend throughout the whole internode (Wang et al., 1993). The PNJ is a
structure that anchors the myelin sheath to the axolemma (axonal membrane) at each
end of the myelin sheath, isolating the nodes from the internodes. This is achieved by
adhesion molecules located at the axomyelinic interface (bound to oligodendrocyte or
axonal membranes), including neurofascin, contactins and contactin-associated
proteins (Caspr) (Einheber et al., 1997; Menegoz et al., 1997; Rios et al., 2000; Tait
et al., 2000; Zonta et al., 2008). Crucially, myelination is required for the
reorganisation of axonal ion channels from a homogenous distribution towards a
juxtaparanodal or nodal clustering (with voltage-gated sodium channels located in the
nodes) (Joe and Angelides, 1992; Wang et al., 1993; Dugandzija-Novakovic et al.,
1995; Vabnick et al., 1996; Kaplan et al., 1997; Poliak et al., 1999; Traka et al., 2003).
This structural feature conferred by myelination is essential for one of the main
functions of myelin: saltatory conduction.
Saltatory conduction
When an axon is myelinated, voltage-gated sodium channels cluster in the nodes of
Ranvier. Furthermore, the electrical resistance of the axonal membrane within
internodes increases due to the lipidic wraps. This means that the transmembrane
exchange of ions that propagate neuronal action potentials is restricted to the nodal
regions. Overall, this structure allows neuronal depolarisation in a pattern known as
saltatory conduction, “jumping” from node to node (Lillie, 1925; Tasaki, 1939; Huxley
and Stämpeli, 1949). This results in much faster conduction velocities than in
unmyelinated axons of a similar diameter (Hartline and Colman, 2007). When
demyelination occurs (for example, in MS), so does a re-distribution of the ion
channels and other paranodal and juxtaparanodal molecules along the entire length of
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the axon, meaning that saltatory conduction is lost (Noebels, Marcom and JalilianTehrani, 1991; Coman et al., 2006).
Axonal support
Primary oligodendrocyte loss leads to axonal pathology and neurological deficits (Pohl
et al., 2011; Oluich et al., 2012). Why does this occur? Oligodendrocytes play a key
metabolic function by metabolising lactate, which is transferred to axons through the
monocarboxylate transporters MCT1 (expressed in oligodendrocytes) and likely
MCT2 (expressed in axons). In the axon, lactate can act as a substrate for the
production of adenosine triphosphate (ATP) (Fünfschilling et al., 2012; Y. Lee et al.,
2012). Oligodendrocytes express N-methyl-D-aspartic acid (NMDA) receptors
(Káradóttir et al., 2005), which are sensitive to glutamate released by neurons. When
oligodendrocytes are treated with NMDA in vitro, glucose transporter 1 (GLUT1)
expression increases and is redistributed to oligodendrocyte processes. Subsequently,
glucose uptake increases as well as lactate production (Saab et al., 2016). When murine
oligodendrocyte NMDA receptors are genetically ablated, GLUT1 in myelin sheaths
is reduced, there is a transient delay in developmental myelination, a failure to support
axonal energetic demands and a late (10 to 19 months of age) onset of inflammation
and axonal pathology (Saab et al., 2016).
Myelin plasticity
Oligodendrocytes can be long-lived and myelin is remodelled through lifetime in
response to experience to modulate motor, behavioural and cognitive function. This
extraordinary, recently discovered function of oligodendrocytes and myelin is
discussed in further detail in section 1.4.4.
In summary, myelin is essential for 1) efficient neuronal conduction, 2) metabolic
support of axons and 3) CNS plasticity. Therefore, when myelin is lost, severe
neurological functional deficits can arise.
1.1.3 MS pathology
MS is an immune-mediated disease characterised by chronic inflammation in the CNS.
Many believe that this pathology results from an autoimmune attack to myelin, but this
has not been definitively demonstrated. An “inside-out” theory may also be plausible,
as primary oligodendroglial disruption or death have been shown to cause
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demyelination

and/or

secondary

blood-brain-barrier

(BBB)

disruption

and

inflammation in animal models (Pohl et al., 2011; Oluich et al., 2012; Niu et al., 2019).
Nevertheless, the cause of MS remains uncertain.
The hallmark of MS pathology is the dissemination of demyelinated lesions (also
referred to as plaques) through time in diverse anatomical regions of the CNS grey and
white matter (Fog, 1950; Brownell and Hughes, 1962; Ulrich and Groebke-Lorenz,
1983). These lesions are characterised by variable patterns of peripheral immune cell
infiltration (Esiri, 1977; Prineas, 1979; Traugott, Reinherz and Raine, 1983; Serafini
et al., 2004; Tzartos et al., 2008; Zandee et al., 2017), microglia and monocyte-derived
macrophage (MDM) activation and infiltration (Boven et al., 2006; Miron et al., 2013;
Vogel et al., 2013), demyelination (loss of oligodendrocytes and associated myelin
sheaths) (Brück et al., 1994; Compston et al., 2006), astrogliosis (Holley et al., 2003),
axonal and dendritic transection (Ferguson et al., 1997; Trapp et al., 1998; Peterson et
al., 2001), neuronal death (Peterson et al., 2001; Magliozzi et al., 2010) and myelin
regeneration (Prineas and Connell, 1979; Prineas et al., 1984; Patrikios et al., 2006;
Patani et al., 2007; Kuhlmann et al., 2008). Different patterns of damage have been
described histologically in post-mortem CNS tissue from pwMS, which depend on the
cellular and morphological composition of these lesions. The state of the injury is often
referred to as “activity”, based on the inflammatory response and demyelination status.
Several lesion sub-classifications have been previously suggested, with the most recent
summarised in Table 1.1 (Kuhlmann et al., 2017).
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Table 1.1. Classification of MS lesions based on post-mortem histological characteristics.
Summary of CNS lesion types in post-mortem tissue from pwMS, based on cellular and
morphological characteristics using histological methods. This is the latest published
categorisation based on the combination and simplification of previous classifications
(Kuhlmann et al., 2017).
MS lesion classification

Histological characteristics
• Microglia/MDMs present throughout the entire

Early
demyelinating

lesion
• Myelin degradation products (including minor
and major myelin proteins) present within
microglia/MDMs
• Microglia/MDMs present throughout the entire

Active

Late
demyelinating

lesion
• Myelin degradation products (including major
myelin proteins) present within microglia/MDMs

Postdemyelinating

active/inactive

Demyelinating

(Previously

• No myelin degradation products observed
• Myelin degradation products present within
microglia/MDMs

referred to as
active”

lesion
• Microglia/MDMs present at the lesion rim

Mixed

“chronic

• Microglia/MDMs present throughout the entire

Post-

• Microglia/MDMs present at the lesion rim

demyelinating

• No myelin degradation products observed
• Sharply delimited borders
• Hypocellularity

Inactive

• Reduced microglia/MDM density
• Extensive oligodendrocyte depletion
• Reduced peripheral immune cell presence

It is noteworthy that pathology is observed in macroscopically unlesioned white and
grey matter of post-mortem MS tissue. Regions commonly referred to as “normal
appearing white matter” (NAWM, myelin-rich areas of the CNS) or “normal appearing
grey matter” (NAGM) are not in fact “normal”. This means they are largely not the
same as CNS tissue from people without MS. When investigated at the microscopic
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and molecular level, NAWM in pwMS can contain astrogliosis (characterised by an
abnormal increase in astrocyte density and hypertrophy) (Allen and McKeown, 1979),
demyelination (Allen and McKeown, 1979; Allen et al., 2001), increased lysosomal
fragility (McKeown and Allen, 1979), microglial/MDM activation (Allen et al., 2001;
Kutzelnigg et al., 2005), T lymphocyte infiltration and axonal injury (Kutzelnigg et
al., 2005). In cortical unlesioned NAGM from pwMS, neuronal, oligodendrocyte and
astrocyte loss and increased microglial/MDM activation are detected in association
with cases that have meningeal B lymphocyte follicle-like structures (Magliozzi et al.,
2010). Diffuse pathology in NAWM and NAGM are significantly more common in
tissue from pwMS who had a progressive disease course (Kutzelnigg et al., 2005;
Magliozzi et al., 2010). Interestingly, new lesions can occur in NAWM before the
appearance of gadolinium enhancement (which indicates BBB breakdown) during
magnetic resonance imaging (MRI) of the CNS (Filippi et al., 1998). These findings
raise questions such as how lesions and diffuse pathology arise in MS and how the
latter affects patients clinically in addition to lesion burden. Furthermore, the presence
of diffuse, microscopic pathology may confound or hinder attempts to correlate
clinical features of MS with the macroscopic localisation of lesions in MRI pictures.
1.1.4 Symptoms caused by MS
The clinical presentation of MS is incredibly diverse within and between patients.
Lesions can occur anywhere in the CNS, which can result in a wide range of symptoms.
Common symptoms in pwMS include ataxia (Davie et al., 1995; Hickman et al., 2001;
Cameron et al., 2008; Doty et al., 2018), pain and paraesthesia (most commonly
affecting limbs) (Rae-Grant et al., 1999; Svendsen et al., 2003; Beiske et al., 2004),
bladder problems (including increased urgency, incontinence and/or retention) (Phé,
Chartier-Kastler and Panicker, 2016), visual deficits (first presenting with optic
neuritis in a subset of patients) (Balcer and Frohman, 2010; Balcer et al., 2015),
dysphagia (Thomas and Wiles, 1999; Calcagno et al., 2002), speech abnormalities
(most commonly dysarthria) (Darley, Brown and Goldstein, 1972; Merson and
Rolnick, 1998), cognitive deficits (Rao et al., 1991; Glanz et al., 2007), muscle
stiffness or spasticity (Rizzo et al., 2004; Flachenecker, Henze and Zettl, 2014),
constipation and/or bowel incontinence (Wiesel et al., 2001) and sexual dysfunction
(Dupont, 1995; Schairer et al., 2014). Importantly, fatigue and depression occur
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frequently in pwMS, and are independent predictors of a decreased quality of life
(Janardhan and Bakshi, 2002; Göksel Karatepe et al., 2011).
1.1.5 Types of MS
Most pwMS (~85%) first present with a clinically isolated syndrome (CIS) (Miller et
al., 2005). This is characterised by a single clinical event of neurological symptoms,
with evidence of monofocal or multifocal CNS inflammatory demyelinating lesions.
To be considered a CIS, this presentation must persist for at least 24 h in the absence
of infections or fever (Thompson, Banwell, et al., 2018). This definition is virtually
the same as that of a relapse, with the key difference that a CIS is presenting for the
first time in a patient that has not been diagnosed with MS (Miller et al., 2005; Lublin,
2014; Lublin et al., 2014). When people with CIS experience a second relapse, they
may be diagnosed with having relapsing-remitting MS (RRMS) (see section 1.1.6 for
more details about diagnostic criteria for MS) (Thompson, Banwell, et al., 2018;
Thompson, Baranzini, et al., 2018). RRMS is characterised by intermittent relapses,
followed by partial or complete functional recovery (remissions). Around 15% of
people with RRMS will experience a mild disease course, with minimal disability ~15
years after diagnosis (Pittock et al., 2004; Murray, 2006). However, the remaining
people with RRMS will (typically 10 – 15 years after MS onset) insidiously transition
into what is known as secondary progressive MS (SPMS) (Dobson and Giovannoni,
2019). SPMS is characterised by worsening of neurological disability, increasing
symptom severity and little functional recovery, independently of clinical relapses
(Lublin, 2014; Lublin et al., 2014; Thompson, Banwell, et al., 2018). Around 15% of
pwMS present with progression from disease onset, known as primary progressive MS
(PPMS) (Lublin, 2014; Lublin et al., 2014). Finally, MS onset can sometimes occur in
people below 18 years of age. This is known as paediatric MS, and has a lower
incidence than MS in adults (2 – 10% of all pwMS are underage during a first clinical
presentation) (Waldman et al., 2014).
1.1.6 Diagnostic criteria for MS
The current guidelines recommended to diagnose MS are referred to as the “McDonald
criteria”, developed and systematically updated by the International Panel on the
Diagnosis of Multiple Sclerosis (McDonald et al., 2001; Polman et al., 2005, 2011;
Thompson, Banwell, et al., 2018). These consist of clinical and paraclinical
assessments that aid clinicians in the differential diagnosis of MS. There is not a single
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test or clinical presentation that by itself can lead to a conclusive MS diagnosis.
Instead, diagnosis is made using a combination of clinical, laboratory and imaging data
(Polman et al., 2005). Paraclinical approaches include MRI to visualise lesions, lumbar
puncture to detect oligoclonal bands (immunoglobulin G or IgG) in cerebrospinal fluid
(CSF) and electroencephalography (EEG) to measure visually-evoked potentials
(VEPs) (McDonald et al., 2001). Clinical presentations of MS also involve abnormal
performance during neurological examination of patients. These clinical signs are
diverse and heterogeneous among different pwMS (see sections 1.1.4 and 1.1.5).
Paraclinical hallmarks of MS include the dissemination of demyelinated lesions in
time and space, delayed VEPs and CSF-specific oligoclonal bands (Thompson,
Banwell, et al., 2018). The outcomes after applying the diagnostic McDonald criteria
in suspected MS cases are “MS”, “possible MS” or “not MS”. If MS is suspected as a
result of a CIS presentation but the diagnostic criteria are not fully met yet, the
diagnosis is “possible MS”. According to current guidelines, MRI of the brain must be
obtained for any patient suspected of having MS. If the clinical presentation suggests
spinal lesions, MRI of the spinal cord is also recommended (McDonald et al., 2001;
Thompson, Banwell, et al., 2018; Dobson and Giovannoni, 2019). The current up-todate McDonald criteria for the diagnosis of MS (when patients first present with CIS)
are summarised in Table 1.2 (McDonald et al., 2001; Polman et al., 2005, 2011;
Thompson, Banwell, et al., 2018).

24

Table 1.2 Current McDonald guidelines for the diagnosis of MS in patients with a relapse
at disease onset. Table adapted from the original publication communicating these criteria,
and a review with integrated updated revisions (McDonald et al., 2001; Thompson, Banwell,
et al., 2018). *Objective clinical evidence: Refers to a neurological abnormality during clinical
examination that corresponds to a specific CNS location suggested by the symptoms.
Number of
relapses
≥2

Number of lesions
(with objective clinical
evidence*)
≥2

Supplementary data required for an MS
diagnosis
None

1 (including evidence of
≥2

a previous relapse

None

involving a lesion)
Confirmed lesion dissemination in space by
≥2

1

MRI or a second relapse implicating a different
CNS region
Confirmed lesion dissemination in time by

1

≥2

MRI or additional relapse
or
CSF-specific oligoclonal bands presence
Confirmed lesion dissemination in space by
MRI or a second relapse implicating a different
CNS region

1

1

and
Confirmed lesion dissemination in time by
MRI or a second relapse or CSF-specific
oligoclonal bands presence

A confident diagnosis is more difficult to achieve in people first presenting with PPMS
(Rice et al., 2013). The current guidelines to diagnose PPMS are summarised in Table
1.3 (Polman et al., 2011; Thompson, Banwell, et al., 2018).
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Table 1.3 Current McDonald guidelines for the diagnosis of MS in patients with a
progressive course at disease onset. Table adapted from the original publication
communicating these criteria and a review with integrated updated revisions (Polman et al.,
2011; Thompson, Banwell, et al., 2018).
Criteria required for a PPMS diagnosis
One year of disability progression (prospective or retrospective), independently of relapses
occurring
and 2 of the following:
•

≥ 1 hyperintense lesions in ≥ 1 of the following: periventricular, cortical,
juxtacortical (short association fibres connecting adjacent cortical gyri) or
cerebellar brain regions

•

≥ 2 spinal cord hyperintense lesions

•

CSF-specific oligoclonal bands presence

1.1.7 Treatment of MS
Since the 1990s, the availability and variability of treatments for MS has erupted.
Before 1993 there were no clinically licensed drugs to treat MS (with the exception of
acute disease and symptomatic-alleviating therapies), while currently there are 14
(Table 1.4). All of these drugs target and regulate different aspects of the peripheral
immune response and neuroinflammation (Table 1.4); they do not cure MS but modify
the disease course and are accordingly referred to as disease-modifying therapies
(DMTs). Generally, the main beneficial effects of DMTs include a reduction in the
rate of relapses, rate of disability progression, relapse severity, number of
hospitalisations and number of new or enlarging lesions. To manage relapses acutely,
the drugs of choice are intravenous and oral steroids to control inflammation (Beck et
al., 1992; Sellebjerg et al., 1999; Ramo-Tello et al., 2014). Unfortunately, most of
these treatments are only effective for RRMS and therapeutic options for people with
progressive MS remain very limited. In 2018, Ocrelizumab was clinically approved
for the treatment of RRMS and PPMS, becoming the first licensed drug for a
progressive form of MS (Table 1.4) (Montalban et al., 2018). More recently,
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Siponimod was clinically approved for the treatment of people with SPMS who have
ongoing relapses (Kappos et al., 2018). Currently, there is an ongoing clinical trial to
determine whether Ocrelizumab has a beneficial effect on disease progression in all
people with progressive MS, including SPMS.

27

Table 1.4 Current clinically licensed drugs available to treat MS. All clinically licensed DMTs to treat MS are described, excluding drugs that were originally

Rebif

Avonex

Brand name

SC

IM

Administration

SC

SC

Extavia

Oral

SC

SC

Gilenya

Copaxone

Plegridy

Betaferon

References

(Jacobs et al., 1996; Simon et al.,

1998; Beck et al., 2002)

(Noronha, Toscas and Jensen,

1990, 1993; Duquette et al., 1993;

Paty and Li, 1993; Lu et al., 1995)

T cell receptor (TCR) antagonism, alteration of

al., 1995; Racke, Lovett-Racke and

(Bornstein et al., 1987; Johnson et

(Calabresi et al., 2014)

CD4+ T cell subset differentiation, induction of

Karandikar, 2010)

migration from lymph nodes, reduced lymphocyte

4, and 5) modulator, inhibition of lymphocyte

2010; Kappos et al., 2010)

(Mandala et al., 2002; Cohen et al.,

Sphingosine-1 phosphate receptors (subtypes 1, 3,

suppressive regulatory T cells (Treg)

activation

cytokine and HLA class II expression and T cell

cell function, reduction of pro-inflammatory

inflammatory cytokine expression and suppressor

Recombinant cytokines, induction of anti-

Proposed mode of action

approved but have since been commercially discontinued such as Daclizumab. DMT: disease-modifying therapy; IM: intramuscular; SC: subcutaneous; IV:
intravenous.
DMT
Interferon β-1a

Interferon β-1b

Peginterferon β-1a

Glatiramer acetate

Fingolimod

infiltration in the CNS
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Dimethyl fumarate

Teriflunomide

Cladribine

Natalizumab

Alemtuzumab

Ocrelizumab

Siponimod

Tecfidera

Aubagio

Mavenclad

Tysabri

Lemtrada

Ocrevus

Mayzent

Oral

Oral

Oral

IV

IV

IV

Oral

Suppression of pro-inflammatory cytokines and

(Kappos et al., 2008; Linker et al.,

2011; Fox et al., 2012; Gold et al.,

arthritis drug), inhibition of pyrimidine synthesis in

Active metabolite of leflunomide (rheumatoid

et al., 2014)

O’Connor et al., 2011; Confavreux

(Rückemann et al., 1998;

2012)

lymphocytes, inhibition of lymphocyte proliferation

(Beutler, 1992; Giovannoni et al.,

pathways, activation of anti-oxidative pathways

Lymphocyte depletion, reduction of pro-

2010)

(Selmaj et al., 2013; Kappos et al.,

2017; Montalban et al., 2017)

(Kappos et al., 2011; Hauser et al.,

(Coles et al., 1999, 2006, 2012)

al., 2006; Miller et al., 2007)

(Yednock et al., 1992; Polman et

inflammatory cytokine expression
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in the CNS
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While this explosion in treatment availability is certainly welcome, it has also
introduced considerable complexities for physicians in selecting appropriate treatment
for each patient. Clinicians must consider drug efficacy, adverse effects and modes of
action together with the patient and choose an optimal treatment plan. Considering
there are still gaps in knowledge in most of these aspects, this is no easy feat. A set of
evidence-based guidelines to address some of these issues was recently constructed
and published by the European Committee of Treatment and Research in Multiple
Sclerosis (ECTRIMS) and the European Academy of Neurology (EAN) (Montalban
et al., 2018). It is noteworthy that there is a subset of MS patients in which DMTs do
not confer the expected benefits. Clinical trials have been conducted using high-dose
immunosuppression followed by haematopoietic stem cell transplant (HSCT). Results
have been extremely promising, with up to 78% of patients remaining relapse-, lesionand progression-free 5 years post-HSCT (Fassas et al., 1997, 2000; Mancardi et al.,
2015; Nash et al., 2017), and therefore proving this to be a suitable option for some
pwMS who have active signs of inflammation and do not respond to other safer,
efficacious DMTs.
DMTs are indeed magnificent therapeutic advancements that make a real difference in
the quality of life of pwMS. However, these drugs only prevent further immunemediated injury from occurring (although this may allow subsequent tissue
regeneration to occur more efficiently, in a secondary fashion). Currently, there are no
available therapies in the clinic targeting neuroprotection or regeneration, which would
prove valuable for the prevention of axonal loss, neuronal death, brain atrophy and
consequential neurological function deficits.
1.1.8 Myelin regeneration in MS
It is now well established that there is an endogenous regenerative mechanism to
reinstate myelin: remyelination. This process is possible owing to a pool of adult stem
cells that all vertebrates (with the exception of hagfish and lampreys) have in their
CNS: oligodendrocyte progenitor cells (OPCs) (Crawford et al., 2014; Weil et al.,
2018). When a demyelinating insult occurs, OPCs become activated and migrate,
proliferate and differentiate into mature oligodendrocytes that remyelinate denuded
axons (discussed in section 1.6). Moreover, there is now emerging evidence that adult
oligodendrocytes may contribute towards remyelination too (Duncan et al., 2018;
Yeung et al., 2019). Regenerated myelin sheaths are thinner and shorter than those
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produced during developmental myelination (see section 1.6) (Prineas and Connell,
1979). Despite this, remyelination can restore secure nerve conduction (Smith,
Blakemore and McDonald, 1979), which holds incredibly important implications and
potential for demyelinating diseases like MS.
Remyelination can certainly occur in pwMS. In the mid-1960s, plaques from MS
patients were observed ultrastructurally for the first time, using transmission electron
microscopy (TEM) (Périer and Grégoire, 1965). Thinner, intact myelin sheaths were
observed in the periphery of lesions, and the possibility of remyelination was
suggested (Périer and Grégoire, 1965). This was confirmed in later microscopic and
ultrastructural studies (Prineas and Connell, 1979; Prineas et al., 1984). Remyelination
in MS can be extensive (e.g., throughout the entire plaque) in a subset of lesions
(~20%). However, most lesions become only partially remyelinated, and some do not
show signs of remyelination (Patrikios et al., 2006; Patani et al., 2007). This suggests
that, although remyelination occurs in MS, it is often inefficient and incomplete. While
remyelination can occur in pwMS who had a long disease course (Patrikios et al.,
2006; Patani et al., 2007), some studies have found that the extent of remyelination
decreases with disease chronicity (Kuhlmann et al., 2008; Goldschmidt et al., 2009).
Varying densities of oligodendrocyte lineage cells (OLCs) have been observed in MS
lesions, a considerable proportion of which fail to mature, particularly in inactive
plaques (Wolswijk, 1998; Chang et al., 2002; Kuhlmann et al., 2008). OLCs are
frequently found in periplaque white matter and remyelinating lesions (Kuhlmann et
al., 2008). This suggests that myelin regeneration in MS may fail due to a block in
OPC differentiation. A lower density of OPCs has also been observed in some MS
lesions compared to NAWM (Chang et al., 2000, 2002; Boyd, Zhang and Williams,
2013). Therefore, it is possible that OPC migration may also be impaired and result in
subsequent remyelination insufficiency. These OPC deficiencies to meet lineage
progression milestones may be due to the action of intrinsic or extrinsic molecular cues
in the lesion microenvironment.
Is it possible that mature oligodendrocytes that survive demyelinating insults
participate in myelin regeneration? A recent study that carbon-dated oligodendrocyte
nuclei isolated from post-mortem MS lesions and NAWM suggests this may be the
case (Yeung et al., 2019). The authors took advantage of the fluctuating atmospheric
levels of isotope

14

C, which were particularly high during nuclear bomb testing
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between 1955 and 1963. When cells divide, they incorporate 14C into their DNA at a
concentration corresponding that in the atmosphere, allowing researchers to estimate
cell age (Spalding et al., 2005). They found that there is a lower oligodendrocyte
generation rate in MS “shadow” (fully remyelinated) plaques than in associated
NAWM and healthy control white matter (Yeung et al., 2019). Assuming
remyelination occurred in these shadow plaques, these findings suggest that lesions
are remyelinated by old, pre-existing oligodendrocytes.
It is noteworthy that to date, most studies investigating remyelination in MS have
relied on the use of post-mortem or biopsy tissue. This unfortunately is reliant on being
able to accurately identify remyelinated axons (e.g., thinner myelin sheaths). Using
standard histological methods, these can easily be confused by features such as 1)
ongoing demyelination 2) pathogenically enlarged axons that make myelin appear
thinner or 3) the difficulty to identify remyelination in small calibre axons (Neumann
et al., 2020). Furthermore, because lesions are often sampled based on macroscopic
identification, histopathological studies may have a bias towards chronic demyelinated
lesions (Patani et al., 2007). Most technical and theoretical advances in the field of
OLCs, myelin and demyelinating diseases have been made using animal models of
demyelination as well as in vitro models with isolated cells or tissue. Many migratory,
mitogenic and differentiation signals have been elucidated thanks to these tools that
permit identifying causality, which is virtually impossible when scrutinising postmortem tissue. Understanding the cellular and molecular mechanisms controlling
remyelination will allow researchers to develop targeted therapies and drugs to
enhance this process. Some key findings from animal studies in the field are outlined
in the following sections.
1.2 Oligodendrocyte progenitors and lineage progression
Myelin-producing oligodendrocytes originate from a pool of glial progenitors now
known as OPCs. Originally, they were identified in dissociated, perinatal rat optic
nerve cultures by Martin Raff and colleagues (Raff, Miller and Noble, 1983). They
described a population of progenitor cells (which they named oligodendrocyte-type-2astrocyte or O-2A) that, in vitro, give rise to glial fibrillary acidic protein (GFAP)expressing astrocytes or oligodendrocytes depending on the growth factors added to
the culture medium (Raff, Miller and Noble, 1983; Raff, 1989). OPCs, however, are
also present throughout the entire CNS during postnatal development and in
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adulthood, in both white and grey matter (with a higher density in white matter
regions) (Ffrench-Constant and Raff, 1986; Levi, Aloisi and Wilkin, 1987; Behar et
al., 1988; Wolswijk and Noble, 1989; Dawson et al., 2003). In vitro, perinatal OPCs
display a characteristic bipotential morphology (Ffrench-Constant and Raff, 1986). In
vivo, OPCs have fine processes, vary slightly in morphology depending on the CNS
region they are located in, constitute 5 – 8% of all CNS cells in adults and are the major
proliferative cell type in the rodent CNS (Dawson et al., 2003). During homeostasis,
OPCs are motile, protracting and retracting filopodia (Hughes et al., 2013).
Nevertheless, they display self-repulsive activity and occupy distinct, non-overlapping
domains in the CNS parenchyma (Hughes et al., 2013).
Transcription factors (TFs) required to developmentally specify cells of the
oligodendrocyte lineage, such as oligodendrocyte transcription factor (Olig) 2 and
other TFs that regulate OPC differentiation such as Olig1 and sex determining region
Y-box (Sox) 10, are expressed in all OLCs (Stolt et al., 2002). OPCs highly express
antigens through which they can be identified using laboratory techniques such as
immunohistochemistry. Prominent examples include cell surface gangliosides
detected by the A2B5 antibody (Eisenbarth, Walsh and Nirenberg, 1979; Raff, Miller
and Noble, 1983) and the chondroitin sulfate proteoglycan type 4 (CSPG4, also known
as Neural/Glial antigen 2 or NG2) (Nishiyama et al., 1996; Nishiyama, Chang and
Trapp, 1999). OPCs also express platelet-derived growth factor α receptor (PDGFRα)
(Pringle et al., 1992; Sim et al., 2011). Through this receptor, platelet-derived growth
factor α (PDGFα) (produced by neurons and astrocytes) potently promotes
proliferation (Richardson et al., 1988; Yeh et al., 1991; Calver et al., 1998; Fruttiger
et al., 1999) and maintains OPCs in an undifferentiated state (Noble et al., 1988).
OPCs also respond to other mitogenic factors such as basic fibroblast growth factor
(bFGF) (McKinnon et al., 1990). When OPCs receive pro-differentiation stimuli, cells
begin to change morphologically and antigenically towards a transitional preoligodendrocyte state (Levine and Reynolds, 1999). OPCs progressively lose the
aforementioned markers, stop responding to PDGFα (Fok‐Seang and Miller, 1994) and
upregulate lipid sulfatides recognised by the O4 antibody (Sommer and Schachner,
1981). Crucially, at this point, the transcription factor myelin gene regulatory factor
(MYRF) is expressed, which is required for the expression and maintenance of myelin
genes (Emery et al., 2009; Koenning et al., 2012). As they differentiate, pre33

oligodendrocytes acquire a more ramified morphology and begin to express 2',3'cyclic nucleotide 3' phosphodiesterase (CNPase) (involved in maintaining axonal
integrity and regulating the timing of myelin compaction) (Kurihara and Tsukada,
1967; Lappe-Siefke et al., 2003; Snaidero et al., 2014), aspartoacylase (ASPA) (which
catalyses N-acetyl-aspartate deacetylation to generate acetyl co-enzyme A and is
required for myelination) (Hershfield et al., 2006; Moffett et al., 2011),
galactocerebroside (the major glycolipid in oligodendrocytes and myelin, detected by
the O1 antibody) (Raff et al., 1978; Sommer and Schachner, 1981) and quaking 7
(QKI7, an isoform of quaking, detected by the CC1 antibody) (Bhat et al., 1996;
Brakeman et al., 1999; Lang et al., 2013; Bin, Harris and Kennedy, 2016; Darbelli et
al., 2016).
As they mature, oligodendrocytes extend large membranous processes or “tongues”
that contact axons for wrapping (Snaidero et al., 2014). The major myelin proteins
become upregulated, which play a key role in the formation and maintenance of
compact internodes. These include proteolipid protein (PLP) and its spliced shorter
isoform DM20 (which is expressed before oligodendrocyte maturation) (Milner et al.,
1985; Nave et al., 1987; Boison and Stoffel, 1994; Klugmann et al., 1997) and myelin
basic protein (MBP) (Omlin et al., 1982; Roach et al., 1985; Readhead et al., 1987).
Together, PLP and MBP constitute the most abundant myelin proteins (De
Monasterio-Schrader et al., 2012; Jahn et al., 2020). Other mature oligodendrocyte
and myelin “minor” (less in quantity) proteins include oligodendrocyte glycoprotein
(MOG) (Linington et al., 1988) and myelin-associated glycoprotein (MAG) (Trapp et
al., 1989; Li et al., 1994; Montag et al., 1994; Umemori et al., 1994). This OLC
antigenic profile is by no means extensive. However, it briefly reviews molecules
commonly used as markers to experimentally detect OLCs in distinct stages of lineage
progression (Figure 1.2). While OPCs and oligodendrocytes can be identified in both
the postnatal and adult CNS, when and where do they first appear?
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Figure 1.2 Markers that identify specific stages of oligodendrocyte lineage cell
progression. Summary of OLC antigenic profile.

1.3 Embryonic specification of oligodendrocyte lineage cells
Oligodendrogenesis

begins

during

vertebrate

embryonic

development.

Oligodendrocyte progenitors arise in the embryonic spinal cord and brain in three
distinct temporal waves from specific anatomical regions.
1.3.1 Spinal cord
In the developing spinal cord, OPCs first arise from the ventral ventricular zone (VZ)
of the neural tube in a rostro-caudal, ventral-dorsal temporal sequence (Warf, FokSeang and Miller, 1991; Noll and Miller, 1993; Pringle and Richardson, 1993). In the
chick embryo, this occurs in Hamburger-Hamilton (HH) stages 10 – 12 (Hamburger
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and Hamilton, 1951; Ono et al., 1995; Orentas and Miller, 1996; Orentas et al., 1999),
at E14 in the rat embryo (Pringle and Richardson, 1993; Yu et al., 1994) and E12.5 in
the mouse embryo (Timsit et al., 1995; Pringle et al., 1996). Since all work presented
in this thesis was carried out using mice, murine oligodendrogenesis and myelination
will be reviewed henceforth. Mutant mice, as well as neural tube and notochord coculture experiments showed that oligodendrogenesis is induced in a discrete region of
the ventral VZ by signals secreted from the notochord (Orentas and Miller, 1996;
Pringle et al., 1996). Sonic hedgehog (Shh) was identified as a notochord-secreted
morphogen that is necessary and sufficient to induce oligodendrogenesis (Pringle et
al., 1996). Besides promoting oligodendrogenesis, Shh also induces floor plate cell (at
higher concentrations) and motor neuron (MN) formation (Roelink et al., 1995), but
at earlier developmental timepoints (Nornes and Das, 1974; Pringle and Richardson,
1993; Yu et al., 1994). The discrete ventral VZ region from which MNs and later OPCs
arise in the E12.5 murine neural tube is now known as the MN progenitor domain
(pMN) (Rowitch and Kriegstein, 2010). At E12.5, notochord-derived Shh induces the
expression of Olig1 and Olig2 in pMN cells. These transcription factors, regulated by
homeobox protein Nkx (Nkx) 6.1 and Nkx6.2 expression, drive oligodendrocyte
lineage cell specification in the pMN (Lu et al., 2000, 2002; Zhou, Wang and
Anderson, 2000; Vallstedt, Klos and Ericson, 2005).
In the E15.5 murine spinal cord, there is a second wave of oligodendrocyte lineage cell
specification. In this case, a second distinct anatomical region of oligodendrogenesis
resides between dorsal progenitor domain 5 (dp5) and progenitor domain 1 (p1) of the
neural tube (Cai et al., 2005; Fogarty, Richardson and Kessaris, 2005; Vallstedt, Klos
and Ericson, 2005). OPC specification in this region occurs under transcriptional
control of developing brain homeobox protein 1 (Dbx1) and achaete-scute family basic
helix-loop-helix transcription factor 1 (Ascl1) in progenitor (radial) glia of the VZ at
E15.5 (Fogarty, Richardson and Kessaris, 2005; Sugimori et al., 2008). Furthermore,
this regulation occurs independently of Shh signalling (Cai et al., 2005; Fogarty,
Richardson and Kessaris, 2005; Vallstedt, Klos and Ericson, 2005).
1.3.2 Brain
In the developing murine forebrain, OPCs first arise at E12.5 from the ventral medial
ganglionic eminence (MGE) neuroepithelia under the regulation of transcription factor
Nkx2.1 (Tekki-Kessaris et al., 2001; Kessaris et al., 2006). These OPCs then migrate
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dorsally through the embryonic forebrain (Kessaris et al., 2006). There is an additional
and independent second source of OPCs during embryonic development. At E15.5, a
second wave of OPCs originates from the lateral ganglionic eminence (LGE). These
OPCs are specified under transcriptional control of genetic-screened homeobox 2
(Gsh2) (Kessaris et al., 2006). These first ventral sources of OPC specification in the
forebrain are also induced by Shh signalling (Spassky et al., 2001; Tekki-Kessaris et
al., 2001; Fuccillo et al., 2004). Finally, a third wave of oligodendrogenesis arises
dorsally from empty spiracles homeobox 1 (Emx1)-expressing progenitors in the
cortical VZ at around birth (Kessaris et al., 2006). It is noteworthy that in the adult
mouse brain OPCs can be generated in the subventricular zone (SVZ) from neural
precursor cells (Nait-Oumesmar et al., 1999). This occurs particularly when there are
neighbouring demyelinated lesions and new OPCs are generated (Menn et al., 2006).
After OPC specification, OPCs migrate along the vasculature from their respective
germinal zones towards the entire brain and spinal cord parenchyma (Tsai et al., 2016).
They achieve this by crawling along and ‘jumping’ across blood vessels. OPC Wnt
signalling is active at this time, which blocks differentiation and upregulates C-X-C
chemokine receptor type 4 (CXCR4) expression, required for OPC-vascular coupling
(Tsai et al., 2016).
1.3.3 Distribution and function of dorsally- and ventrally- derived OPCs
OPCs generated from different anatomical regions in both brain and spinal cord have
different developmental distribution patterns, molecular make-up and functions. In the
embryonic spinal cord, ventrally-generated OPCs give rise to most (~80%) OLCs,
while dorsally-derived OPCs preferentially populate the dorsal spinal cord (Tripathi et
al., 2011). However, during postnatal development, dorsally-derived OPCs displace
ventrally-derived OPCs and become the largest proportion of OLCs in the spinal cord.
Anatomical structures such as the cortico- and rubrospinal tracts become preferentially
myelinated by oligodendrocytes specified originally in the dorsal VZ (Tripathi et al.,
2011). In the embryonic brain, OPCs derived from the MGE migrate to reach all areas
of the telencephalon (including the cerebral cortex), and are later almost completely
replaced by OPCs specified in the LGE and cortical VZ (Kessaris et al., 2006). Are
ventrally- and dorsally-derived OPCs functionally different?
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A recent fate-mapping study beautifully demonstrated that this is the case. Dorsallyderived OPCs exhibit a higher rate of proliferation and differentiation than ventrallyderived OPCs during remyelination in vivo, both in the brain and spinal cord white
matter (Crawford, Tripathi, Richardson, et al., 2016). Some of these characteristics are
likely due to OPC intrinsic differences as opposed to environmental factors. For
instance, dorsally-derived OPCs migrate and differentiate more efficiently than
ventrally-derived OPCs in pure in vitro cultures (Crawford, Tripathi, Richardson, et
al., 2016). Furthermore, the capacity of dorsally-derived OPCs to differentiate is
significantly lower in aged mice compared to young, with ventrally-derived OPCs
failing to compensate for this impairment (Crawford, Tripathi, Richardson, et al.,
2016). The findings in this study highlight that OPC developmental specification
determines their phenotype in the adult CNS, as well as susceptibility to ageing-related
functional impairment. Furthermore, other studies have also reported differential OPC
distribution, morphology, proliferation, differentiation and myelination properties in
specific anatomical regions of the rodent CNS (Dawson et al., 2003; Tripathi et al.,
2011; Viganò et al., 2013; Young et al., 2013; Bechler, Byrne and Ffrench-Constant,
2015). Together, these findings suggest that 1) there are different OPC populations
that are functionally distinct in the CNS and 2) extrinsic cues in the environment help
shape myelination patterns. Future and ongoing work investigating the cell and noncell autonomous characteristics of these populations will lead to a better understanding
of OPC differentiation, myelination and remyelination biology.
1.4 Myelination in the CNS
After embryonic OPC specification, migration and proliferation in the CNS, OPCs
differentiate into mature oligodendrocytes that extend membrane processes and
envelop axons, forming myelin sheaths. A seminal study found that myelin grows in a
series of well-coordinated movements. Oligodendrocyte processes grow in a trianglelike shape, forming an “inner tongue” that initially contacts the axon (Snaidero et al.,
2014). This tongue grows around the axon, forming new lamellae underneath
previously deposited membranes. Concomitantly, newly wrapped membranes grow
laterally towards the soon-to-become nodes, with outer layers displaying longer lateral
extension than inner layers (Snaidero et al., 2014). Schmidt-Lantermann-like
structures (cytoplasmic channels) containing vesicles were observed in developing
sheaths, which decrease as myelination becomes completed (Snaidero et al., 2014).
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This extraordinary feat is achieved through the protrusive forces of F-actin assembly
and subsequent disassembly at the tip of the myelinating tongue (and at the paranodal
ends of the sheath during lateral extension) (Nawaz et al., 2015).
On a larger scale, developmental myelination is spatially and temporally regulated
across the CNS. In the late 19th century Flechsig of Leipsic described that while some
human brain regions were myelinated before birth, others remained unmyelinated even
in late developmental timepoints (Flechsig Of Leipsic, 1901). In humans, myelination
begins in the spinal cord during late foetal development and continues into adulthood.
The most dramatic changes in myelination occur in infants of 0 – 2 years of age
(Flechsig Of Leipsic, 1901; Brody et al., 1987). These events occur in such a defined,
region-specific succession that it is possible to deduct the age of a developing subject
based on their general CNS myelination pattern, and vice versa (Brody et al., 1987;
Baumann and Pham-Dinh, 2001). In general, human CNS myelination occurs in a
caudal to rostral, inferior to superior and central to peripheral sequence (Brody et al.,
1987; Barkovich et al., 1988; Aubert-Broche et al., 2008). This pattern is similar to
that observed in rodents, described below in more detail.
1.4.1 Developmental myelination in the mouse spinal cord
In the mouse, few mature oligodendrocytes are first detected in the ventral spinal cord
at E17. Myelination starts on the day of birth, with oligodendrocytes first
differentiating at the cervical level of the spinal cord (Delassalle et al., 1981; Foran
and Peterson, 1992a). At postnatal day 1 (P1), myelination progresses towards the
anterior third of the spinal cord. In the following two days, myelination extends into
the medulla oblongata, following the sulcus limitans of the fourth ventricle.
Myelination also extends towards the posterior spinal cord, reaching the lumbar
enlargement by P3 (Foran and Peterson, 1992a). By P9, oligodendrocyte maturation
has occurred through the whole length of the spinal cord (Foran and Peterson, 1992a).
At P11, the cortico-spinal tract is myelinated and the general myelination pattern of
the spinal cord is completed and maintained by P23 (Foran and Peterson, 1992a).
1.4.2 Developmental myelination in the mouse optic nerve
The first oligodendrocytes arise in the mouse optic nerve at P6, located close to the
retina (Foran and Peterson, 1992a). At P7, there is an increase in myelination that
progresses along the nerve and eventually reaches the optic chiasm by P15 (Foran and
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Peterson, 1992a; Etxeberria et al., 2016; Mayoral et al., 2018). This high rate of
myelination continues until ~P30 (Etxeberria et al., 2016). A similar oligodendrocyte
differentiation and myelination pattern is observed in the optic tract (a white matter
tract connecting the retina to the lateral geniculate nucleus in the thalamic visual centre
of the brain) (Etxeberria et al., 2016).
1.4.3 Developmental myelination in the mouse brain
Oligodendrocytes and MBP expression can be identified as early as P5 – P6 in the
mouse brain, particularly in the medulla oblongata, pons, and depths of the cerebellar
posterior-most hemispheres (Delassalle et al., 1981; Foran and Peterson, 1992a). At
P8, oligodendrocyte maturation and myelination extend into the diencephalon,
reaching the corpus callosum by P9 (Delassalle et al., 1981; Foran and Peterson,
1992a). By P10, the corpus callosum is populated by mature oligodendrocytes (Kang
et al., 2010), and some are also present in the anterior commissure and the epithalamus.
Myelin sheaths are first detected at P11 in both the corpus callosum and rostral anterior
commissure (Sturrock, 1975, 1980). The highest rate of myelination occurs between
P14 – P45 in the former, and P17 – P21 in the latter, with a slower but continuous
progression until at least P240 (Sturrock, 1975, 1980). Very few axons become
myelinated in these commissural tracts, as only 28-29% axons are myelinated by P240
(Sturrock, 1980). At P11 myelination progresses through the fornix and caudate
putamen, such that by P12, most tracts destined to be myelinated contain mature
oligodendrocytes (Foran and Peterson, 1992a). Henceforth, there is a sharp increase in
myelination that continues until P23. Despite a decline in the rate of myelination
henceforth, the process does not stop here.
1.4.4 Myelination in adulthood and plasticity
Recent investigations have shown that myelination continues in the murine healthy,
adult CNS (Kang et al., 2010; Young et al., 2013). OPCs continue to differentiate into
oligodendrocytes, even in fully myelinated areas (Young et al., 2013). These new
oligodendrocytes generate more (but shorter) internodes than the younger counterparts
(Young et al., 2013). Moreover, a significant proportion of newly generated
oligodendrocytes in the young adult murine CNS survive until 20 months of age
(Tripathi et al., 2017). Overall survival proportions vary among different CNS regions.
For example, survival rates are higher in the corpus callosum and cerebral cortex, and
lower in the corticospinal tract and optic nerve (Tripathi et al., 2017). More recently,
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long-term intravital imaging of the mouse somatosensory cortex layer 1 revealed that
oligodendrocyte and myelin sheath formation continue until almost 2 years of age in
mice, after which they decrease in number (Hill, Li and Grutzendler, 2018). This
formation of new internodes results from axonal ensheathment by newly generated
oligodendrocytes (Hill, Li and Grutzendler, 2018; Hughes et al., 2018). Remarkable
oligodendrocyte stability was corroborated (Hill, Li and Grutzendler, 2018; Hughes et
al., 2018) and some long term internode length modifications were observed. Most of
these changes occur when the myelin sheath in question is in proximity to an
unmyelinated axonal segment. Furthermore, individual oligodendrocytes display
heterogeneous behaviour in the extension, retraction or retention of internodal length
(Hill, Li and Grutzendler, 2018). Together, these data indicate that myelination is
regulated through the lifespan of an animal by 1) new myelinating oligodendrocyte
generation and (to a lesser extent) 2) local internode length modification.
Why do oligodendrocyte differentiation and myelination continue throughout
adulthood? Abundant emerging evidence suggests that myelination is a form of
plasticity that may modify neuronal circuit properties in the CNS. Indeed, neuronal
electrical activity can modulate OPC proliferation, differentiation, myelination and
myelin thickness (Barres and Raff, 1993; Demerens et al., 1996; Li et al., 2010;
Etxeberria et al., 2016), which reciprocally modulate neuronal conduction properties.
Notably, in vivo opto- and pharmacogenetic stimulation of neuronal activity enhance
these OLC properties in the murine cerebral cortex (Gibson et al., 2014; Mitew et al.,
2018). This de novo myelination appears to preferentially occur in axons with
pharmacogenetically-enhanced activity in cerebral cortex-associated white matter
(corpus callosum) (Mitew et al., 2018). However, it is noteworthy that axonal-like
inert structures are myelinated by oligodendrocytes in vitro. For example, seeding
purified rat OPCs onto paraformaldehyde (PFA)-fixed axons results in myelination of
these structures after differentiation (Rosenberg et al., 2008). Moreover, primary rat
oligodendrocytes ensheath polystyrene nanofibers with a diameter of over 0.4 µm in
vitro (S. Lee et al., 2012). Therefore, axonal activity is not required for myelination to
occur, but does modulate this process.
Does this mean that experience-mediated changes in neural activity can regulate
myelination?

Emerging

evidence

suggests

so.

Blocking

oligodendrocyte

differentiation and consequent myelination via conditional genetic Myrf ablation
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impairs motor skill learning in mice (McKenzie et al., 2014; Xiao et al., 2016).
Correspondingly, learning a new motor skill or voluntary physical exercise enhances
OPC differentiation and myelination in brain anatomical regions functionally
associated with these activities (Simon, Götz and Dimou, 2011; Sampaio-Baptista et
al., 2013; Xiao et al., 2016). Conversely, isolating adult mice for two months results
in social avoidance behaviour as well as a decrease in myelin gene expression and
myelin thickness in the prefrontal cortex (Liu et al., 2012). Re-integrating these mice
with new cage mates results in the recovery of social interactive behaviour. This
suggests reversibility of the social avoidace caused by isolation and hence plasticity.
Nevertheless, changes in myelination were not investigated in this last experimental
group. Therefore, myelination plasticity in this context remains unexplored (Liu et al.,
2012). More recently, it was found that blocking oligodendrogenesis results in
contextual fear and spatial memory consolidation impairment in mice (Pan et al., 2020;
Steadman et al., 2020). The former can be rescued through administration of the pro(re)myelinating drug Clemastine (Pan et al., 2020). Accordingly, de novo
oligodendrogenesis and myelination occur during memory consolidation in brain
regions of related circuits, such as the prefrontal cortex and associated white matter
(Pan et al., 2020; Steadman et al., 2020). Importantly, oligodendrogenesis is required
for 1) the optimisation of hippocampal-cortical neural communication occuring as a
result of learning and 2) consequent memory consolidation (Steadman et al., 2020).
Finally, in humans, MRI and diffusion tensor imaging studies show that practising
complex skills such as playing piano induces white matter alterations in functionally
associated brain anatomical regions (Bengtsson et al., 2005). Together, these findings
are evidence in support of experience-mediated myelination modulation, plasticity and
ensuing circuit remodelling and/or consolidation.
How does electrical activity signal to OPCs, promoting their differentiation and
maturation? Several studies have identified axonal-OPC neurotransmitter signalling as
one of the mechanisms mediating this process. OLCs express neurotransmitter
receptors for glutamate, γ-aminobutyric acid (GABA) and acetylcholine (Barres et al.,
1990; Wyllie et al., 1991; Cahoy et al., 2008; Zhang et al., 2014; Mei et al., 2016).
For many years the role of these receptors in OPCs has been questioned. Notably,
OPCs express glutamate receptors α-amino-3-hydroxy-5-methyl isoxazole propionic
acid (AMPA) and kainate and oligodendrocytes express NMDA receptors (AMPAR
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and NMDAR, respectively) (discussed in section 1.1.2). Two decades ago, it was first
reported that stimulating axons in the rat hippocampus elicits inward currents in NG2+
OLCs ex vivo, as shown by whole cell patch-clamp recordings (Bergles et al., 2000).
These currents are abolished by treatment with AMPA/kainate receptors antagonists
(Bergles et al., 2000). Stunningly, electron microscopy images show OPC process and
axonal bouton membrane alignments at specific sites with abundant synaptic vesicle
agglomerations (Bergles et al., 2000). Together, these data suggested OPC-neuronal
glutamatergic signalling. These phenomena are observed not only in the hippocampus,
but also other CNS grey and white matter regions (Bergles and Richardson, 2016).
However, what is the molecular nature of these axoglial interactions? Can they
modulate oligodendro- and myelinogenesis?
Inhibiting vesicular neurotransmitter release in dorsal root ganglia (DRG) neurons and
subsequent co-culture with OPCs results in myelin segment generation reduction after
differentiation (Wake, Lee and Fields, 2011). Stimulation of DRG neurons in vitro
cause local calcium signalling in co-cultured oligodendrocyte processes. Furthermore,
this signalling requires DRG synaptic vesicle release and oligodendroglial glutamate
receptors (Wake, Lee and Fields, 2011). These data suggest that glutamate signalling
may regulate myelination. A more recent study aimed to discern the role of OLCspecific AMPARs in myelination. For this, they generated mice with genetically
ablated subunits of the AMPARs in OLCs, including Gria2/3 and Gria2/3/4 knockouts
(Kougioumtzidou et al., 2017). Gria1 – 4 genes encode the four different subunits of
the AMPA receptor, with Gria2 – 4 being expressed in OLCs. OLC-specific Gria2
and Gria3-deficient mice do not have myelination alterations. However, OLC-specific
Gria2/3-deficient juvenile mice display a decrease in OPCs, oligodendrocyte density
and myelination in the corpus callosum (Kougioumtzidou et al., 2017). This is
attributed to a higher proportion of apoptotic OLCs in the corpus callosum of mutant
animals, suggesting AMPAR signalling in OLCs promotes cell survival
(Kougioumtzidou et al., 2017). This decrease in myelination is rescued in adulthood.
Nevertheless, these observations are recapitulated in the corpus callosum of both
juvenile and adult Gria2/3/4 mutants (Kougioumtzidou et al., 2017). Collectively,
these data suggest that neuronal-derived glutamatergic signalling to OLCs can
modulate myelination. These phenomena likely help fine-tune CNS circuit
remodelling and consolidation through experience-mediated myelin plasticity. As a
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whole, these findings suggest that 1) myelination is a plastic process which is
important to shape neural cell responses in response to experience, 2) this occurs
distinctly from neuronal synaptic plasticity and 3) axonal diameter and
neurotransmitter signalling in OLCs at least partially modulate myelination.
1.4.5 Spatial and temporal regulation of CNS myelination
The signals controlling spatial and temporal regulation of developmental myelination
are still not well understood. Nevertheless, an OLC-autonomous regulatory
mechanism of these processes was recently identified. As previously mentioned,
earlier studies showed that a substantial subset of newly generated oligodendrocytes
die in both, the developing and adult CNS (Barres et al., 1992; Raff et al., 1993; Trapp
et al., 1997; Hill, Li and Grutzendler, 2018; Hughes et al., 2018). Recently,
transcription factor EB (TFEB) and downstream factor p53 upregulated modulator of
apoptosis (PUMA) were found to play a key role in the spatial and temporal regulation
of developmental myelination via programmed cell death (Sun et al., 2018). TFEB
expression is enriched in OLCs, particularly in pre-myelinating oligodendrocytes
(Zhang et al., 2014; Sun et al., 2018). Genetic ablation of TFEB, PUMA or
downstream factors Bax and Bak during murine postnatal development resulted in 1)
precocious OPC differentiation and myelination and 2) ectopic myelination in several
brain regions (Sun et al., 2018). Interestingly, TFEB also appeared to negatively
regulate myelin sheath thickness through a different yet unidentified mechanism (Sun
et al., 2018). Finally, in vivo and in vitro investigations confirmed that TFEBdependent regulation of myelination in time and space occurred via the selective
induction of cell death in a subset of pre-oligodendrocytes (Sun et al., 2018).
These fascinating findings raised crucial questions: Why do some preoligodendrocytes undergo programmed cell death, while others do not? What are the
upstream signals acting to induce TFEB? Are these signals environmental and/or
region-specific? In an effort to discuss these, Sun et al. referenced the works from the
Nave laboratory. Cerebellar granule neuron cell bodies and axon calibres were
enlarged via cell-specific genetic ablation of phosphatase and tensin homolog (PTEN)
(Goebbels et al., 2017). This led to increased expression of neuronal-derived promyelinating factors and in local OPC proliferation, differentiation and myelination in
the cerebellar molecular layer (which is normally not myelinated) (Goebbels et al.,
2017). The authors hence argued that it would be interesting to determine whether
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upstream signals acting on TFEB are neuronal-derived, as well as identifying these
factors (Sun et al., 2018). Finally, TFEB-deficient mice displayed enhanced
performance in the accelerating rotarod test (which measures motor coordination in
rodents) compared to WT controls (Sun et al., 2018). These data suggest that
dysregulation of timing and/or location of developmental myelination can alter murine
motor function and warrant further investigation.
1.5 Myelin regeneration in the CNS
Myelination is a sophisticated process that takes place at a high rate in early postnatal
days and continues throughout life, due to the pool of OPCs present in the CNS.
However, what happens when oligodendrocytes and myelin are damaged by
pathogenic processes, such as inflammation in MS?
Upon demyelinating injury, OPCs become activated and migrate towards the lesion,
proliferate, differentiate into mature oligodendrocytes and wrap axons with thinner
internodes that can, nevertheless, restore nerve conduction (Figure 1.3) (Bunge,
Bunge and Ris, 1961; Blakemore, 1973b; Smith, Blakemore and McDonald, 1979). In
the spinal cord, remyelination is also carried out by OPC-derived Schwann cells
(Blakemore, 1976; Zawadzka et al., 2010). A lot of what we know about this process
comes from experimental animal models of demyelination, particularly toxin-induced
demyelination (discussed in Chapter 5). It is noteworthy that there is a commonly used
animal model of immune-mediated demyelination that recapitulates some aspects of
MS: experimental autoimmune encephalomyelitis (EAE). In this model, rodents are
immunised with myelin antigens together with adjuvants (often containing bacterial
components that stimulate innate immune system activation). This results in
autoimmune demyelination (Constantinescu et al., 2011). When an experimental
question seeks to scrutinise whether a drug enhances remyelination, EAE introduces
an important confounding factor. If the drug in question appears to enhance
remyelination, is this a direct effect? Or is the drug an immunomodulator, affecting
the kinetics or extent of pathological processes? Furthermore, there is extensive axonal
loss that occurs in many EAE models, thereby removing the substrate for
remyelination (Wujek et al., 2002; Mei et al., 2016). Because of these caveats of EAE,
the following sections will be focused largely on findings arising from animal models
of remyelination. The latter are induced by administrating demyelinating toxins to
rodents. Furthermore, while many mechanisms known to modulate OPC behaviour
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have been elucidated in development or in vitro, the following sections will focus on
the remyelinating response, largely in in vivo settings.
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Figure 1.3 Remyelination in the CNS of animal models of toxin-induced demyelination.
When animals are administered with a demyelinating toxin, myelin and oligodendrocytes are
lost. Upon demyelination, OPCs become activated and migrate towards the lesion, where they
proliferate and differentiate. Differentiated oligodendrocytes wrap axons, forming thinner and
shorter (yet functional) internodes. Surviving oligodendrocytes may also contribute to
remyelination. OL: oligodendrocytes.
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1.5.1 OPC activation
When CNS demyelination occurs, parenchymal adult OPCs (aOPCs) become primed
to respond. This process is referred to as activation, in which aOPCs undergo profound
changes in gene transcription, cell size and morphology (Levine and Reynolds, 1999).
Fate-mapping studies have shown that aOPCs repopulate demyelinated lesions in
rodents (Zawadzka et al., 2010). Interestingly, transcriptomic analysis of isolated
neonatal OPCs (nOPCs), aOPCs and oligodendrocytes revealed that aOPCs are
remarkably more similar to oligodendrocytes than to nOPCs (Moyon et al., 2015).
However, aOPCs that were exposed to cuprizone-induced demyelination (activated
aOPCs) regress towards a nOPC-like transcriptome. Activated aOPCs migrate and
differentiate more efficiently than non-activated OPCs, suggesting that this
transcriptomic shift primes them towards a pro-myelinating state (Moyon et al., 2015).
When interpreting these findings, however, it should be noted that new SVZ-derived
OPCs also repopulate some demyelinated regions in this model. These OPCs originate
from neural precursor cells (NPCs) as opposed to parenchymal aOPCs and therefore
may harbour different transcriptomic changes (Xing et al., 2014; Brousse et al., 2015).
Interleukin-1β (IL-1β) and C-C motif chemokine 2 (CCL2) are upregulated in
activated aOPCs and increase cell motility through their corresponding receptors
(Moyon et al., 2015). Therefore, activated aOPCs express factors associated with the
innate immune response (among others) that promote a pro-remyelinating state.
Interestingly, CCL2 is detected in inflammatory mononuclear cells and astrocytes of
MS lesions (Mahad and Ransohoff, 2003), and promotes adult neural stem cell
migration and microglial/MDM proliferation in vitro (Widera et al., 2004; Hinojosa et
al., 2011). Thus, environmental immune cues may also regulate aOPC activation
and/or other aspects of the myelin regenerative response.
A recent study isolated OLCs from the spinal cord of adjuvant-treated (control) or
MOG-immunised EAE mice (Falcão et al., 2018). Single cell RNA sequencing
(scRNAseq) analyses identified the presence of small EAE-specific OLC populations
that express major histocompatibility complex (MHC)-I and MHC-II (HLA in
humans) (Falcão et al., 2018). HLA-II-expressing OLCs are also detected in active
lesions from pwMS (Falcão et al., 2018). This is unexpected, but consistent with
previous findings that OPCs express genes classically involved in immune cell
interactions (Moyon et al., 2015). Intriguingly, OLC MHC-II expression is induced by
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recombinant interferon-γ (IFN-γ, abundantly secreted by T helper 1 CD4+ cells
physiologically) in vitro (Kirby et al., 2019), and cultured OLCs can internalise myelin
debris (Falcão et al., 2018). Furthermore, later studies confirmed that IFN-γ-stimulated
OPCs can present antigen to CD8+ cytotoxic T cells in vitro, which results in T cell
activation and OPC death (Kirby et al., 2019). This suggests OLCs are not passive
targets of damage in inflammatory settings but may play an active role in pathogenesis.
Several factors involved in the transition from a non-activated towards an activated
aOPC state have been described. Particularly, key transcription factors downregulate
or upregulate genes that block or promote oligodendrocyte differentiation,
respectively. Prominent examples include Olig1 (Arnett et al., 2004), Olig2 (Zhou,
Choi and Anderson, 2001), Nkx2.2 (Fancy, Zhao and Franklin, 2004), transcription
factor 4 (TCF4, a regulator of the canonical Wnt pathway which inhibits OPC
differentiation) (Fancy et al., 2009, 2010; Lang et al., 2013) and SOX2 (which primes
aOPCs for subsequent migration, expansion and differentiation) (Zhao et al., 2015).
1.5.2 OPC migration and proliferation
After aOPCs become activated, they are recruited to the site of demyelination. This
involves cell migration and proliferation (Carroll and Jennings, 1994; Keirstead,
Levine and Blakemore, 1998; Redwine and Armstrong, 1998; Levine and Reynolds,
1999). Early studies used X-irradiation at different lengths from the spinal cord
lysolecithin-induced lesions in the rat, to determine how far OPCs travel to repopulate
the lesion. It was observed that OPCs do not migrate long distances, but rather are
recruited from the local periphery of the lesion (from within 3 mm) (Franklin, Gilson
and Blakemore, 1997). Just as it occurs during development (Tsai et al., 2016), OPCs
advance towards the lesion by coupling and crawling along the vasculature in a singlecell migration manner (Niu et al., 2019). Most OPC proliferation occurs at the injury
site, and vessel uncoupling is required for subsequent differentiation (Niu et al., 2019).
In lysolecithin-induced murine lesions, dysregulated OPC Wnt signalling results in
abnormal clustering in the vasculature, which in turn triggers BBB disruption and
inflammation (Niu et al., 2019). Interestingly similar OPC vascular clustering is also
observed in MS lesions (Niu et al., 2019).
Chemotactic and chemorepellent signals regulate OPC migration, guiding or blocking
their access to demyelinated areas. For instance, semaphorin 3A (Sema3A) is an OPC
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chemorepellent, while semaphorin 3F (Sema3F) is a positive regulator of OPC
recruitment during CNS remyelination (Boyd, Zhang and Williams, 2013). These
factors and their corresponding receptors (neuropilin-1 and 2, respectively) are
expressed in MS lesions (A. Williams et al., 2007; Boyd, Zhang and Williams, 2013),
where there is a negative correlation between OPC and Sema3A+ cell densities (Boyd,
Zhang and Williams, 2013). Another identified OPC chemorepellent is Netrin-1, as
shown in focal models of toxin-induced demyelination (Tepavčevic̈ et al., 2014).
In animal models of demyelination, OPC proliferation is increased compared to
healthy tissue (Keirstead, Levine and Blakemore, 1998; Levine and Reynolds, 1999).
Some mitogenic signals become upregulated in response to demyelination. A
prominent one is PDGFα, (Redwine and Armstrong, 1998; Hinks and Franklin, 1999;
Copelman et al., 2000), which enhances OPC expansion in the remyelinating CNS
(Woodruff et al., 2004). Canonical signalling through Notch-1 positively regulates
OPC proliferation (Zhang et al., 2009). Interestingly, a recent study from Prof. Robin
Franklin’s laboratory (not yet peer-reviewed but available in BiorXiv as a pre-print as
at December 2020) showed that as much as 96% of differentiated oligodendrocytes
after lysolecithin-induced demyelination have undergone proliferation in vivo, and that
OPCs need to enter the cell cycle to undergo differentiation in vitro (Crawford,
Tripathi, Foerster, et al., 2016; Foerster et al., under review). Importantly, experiments
in the same model of demyelination using transgenic reporter mice revealed that
differentiated oligodendrocytes do not proliferate (Crawford, Tripathi, Foerster, et al.,
2016). Rather, OPCs differentiate after exiting the cell cycle (Casaccia-Bonnefil et al.,
1997; Casaccia-Bonnefil and Liu, 2003).
1.5.3 OPC differentiation and maturation
The final step in CNS remyelination entails OPC differentiation and maturation.
Histopathological data suggest that OPC differentiation failure may be a major
bottleneck for myelin regeneration in MS, as indicated by the presence of OPCs in up
to 80% of non-remyelinated lesions (Kuhlmann et al., 2008). Therefore, there is an
avid interest in the development of drugs that can modulate OPC differentiation in
demyelinating diseases like MS. This is because remyelination can 1) restore nerve
conduction (Smith, Blakemore and McDonald, 1979), 2) recover neurological function
(Jeffery and Blakemore, 1997; Duncan et al., 2009; Mei et al., 2016) and 3) protect
axons from degeneration (Irvine and Blakemore, 2008; Mei et al., 2016) in animal
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models of demyelination. Targeting OPC differentiation is complicated by the fact that
pwMS will have lesions at different stages of de- or remyelination at a given point in
time. Some MS lesions lack sufficient OPC numbers, and therefore earlier stages of
remyelination may also be impaired (Boyd, Zhang and Williams, 2013).
Combinatorial treatments that target several aspects of the remyelinating response may
be required to achieve successful neuroprotection (Franklin and ffrench-Constant,
2017).
A key difference between developmental myelination and remyelination is that, in the
latter, 1) myelin sheaths are thinner on similarly-sized axons and 2) internodes are
often shorter (Gledhill, Harrison and Mcdonald, 1973; Blakemore, 1974; Ludwin and
Maitland, 1984; Duncan et al., 2017). A thinner myelin sheath around an axon is
described as having a higher g ratio (axon diameter divided by total fibre diameter)
(Figure 1.4). However, the relationship between myelin thickness and axonal diameter
is less clear in thinner axons, where the g ratios of myelinated and remyelinated axons
become difficult to discern (Stidworthy et al., 2003). Although the exact reason for
these differences is not known, several genes and signalling pathways that regulate
myelin thickness have been identified (with the caveat that, in some cases these factors
may simply be modulating (re)myelination rate and not sheath thickness) (Hu et al.,
2006; Narayanan et al., 2009; Ishii et al., 2012; Fyffe-Maricich et al., 2013; Nawaz et
al., 2015; Sun et al., 2018), and neuronal activity can also contribute to this regulation
(Liu et al., 2012; Gibson et al., 2014). Furthermore, some factors required for
remyelination are dispensable during myelination (Arnett et al., 2004; Huang et al.,
2011) and vice versa (Foerster et al., 2020). Therefore, it is possible that different
programs controlling OPC differentiation and myelin wrapping take place in
developmental or injury settings. Moreover, differences in axonal morphology and
biochemistry in both contexts may influence these programs (reviewed in Franklin and
ffrench-Constant, 2017), as well as the presence or absence of other yet unknown cues
in the lesion environment.
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Figure 1.4 The g ratio as a measurement of myelin thickness. Myelin sheath thickness is
often measured with the g ratio, which is obtained by dividing the axonal diameter by the total
fibre diameter (myelin plus axon). Thinner internodes will have a higher g ratio and,
conversely, thicker internodes will have a lower g ratio. The image shows a transverse view
of a myelinated axon. D: fibre diameter; d: axon diameter.

Several processes and molecular pathways involved in promoting or blocking OPC
differentiation and subsequent remyelination have been identified. Remyelination
enhancers include activin-A (through activin receptors, although this has not been
confirmed in in vivo models of remyelination yet) (Miron et al., 2013; Dillenburg et
al., 2018), Retinoid-X-Receptor γ (which can form a heterodimer with vitamin D
receptor and respond to vitamin D to promote OPC differentiation) (Huang et al.,
2011; De La Fuente et al., 2015), thyroid hormone (TH, or more specifically
thyromimetic compounds, as chronically elevated systemic levels of TH lead to
significant co-morbidities) (Hartley et al., 2019), the mTOR pathway (Sachs et al.,
2014) and leukaemia inhibitory factor (Rittchen et al., 2015). Some CNS cells present
within the lesion environment also contribute positively towards remyelination
through the secretion of pro-remyelinating factors, such as microglia/MDMs and
pericytes (Miron et al., 2013; De La Fuente et al., 2017; Lloyd et al., 2019). Finally,
as it occurs in CNS myelination, neuronal activity also positively regulates OPC
differentiation and remyelination via glutamate signalling (Gautier et al., 2015).
Interestingly, there is also recent emerging evidence that motor skill learning enhances
remyelination (Bacmeister et al., 2020). Negative regulators of remyelination, on the
other hand, include the canonical Wnt pathway (Fancy et al., 2009), Notch signalling
(with ligands such as astrocyte-derived endothelin-1 binding Notch and inhibiting
differentiation) (Zhang et al., 2009; Hammond et al., 2014), some extracellular matrix
(ECM) molecules such as high molecular weight hyaluronan (a glycosaminoglycan)
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(Back et al., 2005) and chondroitin sulfate proteoglycans (both of which accumulate
in demyelinated lesions, including in MS, and block remyelination) (Lau et al., 2012;
Keough et al., 2016), leucine-rich repeat and immunoglobulin-like domain-containing
nogo receptor-interacting protein 1 (LINGO-1) (a neuronal cell surface protein) (Mi et
al., 2005, 2007) and muscarinic acetylcholine receptor 1 (CHRM1) (Mei et al., 2016).
Myelin debris also inhibits efficient remyelination, highlighting the key roles of
microglia/MDMs in phagocytosing and removing it (Kotter et al., 2001, 2006).
Importantly, ageing delays remyelination (Shields et al., 1999). The chronic nature of
MS makes this a substantial problem when trying to devise regenerative therapies, and
indeed many believe that this may be one of the primary causes leading to eventual
remyelination failure in pwMS (Neumann et al., 2019). Some of the consequences of
ageing include a stiffer niche which inhibits OPC differentiation (mediated by the
mechanosensing ion channel Piezo1) (Segel et al., 2019) and poorer capacity of
microglia/MDMs to phagocytose and remove myelin debris (Ruckh et al., 2012;
Natrajan et al., 2015; Cantuti-Castelvetri et al., 2018). Heterochronic parabiotic
experiments in animal models of demyelination suggest that aged blood-derived
factors/cells also contribute towards inefficient remyelination (Ruckh et al., 2012).
Some of these factors may be clinically modulated through an inhibitor, neutralising
antibody, or recombinant protein administration. Several clinical trials aimed at
enhancing CNS remyelination have taken (or are currently taking) place (reviewed in
Lubetzki et al., 2020). One of the most extensively investigated targets to date is
clemastine fumarate, an anti-histamine with a well-established safety profile,
originally identified in a large scale drug screening of OPC differentiation (Mei et al.,
2014, 2016). Clemastine exerts its pro-remyelinating effects through CHRM1 (Mei et
al., 2016), and is currently being evaluated in clinical trials. A phase 2 randomised,
controlled and double-blinded clinical trial showed that oral administration of
clemastine decreased VEP latency in people with RRMS and an associated
demyelinating optic neuropathy (Green et al., 2017). This is an exciting milestone
which offers a proof-of-principle: drug-mediated remyelination is clinically attainable
(Green et al., 2017), and results from pre-clinical models can be clinically translated.
A newly emerged target of remyelination may be oligodendrocyte survival, for
example by targeting pathways such as the integrated stress response (Way et al.,
2015; Chen et al., 2019). This is in light of new evidence suggesting that
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oligodendrocytes which survive demyelination can contribute towards remyelination
(Duncan et al., 2018). Previously, a fate-mapping approach suggested that this is not
the case (Crawford, Tripathi, Foerster, et al., 2016). However, in this study lysolecithin
was injected in the murine white matter to induce demyelination, a toxin which causes
almost complete oligodendrocyte and myelin destruction (Crawford, Tripathi,
Foerster, et al., 2016; McMurran, Zhao and Franklin, 2019). The new evidence came
from two infrequently used animal models of demyelination: 1) feline irradiated foodinduced demyelination (FIDID) and 2) rhesus monkey vitamin B12 deficiency, in
which a mixture of myelinated, demyelinated and remyelinated axons can be found
(Duncan et al., 2018). In these models, oligodendrocytes connected to both myelinated
and remyelinated sheaths were observed (Duncan et al., 2018). More recently, twophoton, longitudinal in vivo imaging was performed in the forelimb-associated motor
cortex layers 1-3 of cuprizone-fed reporter mice (which induces disseminated
demyelination in the brain, see Chapter 5) (Bacmeister et al., 2020). In this model and
region, there was a survival of ~12% of pre-existing oligodendrocytes. Interestingly,
learning a forelimb reach task 10 days after cuprizone administration promoted new
myelin sheath formation by pre-existing oligodendrocytes (Bacmeister et al., 2020).
Together with the carbon-dating studies performed in MS tissue-derived OLCs
(discussed in section 1.1.8) (Yeung et al., 2019), there is now compelling evidence
that pre-existing oligodendrocytes can contribute to remyelination. This warrants
further investigation and highlights a new target for the development of remyelinating
therapies.
1.6 The role of the adaptive immune system in myelin regeneration
Until recently, the role of the adaptive immune system in myelin regeneration had
received very little attention and was often assumed to be purely detrimental. In 2003,
it was reported for the first time that animals lacking an adaptive immune system (T
and B lymphocytes) display remyelination deficiencies after lysolecithin-induced
demyelination (Bieber, Kerr and Rodriguez, 2003). In particular, lack of T cells alone
(either CD4+ helper or CD8+ cytotoxic T cells) also appeared to confer a pronounced
impairment in remyelination (Bieber, Kerr and Rodriguez, 2003).
Prominent culprits that drive or contribute to pathology in EAE and likely MS are
plasma cells, IFN-γ-secreting T CD4+ helper (Th) 1 cells and IL-17-secreting Th17
cells, which become activated and cross the BBB into the CNS (Constantinescu et al.,
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2011). Lymphocytes, however, have many transcriptionally and functionally different
subsets. Therefore, it is possible that some of these subsets exert beneficial effects in
myelin regeneration. For instance, CD4+ T cells subsets include Th1, Th2, Th9, Th17,
Th22, regulatory T cells (Treg) and T follicular helper cells (Tfh) (reviewed in Evans
et al., 2019). Treg, in particular, are instrumental in the maintenance of self-tolerance
and therefore an intense topic of research in the context of autoimmune and
inflammatory disease (Kim, Rasmussen and Rudensky, 2007). Treg express the
canonical transcription factor forkhead box P3 (Foxp3) and secrete soluble factors
such as IL-10, transforming growth factor β (TGF-β) and IL-35 and also exert cellcontact-dependent suppressive functions on pro-inflammatory immune cells
(Kitagawa and Sakaguchi, 2017; Evans et al., 2019). Treg have been shown to promote
regeneration

of

non-CNS

tissues

both

directly

and

indirectly

through

immunoregulation (reviewed in de la Vega Gallardo et al., 2019). Recently, Treg were
shown to be necessary for efficient CNS remyelination (Dombrowski et al., 2017).
Pharmacogenetic ablation of Treg results in significantly impaired remyelination after
toxin-induced demyelination (models in which damage is not immune-mediated). This
impairment can be rescued with adoptive transfer of Treg (Dombrowski et al., 2017).
This effect appears to be induced, at least partially, through secreted factors
(Dombrowski et al., 2017; Dittmer et al., 2018). Treatment of organotypic brain slices
(before or after toxin-induced demyelination), mixed glial cultures and purified OPC
cultures with Treg-conditioned media enhances OPC differentiation, myelination and
remyelination (Dombrowski et al., 2017; Dittmer et al., 2018). Interestingly, proteome
profiling of Treg-conditioned media identified several secreted factors involved in
tissue regeneration, one of which was cellular communication network factor 3
(CCN3) (Dombrowski et al., 2017). Experimental depletion and elution of CCN3 from
Treg-conditioned media and subsequent addition to brain slice and mixed glial cultures
showed for the first time that CCN3 is a positive regulator of OPC differentiation and
myelination (Dombrowski et al., 2017). This new function of Treg and CCN3 opens
an exciting new field of myelin biology. It remains to be determined whether CCN3 is
required for efficient myelination and remyelination in vivo. But what else do we know
about CCN3 in the CNS and other systems?
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1.7 CCN3
CCN3 belongs to the CCN family of matricellular proteins. This term refers to proteins
that are dynamically expressed during development and injury and have regulatory
rather than structural roles (Murphy-Ullrich and Sage, 2014). Matricellular proteins
are diverse and can interact with cellular receptors, proteases, growth factors and ECM
molecules. Therefore, these molecules can regulate cellular functions at different
levels (Murphy-Ullrich and Sage, 2014). As such, CCN molecules are involved in a
diverse range of signalling pathways; in cell processes such as migration, adhesion,
proliferation and differentiation, in contexts such as development, homeostasis and
disease (C.-C. Chen and Lau, 2009). The dysregulation and structural alterations of
CCN proteins is associated with pathologies such as fibrotic disease and several types
of cancer (Leask and Abraham, 2006; Yeger and Perbal, 2016).
1.7.1 The CCN family: Nomenclature
CCN is an acronym of the original nomenclature given to the first identified members:
Cysteine-rich angiogenic protein 61 (CYR61) (O’Brien et al., 1990), Connective tissue
growth factor (CTGF) (Ryseck et al., 1991) and Nephroblastoma overexpressed
(NOV) (Joliot et al., 1992), now referred to as CCN1, CCN2 and CCN3 respectively.
After observing that these proteins shared structural similarities, they were unified in
nomenclature (Bork, 1993). Three additional members were identified in the following
years, initially named Wnt-1 Inducible Signaling Pathway Proteins 1–3 (WISP 1–3)
(Hashimoto et al., 1998; Pennica et al., 1998; Zhang et al., 1998), and later renamed
CCN4, CCN5 and CCN6 respectively, after a proposal for a unified nomenclature
(Brigstock et al., 2003). Despite this, researchers continued to inconsistently use old
and new acronyms in the scientific literature (as well as additional names for each
member, see Table 1.5), leading to considerable confusion. It was not until recently
that the CCN family was officially unified in nomenclature by the HUman Genome
Organisation (HUGO) Gene Nomenclature Committee (HGNC) (Perbal, Tweedie and
Bruford, 2018), in response to pleas by the International CCN Society. The CCN
acronym now officially stands for “cellular communication network factor” 1-6
(Perbal, Tweedie and Bruford, 2018).

56

Table 1.5 Alternative acronyms that have been historically assigned to CCN proteins.
This table contains the additional acronyms that have been used in the scientific literature to
refer to CCN proteins. Some of these were initially assigned to particular animal species. For
example, NOVH was used to refer to human CCN3, NOVm to mouse, and xNOV to xenopus
(frog). The acronyms in bold represent the most commonly used in the literature, aside from
CCN. Adapted from (Brigstock et al., 2003; Holbourn, Perbal and Ravi Acharya, 2009; Perbal,
Tweedie and Bruford, 2018).

CCN protein

Alternative acronym

CCN1

CYR61, IGFBP10, IGFBP-rP4, CTGF-2, GIG1, CEF10, angiopro

CCN2

CTGF, IGFBP8, IGFBP-rP2, HBGF-0.8, Hcs24, βIG-M2,
ecogenin

CCN3

NOV, NOVH, NOVm, mNOV, xNOV, IGFBP9, IGFBP-rP3

CCN4

WISP-1,WISP-1, WISP1-OT1, WISP1-UT1, ELM-1

CCN5

WISP-2, CTGF-L, CTGF-3, CT58, HICP, Cop-1

CCN6

WISP-3

1.7.2 The CCN family: Structure
CCN proteins contain 38 conserved cysteine residues and share a modular structure:
an N-terminal secretory signal peptide (SP), and four modules sharing similarities with
insulin-like growth factor-binding proteins (IGFBP), a type C repeat of von Willebrand
factor (VWC), a type 1 repeat of thrombospondin (TSP-1) and a C-terminal (CT)
domain (Figure 1.5) (Bork, 1993; Perbal, 2004). A short, variable sequence located
between the VWC and TSP-1 domains has been named the “hinge” region, which is
susceptible to proteolytic cleavage (Holbourn, Acharya and Perbal, 2008). Each
module is encoded by a distinct exon, with each ccn gene hence containing five exons
each. Exceptions to this organisation include CCN5, which lacks a CT domain (Figure
1.5), and CCN6, which lacks four of the conserved cysteine residues in the VWC
module (Pennica et al., 1998). Variant truncated CCN isoforms have also been
identified in healthy and pathological settings (Perbal, 2004). Albeit structurally
similar (30 – 50% primary sequence homology), CCN proteins are functionally distinct
and can perform opposing functions to one another in a context-dependent manner.
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Figure 1.5 General structure of CCN proteins. This diagram shows the general primary
polypeptide chain modular structure of CCN proteins. X-ray crystallography studies to
scrutinise the tertiary (and potentially quaternary) structures of these proteins have not been
performed to date. Corresponding murine CCN peptide size is indicated. aa: amino acids.

1.7.3 The CCN family: Expression and functions in the CNS
CCN proteins are involved in a diverse array of biological processes which take place
during development, homeostasis and pathology. Importantly, although there is
emerging evidence that CCN proteins are expressed and carry out diverse functions in
the CNS, the data remains scarce and is often limited to in vitro studies. Therefore, it
is challenging to draw overarching conclusions (Figure 1.6).
CCN1
CCN1 expression in the CNS was first investigated two decades ago. A differential
display assay identified ccn1 upregulation in HEK 293 cells modified to express
CHRM1 and stimulated with carbachol, an acetylcholine analogue (Albrecht et al.,
2000). Ccn1 mRNA expression is detected in the human cerebellum, cerebral cortex,
medulla, spinal cord, putamen, caudate nucleus, amygdala, corpus callosum,
hippocampus, substantia nigra, subthalamic nucleus and thalamus. Ccn1 is also
expressed in cultured cerebral cortex and in primary hippocampal rat neurons
(Albrecht et al., 2000; Malik et al., 2013). Interestingly, ccn1 expression is detected in
the embryonic hippocampus (E18) but significantly decreases postnatally (Malik et
al., 2013), suggesting CCN1 may play a role in CNS development. Ccn1 mRNA is
also detected in the postnatal mouse retina, reaching peak expression levels from P6
to P12 and decreasing to very low levels by P24 (Chintala et al., 2015). Studies in
retinal flat mounts from juvenile CCN1 reporter mice revealed expression in the retinal
vasculature (Chintala et al., 2015). The gene expression database from the Allen Brain
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Atlas shows that ccn1 is expressed in the cerebral cortex, predominantly in layer 6,
olfactory bulb, anterior olfactory nuclei and the granular layer of the cerebellum (Lein
et al., 2007). Overall, however, ccn1 appears weakly detected in the brain in this
database. Finally, in a resource that purified different cell populations from the mouse
cerebral cortex and performed RNAseq analysis (brain RNAseq database) (Zhang et
al., 2014) it is observed that ccn1 is expressed by astrocytes and endothelial cells. In
summary, CCN1 expression is detected in several cell types of the CNS, but what are
the roles of CCN1 in this system?
Treating embryonic hippocampal neural progenitor cells with the neurotoxin etoposide
results in CCN1 upregulation via the c-Jun N-terminal kinase (JNK) pathway (Kim et
al., 2003). Inhibiting this upregulation leads to an increase in cell survival, suggesting
CCN1 may negatively regulate neuronal survival in vitro (Kim et al., 2003). Treatment
of embryonic hippocampal neurons with brain-derived neurotrophic factor (BDNF)
also induces CCN1 expression (Malik et al., 2013). This upregulation is mediated by
phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase (ERK)
signalling. Overexpressing CCN1 in developing or mature neurons increases dendritic
arborisation in a β1 integrin-mediated manner (Malik et al., 2013), suggesting CCN1
may be a positive regulator of dendritic arborisation in vitro. Interestingly, rodent
administration of both pro- and anti-psychotic drugs has been show to increase ccn1
expression in the cerebral cortex and hippocampus (Ito et al., 2007; Sakuma et al.,
2015). Similarly, pro-psychotic administration to infant (P8) rodents does too but to a
lesser extent (Ito et al., 2007), suggesting CCN1 may play a yet unidentified potential
role in psychosis. Roles of CCN1 have also been uncovered in the eye. Recombinant
CCN1 promotes photoreceptor survival in retinal explants from a mouse model of
retinitis pigmentosa (Kucharska et al., 2014), and ablating CCN1 in murine endothelial
cells results in severe vascular defects in the retina, highlighting roles as a proangiogenic factor (Chintala et al., 2015). Together, these results suggest that CCN1
may act as 1) a negative regulator of neuronal survival (except for photoreceptors, in
which CCN1 is a positive regulator), 2) a positive regulator of dendritic arborisation
and 3) a positive regulator of angiogenesis in the retina.
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CCN2
CCN2 expression was first reported in the embryonic mouse CNS (Surveyor and
Brigstock, 1999) and in the adult rat brain ~22 years ago (Kondo et al., 1999). In the
latter, CCN2 is detected predominantly in GFAP+ astrocytes and pyramidal neurons
of rat cerebral cortex layers 3 and 5. Some hippocampal pyramidal neurons also show
weak expression (Kondo et al., 1999). CCN2 is also detected in ependymal cells of
brain lateral ventricles, choroid plexus and tanycytes in the spinal cord central canal,
as well as a few white matter astrocytes (Kondo et al., 1999; Conrad et al., 2005).
Another study detected ccn2 expression in the olfactory glomeruli, dorsal
endopiriform nuclei, dorso-rostral septum, and neurons of cerebral cortex layer 6b (the
interface between cerebral cortex and the corpus callosum) in the rat brain (Heuer et
al., 2003). Around 35% of these ccn2+ cells co-localised with neuronal microtubule
associated protein 2 (map2). Other ccn2+ cells were identified in ependymal areas,
meninges or close to blood vessels, consistent with previous studies (Kondo et al.,
1999; Heuer et al., 2003). Finally, a study reported that ccn2 is detected in the rat
anterior pituitary gland (Ehrchen et al., 2001). In adult mice, CCN2 protein is
expressed in the glomerular and mitral layers of the olfactory bulb (E. O. Williams et
al., 2007) and ccn2 mRNA in cerebral cortex layer 6b (Heuer et al., 2003). The Allen
Brain Atlas in situ hybridisation database shows that ccn2 is expressed predominantly
in cerebral cortex layer 6b, glomerular and mitral layers of the olfactory bulb,
endopiriform nucleus and the claustrum in the mouse brain (Lein et al., 2007). The
brain RNAseq database reveals ccn2 is expressed by endothelial cells, astrocytes,
neurons and to a lesser extent OPCs (Zhang et al., 2014). Unlike CCN1, which has
differences in regional and cell type expression across species, CCN2 expression
appears to be more consistent.
In healthy post-mortem human brains, CCN2 is detected in few astrocytes around large
blood vessels and the glia limitans membrane, endothelial cells, vascular smooth
muscle cells and neurons (Schwab et al., 2000). However, in tissues from people with
cerebral infarction, there is a significant accumulation of CCN2+ astrocytes in the
border of affected areas (Schwab et al., 2000). In normal post-mortem human spinal
cords, low CCN2 immunoreactivity is detected. CCN2 expression is restricted to the
ventral horn and white matter in cells with astroglial morphology. Furthermore, CCN2
is expressed by blood vessel endothelial cells (Spliet et al., 2003). On the other hand,
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in spinal cords from people with amyotrophic lateral sclerosis, CCN2 expression is
upregulated in neurons and astrocytes (Spliet et al., 2003). In summary, CCN2
expression is detected in several cells of the CNS and is differentially regulated in
injured regions.
Interestingly, murine hippocampal injury induced by kainic acid causes upregulation
of ccn2 in neurons shortly after injection, and in astrocytes 14 days after injection
(Hertel et al., 2000). The authors hypothesised that because TGF-β is thought to
contribute to glial scar formation, and is known to induce CCN2 expression and
subsequent fibrosis, CCN2 may play a role in glial scar formation (Hertel et al., 2000).
In the olfactory bulb of infant mice, CCN2 is secreted by external tufted cells and
decreases the survival of periglomerular inhibitory neurons (Khodosevich et al., 2013).
Finally, but crucially, CCN2 is a negative regulator of CNS myelination (discussed in
Chapter 4). In summary, CCN2 is 1) a negative regulator of inhibitory neuron survival,
2) a negative regulator of OPC differentiation and myelination and 3) may play a role
in glial scar formation in the damaged CNS.
CCN3
Several studies have reported extensive expression of CCN3 in the CNS, which will
be discussed in Chapter 3. However, the functions of CCN3 in the CNS remain poorly
characterised. In the rat CNS, endogenous astrocytic CCN3 upregulates the expression
of CCL2 and chemokine (C-X-C motif) ligand 1 (CXCL1) in vitro (Le Dréau, Kular,
et al., 2010). This effect was abrogated by inhibiting nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB), rho-associated protein kinase (ROCK) or ERK
signalling (Le Dréau, Kular, et al., 2010). In vivo, injecting recombinant CCN3 in the
rat cortex upregulated expression of these chemokines (Le Dréau, Kular, et al., 2010),
suggesting CCN3 may regulate the production of chemoattractants and subsequent cell
migration. In the developing rat cerebellum, CCN3 was reported to negatively regulate
granule neuron precursor (GNP) proliferation by blocking Shh-mediated glycogen
synthase kinase 3 β (GSK3-β) activity, which in turn downregulates N-Myc (known
to drive GNP proliferation) (Le Dréau, Nicot, et al., 2010). CCN3 also positively
regulates GNP chemotaxis in this context (Le Dréau, Nicot, et al., 2010). CCN3
overexpression in the mouse embryonic cortex inhibits callosal projection outgrowth
(Park et al., 2015). More recently, as previously mentioned, CCN3 was reported to
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enhance OPC differentiation and myelination in vitro and ex vivo, respectively
(Dombrowski et al., 2017). In summary, CCN3 may be 1) a regulator of astrocytic
chemokine expression, 2) a negative regulator of GNP proliferation and axonal growth
and 3) an inducer of OPC differentiation and myelination.
CCN4
CCN4 expression in the CNS has been insufficiently characterised in the literature.
Ccn4 mRNA is not detected in human adult or foetal brains (Pennica et al., 1998). The
Allen Brain Atlas mRNA expression database shows that ccn4 is not expressed in the
murine brain, with the exception of the olfactory bulb (particularly the inner plexiform
and mitral layers) (Lein et al., 2007). In the RNAseq database ccn4 is not detected in
any of the cell types present in the mouse cortex (Zhang et al., 2014), suggesting ccn4
expression may be restricted to olfactory bulbs in the mouse brain. In primary
hippocampal rat neuronal cultures, CCN4 prevents neuronal injury and apoptosis
during oxidative stress mediated by phosphoinositide 3-kinase (PI3K) signalling
(Wang et al., 2012). CCN4 prevents mitochondrial membrane permeability,
cytochrome C release and caspase 3 activity in these cells (Wang et al., 2012). This
data suggests CCN4 may promote neuronal survival. However, no other functions of
CCN4 in the CNS are known.
CCN5
Ccn5 mRNA is not detected in human adult or foetal brains (Pennica et al., 1998). In
the Allen Brain Atlas, ccn5 mRNA is not detected in adult brain tissue, and in the
RNAseq database ccn5 expression is not detected in any cell populations (Lein et al.,
2007; Zhang et al., 2014). On the other hand, an immunohistochemical study of CCN5
in rat adult tissues detected CCN5+ cells in the cerebral cortex (Gray et al., 2007). In
adult mice, a study detected CCN5 in spinal cord neurons (Ohkawa et al., 2011). At
E16, CCN5 is detected in mouse brain and spinal cord cells, as well as the choroid
plexus and corneal stroma of the eye (Jones et al., 2007). These discrepancies suggest
poor correlation between ccn5 mRNA and protein expression. In humans, CCN5 is
highly expressed in retinal photoreceptors at the fourth gestational month, and
decreases henceforth (Jones et al., 2007). Functionally, recombinant CCN5 enhances
neurite formation of Neuro2a cells in vitro, mediated by interaction with integrin β1.
Overexpressing CCN5 in these cells promotes survival after treatment with the
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neurotoxic agent H2O2 (Ohkawa et al., 2011). Therefore, CCN5 may be a positive
regulator of neuronal survival and dendritic arborisation.
CCN6
There are no reports of expression or known functions of CCN6 in the CNS.
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Figure 1.6 Known functions of CCN proteins on CNS cells. This diagram is a summary of
effects and functions of CCN proteins in CNS cells, most of which were determined in vitro.
Arrowheads are positive effects and blunt arrows are negative effects. Diagram adapted from
(de la Vega Gallardo et al., 2019). NPC: Neural progenitor cell.

1.7.4 CCN3 structure
CCN3 shares the structural modules of other CCN members, except for CCN5 (see
section 1.9.2). The CCN3 gene is ~8 kilobases in length and located in chromosome
15 in the mouse, and chromosome 8 in humans (as seen in Ensembl database). The
CCN3 primary amino acid sequence has 354 residues in the mouse, and 357 in humans
(as seen in UniProt database). The predicted molecular weight of full length human
CCN3 is 39 kilodaltons (kDa) (Chevalier et al., 1998). CCN3 has two putative N63

glycosylation sites at positions 97 (NQTG) and 280 (NCTS) in the primary polypeptide
chain. Accordingly, CCN3 undergoes post-translational glycosylation, which can
result in larger molecular weight products (Chevalier et al., 1998). Seminal studies
demonstrated that CCN3 is a secreted protein, which can also be detected
intracellularly as well as in the ECM (Chevalier et al., 1998; Kyurkchiev et al., 2004).
Intriguingly, shorter, truncated isoforms of CCN3 (and other CCN proteins) have been
described in the literature, and CCN3 expression can be sometimes detected in cell
nuclei (Perbal, 2004). Originally, an N-truncated CCN3 isoform (~30 kDa) in the
nuclei of HeLa and 143 osteosarcoma cell lines was reported (Perbal, 1999). Since
then, these and other short isoforms have been detected in many types of cells, fluids
and tissues, including the adult rat brain (~18 kDa) (Su et al., 2001), conditioned media
of C6 glioma cell line, primary rat astrocytes (~27 kDa) (Fu et al., 2004), Tregconditioned media (~20 kDa) (Dombrowski et al., 2017), human CSF (~28 and 32
kDa) (Burren et al., 1999) and human plasma (of both, pwMS and healthy controls)
(~25 kDa) (Naughton et al., 2020) in addition to full-length CCN3 (and/or
glycosylated isoforms). Interestingly, in the latter study, only full length CCN3 was
detected in the CSF of both, pwMS and controls. However, the controls used in this
study were sampled from people with intracranial hypertension (IIH) (Naughton et al.,
2020), whereas the study by Burren and colleagues did not specify the origin of the
CSF (Burren et al., 1999).
In a recent yeast two-hybrid (inactive) screen, CCN3 was identified as a substrate of
matrix metalloproteinase (MMP)-14, and was cleaved at the hinge region by MMP14, MMP-1 and MMP-2 in vitro (Butler et al., 2017). This identified a family of
proteases that may therefore regulate CCN3 cleavage and activity. To add complexity,
CCN3 physically interacts with itself and CCN2 (Perbal et al., 1999; Hoshijima et al.,
2012), suggesting CCN3 can dimerise. These findings highlight that the CCN family
is likely involved in convoluted biological interactions. The existence of truncated
CCN isoforms has been avidly discussed in the field in the last few years, with an
emerging interest in discerning whether long and short isoforms differ functionally. In
the case of CCN3, there is evidence to support this may be the case. For instance,
CCN3 was originally discovered as a gene overexpressed in myeloblastosis associated
virus (MAV)-induced nephroblastomas in chickens (Joliot et al., 1992). Integration of
MAV into CCN3 results in the synthesis of a truncated CCN3 isoform (~32 kDa)
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which lacks the SP and the IGFBP domain (Joliot et al., 1992), and forced expression
of this isoform induces the transformation of chicken embryo fibroblasts (Joliot et al.,
1992). Subsequent investigations discovered that the absence of the SP permits CCN3
nuclear translocation in baby hamster kidney 21 (BHK21) cells (Planque et al., 2006).
Moreover, the CT domain appears to be responsible for nuclear translocation in the
absence of the SP and acts as a negative regulator of transcription and proliferation in
several cancer cell lines (Planque et al., 2006; Bleau et al., 2007). Hence, it appears
specific modules of CCN3 can control cellular compartmentalisation and biological
function, at least in vitro (Kaasbøll et al., 2018). In general, however, the functional
relevance of 1) specific modules and 2) isoform expression in different cell
compartments, remains poorly understood. While the embracing view in the field is
that different CCN isoforms arise from proteolytic cleavage (for which there is
evidence), it remains a possibility that this may occur too as a result of alternative
splicing or protein degradation.
1.7.5 CCN3: roles in tissue regeneration
CCN3 has been studied most intensively in the context of cancer (especially in cancer
cell lines) and appears to function differently depending on the type of tumour cell in
question (reviewed in Yeger and Perbal, 2016). CCN3 is also involved in other
biological processes such as development and tissue regeneration. For example, CCN3
regulates chondrogenesis, osteogenesis (Minamizato et al., 2007; Katsuki et al., 2008;
Yamaguchi et al., 2008) and dentin regeneration (Wang et al., 2014). CCN3 is a
positive regulator of angiogenesis: in vitro, CCN3 induces endothelial cell line
migration and adhesion. In vivo, CCN3 induces neovascularisation (Lin et al., 2003,
2005) and is expressed in murine blood vessels of the heart and lungs (Lin et al., 2010).
Only weak CCN3 signal is detected in the spleen and thymus, however (Lin et al.,
2010). In systemic sclerosis (a connective tissue disease which features vasculopathy)
CCN3 expression is decreased in dermal blood vessels compared to healthy controls
(Henrot et al., 2020). Interestingly, CCN3 expression was detected in perivascular
CD3+ T cells in these samples (Henrot et al., 2020). In an in vitro matrigel assay using
primary human microvascular dermal endothelial cells, recombinant CCN3 promotes
angiogenesis, while a neutralising antibody against CCN3 inhibits it (Henrot et al.,
2020). These data highlight CCN3 as a possible target of interest for conditions
featuring angiogenic dysregulation.
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CCN3 is also reported to regulate the inflammatory response, which may consequently
influence regenerative processes. In human umbilical vein endothelial cells
(HUVECs), CCN3 expression is downregulated by pro-inflammatory cytokine tumour
necrosis factor α (TNFα) (Lin et al., 2010). Chromatin immunoprecipitation studies
showed that CCN3 promoter is a direct target of Kruppel-like factor 2 (KLF2, known
to inhibit endothelial cell pro-inflammatory responses) in HUVECs (Lin et al., 2010).
Importantly, CCN3 inhibits TNFα- and IL-1β-mediated upregulation of vascular cell
adhesion molecule 1 (VCAM-1, which mediates vascular leukocyte attachment) in
HUVECs (Lin et al., 2010). Subsequent assays further showed that CCN3 inhibits NFκB activation and leukocyte adhesion to IL-1β stimulated HUVECs (Lin et al., 2010).
Furthermore, in a model of non-alcoholic steatohepatitis, mice with CCN3 ablation in
the myeloid lineage display increased pro-inflammatory cytokine (IL-1β and TNFα)
expression in the liver (Wu et al., 2018). These data suggest that CCN3 plays a role in
regulating the inflammatory response, which could have implications for
inflammatory conditions such as MS.
CCN3 also plays an important role in haematopoiesis: CCN3 is highly expressed in
human haematopoietic stem (HS) and progenitor cells. CCN3 knockdown abrogates
primitive HS and progenitor cell self-renewal capacity and subsequent engraftment in
rodent irradiation experiments (Gupta et al., 2007). Conversely, CCN3 overexpression
in these cells enhances engraftment (Gupta et al., 2007). Recently, it was reported that
CCN3 enhances long term repopulating activity of human umbilical cord blood
(UCB)-derived HS cells ex vivo, increasing the total number of clonogenic progenitors
within an UCB unit (Gupta et al., 2020). CCN3 rapidly induces this effect, and can
retain this capacity for long periods in culture (Gupta et al., 2020). In summary, CCN3
enhances the number of transplantable HS cells and subsequent engraftment after
transplant (Gupta et al., 2007, 2020), highlighting central roles in haematopoiesis and
potential in HS cell transplantation improvement.
Finally, the positive regulation of OPC differentiation and myelination by CCN3 is
novel and suggests that CCN3 may also play a role in myelin regeneration
(Dombrowski et al., 2017). Nevertheless, it remains to be determined whether 1)
CCN3 regulates this process in vivo and 2) the mechanism through which OPC
differentiation is enhanced.
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1.7.6 CCN3 ligands and activity mediators
Several binding partners and activity mediators of CCN3 have been identified (Figure
1.7). These interactions are reported largely in non-neurological settings. Nevertheless,
these data can provide clues regarding how CCN3 may mediate OPC differentiation.
For instance, CCN3 binds to bone morphogenetic protein 2 (BMP-2) and negatively
regulates BMP signalling in osteoblasts. The CT domain is not required for this
interaction (Minamizato et al., 2007; Katsuki et al., 2008; Yamaguchi et al., 2008).
CCN3 can directly bind to Notch-1 and activate downstream signalling, and negatively
regulates osteoblast differentiation in this manner (Sakamoto et al., 2002; Minamizato
et al., 2007). A two-yeast hybrid system detected that the CT domain of secreted CCN3
binds fibulin-1C, a matricellular protein involved in ECM protein binding and
stabilisation (Perbal et al., 1999). Additional two-hybrid screenings detected lowaffinity interactions between CCN3-CCN3 and CCN3-CCN2 proteins (Perbal et al.,
1999), confirmed in later studies (Hoshijima et al., 2012). Interestingly, these two
proteins negatively regulate one another in chondrocyte and fibrotic disease studies
(Kawaki et al., 2008; Leask, 2009, 2015; Hoshijima et al., 2012). Yeast two-hybrid
systems have also revealed an interaction between CCN3 and the RNA Polymerase II
Subunit B7 (RPB7) (Perbal, 1999), raising questions about a potential role of CCN3
in transcriptional regulation.
Integrins are a family of transmembrane heterodimeric receptors involved in cell
adhesion. Eighteen α subunits and eight β subunits have been identified, which can
form a total of 24 heterodimers (Takada, Ye and Simon, 2007). CCN3 can interact
with and/or signal through several of these heterodimers. For example, CCN3
promotes HUVEC adhesion. When cells are incubated with integrin inhibitors of αvβ3,
α6β1 and α5β1, this effect is blocked or reduced (Lin et al., 2003), suggesting CCN3
acts through these receptors. Incubating CCN3 with soluble heparin also partially
blocks HUVEC cell adhesion, suggesting CCN3 may engage heparan sulfate
proteoglycans (Lin et al., 2003). Furthermore, solid phase integrin binding assays
showed that CCN3 likely binds directly to αvβ3 and α5β1 (Lin et al., 2003), and indeed
CCN3 enhances HUVEC migration through these heterodimers. In fibroblasts, CCN3
induces adhesion through α5β1 and α6β1, and also chemotaxis via αvβ5 integrins (with
which CCN3 interacts) (Lin et al., 2005). Interestingly, recombinant CCN3 positively
regulates CCL2 and CXCL1 expression in primary rat astrocytes by interacting with
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integrins that contain the β1 and β5 homodimers, respectively (Le Dréau, Kular, et al.,
2010). Other members of the CCN family have been reported to interact with integrins
in different contexts (C.-C. Chen and Lau, 2009). Also in primary rat astrocytes, CCN3
binds to connexin 43 (Cx43), as well as a C6 glioma cell line transfected with CCN3
(where it is not normally expressed) (Fu et al., 2004). Connexins construct the
intercellular channels known as gap junctions, which control the passage of small
molecules between cells (Laird and Lampe, 2018). CCN3 also directly interacts with
the S100 calcium binding protein A4 (S100A4), identified by a yeast two-hybrid
screening (Li et al., 2002). Interestingly, treatment of C59 glioblastoma and SK-N-SH
neuroblastoma cell lines with recombinant CCN3 resulted in a transient increase in
intracellular calcium concentrations, suggesting CCN3 may play a role in calcium
signalling (Li et al., 2002). Finally, CCN3 is an inhibitor of melanocyte proliferation
and regulates melanocyte organisation in organotypic cultures of human skin by
securing the attachment of these cells to the basement membrane (dermis-epidermis
interface) (Fukunaga-Kalabis et al., 2006). CCN3 melanocyte overexpression
promotes discoidin domain receptor 1 (DDR1) upregulation, and DDR1 regulates
melanocyte organisation in organotypic cultures in a similar manner to CCN3. DDR1
knockdown in melanocytes results in disorganised location ex vivo, and CCN3
overexpression did not rescue this. Although not directly, these data suggest that CCN3
may exert these functions through DDR1 (Fukunaga-Kalabis et al., 2006). In
summary, CCN3 has been reported to interact with or signal through BMP-2, Notch1, fibulin-1C, RPB7, several integrins (αvβ3, α6β1, α5β1 and αvβ5), Cx43, S100A4 and
potentially DDR1 in different biological contexts. These factors and receptors are
expressed in CNS cells and therefore may mediate the effect of CCN3 in OPC
differentiation. Recently, it was reported that CCN3 does not enhance OPC
differentiation directly in purified OPC cultures (de la Vega Gallardo et al., 2020).
Therefore, this pro-differentiation in vitro effect is likely exerted by interaction of
CCN3 with other CNS cells (Dombrowski et al., 2017; Dittmer et al., 2018).
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Figure 1.7 Hypothetical routes of interaction of CCN3 with CNS cells. This diagram shows
the expression of receptors and factors in cells of the adult healthy mouse forebrain that interact
with CCN3 in other biological contexts. Information was mined from an RNAseq database of
the adult mouse cortex (Zhang et al., 2014). These expression patterns might change during
development and injury. In vitro experiments using inhibitors followed by co-culture
experiments could elucidate the mechanism used by CCN3 to enhance OPC differentiation
and myelination.
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1.8 Rationale, hypothesis and aims
Rationale
MS is an immune-mediated demyelinating disease of the CNS, for which there are no
remyelinating therapies available in the clinic. Recently, it was reported that Treg are
required for efficient myelin regeneration in the mouse CNS (Dombrowski et al.,
2017). CCN3 was identified as a potential mediator of this effect: depleting and eluting
CCN3 from Treg-conditioned media and subsequent treatment of mixed glial and brain
slice cultures resulted in increased OPC differentiation and myelination, respectively
(Dombrowski et al., 2017). On the other hand, addition of eluted CCN3 to pure OPC
cultures did not enhance differentiation (de la Vega Gallardo et al., 2020). These data
suggest an indirect, positive role of CCN3 in OPC differentiation, myelination and
potentially remyelination.
Central hypothesis
CCN3 is required for efficient myelination and remyelination in the mouse CNS
Aims
•

To characterise CCN3 expression in the healthy, demyelinated and
remyelinating adult mouse CNS

•

To determine whether CCN3 is required for CNS myelination

•

To investigate if CCN3 is required for CNS remyelination

Significance
This thesis will investigate the potential of CCN3 as a pro-myelinating and/or
remyelinating factor. This information will inform of the therapeutic value of this
protein for demyelinating diseases such as MS. Furthermore, the characterisation of
CCN3 expression in the mouse CNS will provide a framework for future investigations
aiming to elucidate the role of CCN3 and other CCN proteins in the CNS.
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2. Materials and Methods
2.1 Animals
All mice used in this study were on a C57BL/6 background and bred in-house or
purchased directly from Charles River Laboratories. Mice were housed under standard
laboratory conditions: 12/12h light/dark cycle at 21°C, 50% humidity and food
available ad libitum. CCN3-deficient (CCN3-/-) mice were a kind gift from Prof Perbal
and Drs Koseki and Yokote via Dr Lin (Cardiology Division, Department of Medicine,
Emory University School of Medicine, Atlanta, Georgia, USA) and maintained inhouse (Shimoyama et al., 2010a). All experiments carried out on CCN3-/- mice, used
either wild type (WT) littermate controls or WT mice derived from a common original
heterozygous breeding line as controls. All animal maintenance and experiments were
in compliance with the United Kingdom (UK) Home Office regulations under Project
License PPL2789 and approved by Queen’s University Belfast Animal Welfare
Ethical Review Board (AWERB).
2.2 Genotyping
2.2.1 DNA extraction
To determine the genotype of experimental mice, tissue from ear biopsies was
collected in 1.5ml tubes. Tissue was incubated in 100μl of lysis buffer (Table 2.1)
overnight shaking at 1,000rpm and 56°C. The following day, samples were centrifuged
at 14,000rpm and 4°C for 5min. Supernatants were collected and transferred to new
tubes and 100μl of ice-cold isopropanol were added to each tube and incubated at room
temperature (RT) for 10min. Samples were centrifuged again at 14,000rpm and 4°C
for 10min. Supernatants were gently discarded on tissue paper and the DNA pellet was
resuspended in 500μl of ice-cold 75% ethanol and vortexed. The tubes were
centrifuged again with the same parameters, supernatants were gently discarded on
tissue paper and tubes were air-dried for 30min. Finally, pellets were dissolved in 30μl
of sterile H2O, incubated at 55°C for 1h and stored at -20°C.

71

Table 2.1 DNA extraction lysis buffer recipe. Tris: tris(hydroxymethyl)aminomethane
(Sigma); EDTA: Ethylenediaminetetraacetic acid (Thermo Fisher Scientific); NaCl: Sodium
chloride (Sigma); SDS: Sodium dodecyl sulfate (Sigma).

Reagent

Volume

1M Tris-HCl (pH 8.0)

1ml

0.5M EDTA (pH 8.0)

100μl

5M NaCl

400μl

10% SDS

200μl

20 mg/ml proteinase K

50μl

H2 O

8.250ml

2.2.2 Polymerase chain reaction (PCR)
For each DNA sample, two separate PCR reactions were carried out: one using a pair
of primers that bind the WT ccn3 gene, and another using primers for CCN3-/- mice,
binding the neomycin cassette used to replace exons 1, 2 and part of 3 and the
remainder of the ccn3 gene (Shimoyama et al., 2010a) (Sigma) (Table 2.2). The same
PCR programme was used for both reactions (Table 2.3). To set up 50μl PCR
reactions, a DreamTaq Green PCR Master Mix (Cat. K1081, Thermo Fisher Scientific)
was used and primers, DNA and H2O volumes were adjusted accordingly (Table 2.4).
The reactions were set up in ice and immediately placed in the thermal cycler and the
appropriate PCR programme was started.
Table 2.2 Primers used to genotype WT and CCN3-/- mice. bp: base pairs.

Size

Melting

(bp)

temperature

CTTCCTGCTCTTCCATCTCT

20

60.2°C

WT

AATGCCAGTCTGGTTGTTGG

20

64.9°C

WT

TGACAAACTTGCATGTGCTT

20

62.0°C

CCN3-/-

CTCGTGCTTTACGGTATCG

19

60.9°C

CCN3-/-

Primer sequence

Genotype detection
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Table 2.3 PCR program used to genotype WT and CCN3-/- mice.

Number of Cycles

Step

Time

Temperature

1

Initial denaturation

2min

95°C

Denaturation

30sec

95°C

Annealing

30sec

60°C

Extension

1min

72°C

1

Final extension

10min

72°C

1

Hold

∞

10°C

30

Table 2.4 Reagents used in a 50μl PCR reaction.

Reagent

Volume

DreamTaq Green PCR Master Mix (X2)

25μl

10μM forward primer

2.5μl

10μM reverse primer

2.5μl

H2 O

17μl

Genomic DNA or H2O

3μl

2.2.3 Gel electrophoresis
The amplified DNA fragments resulting from the PCR were run on an agarose gel to
determine the genotype of each sample. Three grams of agarose powder (Cat. 16500500, Invitrogen) were dissolved in 150ml of 1X TAE buffer, consisting of 40mM Tris
(pH 7.6), 20mM acetic acid and 1mM EDTA. The mixture was microwaved in an
Erlenmeyer flask and mixed every 30sec until the agarose was completely dissolved.
The solution was cooled down, 7μl of SYBR safe DNA gel stain (Cat. S33102, Thermo
Fisher Scientific) were added and mixed by gently shaking the flask and the mixture
was poured in a gel tray. Bubbles were removed using a P200 pipette tip and combs
were added to the mold to create wells in the gel. After 30min, combs were removed
and the tray containing the gel was placed in a horizontal electrophoresis system (BioRad), submerged in 1X TAE buffer. Twenty-five μl of PCR reaction were loaded in
each well, and 10μl of 50μg/ml Quick-Load DNA ladder (Cat. N0467S, New England
Biolabs) were added in wells at either end of every lane in order to later determine the
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size of amplified DNA fragments. Finally, the electrophoresis system was connected
to the power supply (Bio-Rad), which was set at 90V for 30-40min.
2.2.4 Gel imaging
DNA bands were visualised using a Chemi XRQ Syngene G:box imaging system
(Figure 2.1).
he t
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ko

ko

wt+
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Figure 2.1 Genotyping of WT, CCN3+/- and CCN3-/- mice. Two lanes were loaded with PCR
product with DNA from the same animal, each processed twice with either the WT or CCN3/-

primers. WT primers will only amplify a 413 basepair (bp) product, CCN3-/- primers will

only amplify a 500bp product and heterozygous animals will result in the amplification of
both. Het: CCN3+/- mice; KO: CCN3-/- mice, WT: CCN3+/+ mice, WT+: CCN3+/+ positive
control, KO+: CCN3-/- positive control; -VE: negative control (H2O).

2.3 Cerebellar/brain stem organotypic slice culture
2.3.1 Dissection and brain slice culture
Cerebellar/brain stem slices were prepared from mixed sex, P0 – 2 WT and CCN3-/pups on a C57BL/6 background. Pups were sacrificed by decapitation. Next, using fine
scissors, an incision in the skin above the skull was made along the posterior-anterior
axis. After this, fine scissors with micro serrations were used to make a posterioranterior incision of the skull, followed immediately by an incision along the lateral
axis. Fine forceps were then used to lift and remove the skull. The brain was lifted
using a fine spatula and placed in brain slice medium (BSM) consisting of 46.6%
Minimum Essential Medium (Cat. 32360-026, Thermo Fisher Scientific), 25% heatinactivated horse serum (HIHS) (Cat. 26050088, Thermo Fisher Scientific), 25%
Earl’s Balanced Salts (Cat. E6267, Sigma), 6.5mg/ml D-(+)-glucose (Cat. G8769,
Sigma), 1% (v/v) Glutamax supplement (Cat.35050-038, Thermo Fisher Scientific)
and 1% (v/v) penicillin/streptomycin (Cat. 15140-122, Thermo Fisher Scientific).
Using two #11 sterile, disposable scalpels, the hindbrain was separated from the
forebrain and placed onto the stage of a McIlwain Tissue Chopper, resting ventrally in
parallel to the blade along the sagittal plane. Excess medium was removed from the
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tissue using a P200 pipette to prevent the hindbrain from floating, and the hindbrain
was chopped at a slice thickness of 300µm. The resulting brain slices were collected
with a spatula and transferred into a culture dish with BSM. Two 30-gauge needles
attached to 20ml syringes were used to separate the resulting slices using a dissection
microscope. A fine spatula was used to transfer the slices into 0.4µm pore diameter
Millicell culture inserts (Cat. PICM0RG50, Millipore). Three slices were placed flat
in each insert, and the latter were then placed in 1ml BSM, allowing the access of
media without immersion. Slices were cultured for up to 14d at 37°C and 5% CO2. A
full BSM change was performed every 2 to 3d.
2.3.2 Brain slice fixation
Millicell culture inserts containing slices were washed once in sterile phosphate
buffered saline (PBS) (Cat. 10010-015, Thermo Fisher Scientific). Inserts were placed
in 1ml 4% paraformaldehyde (PFA) (Cat. 158127, Sigma) in PBS (pH 7.4) each for
45min at RT. Following this, inserts were washed three times in PBS for 10min each
and stored in PBS at 4°C. Plates containing inserts with brain slices were sealed using
parafilm to prevent PBS evaporation.
2.3.3 Brain slice immunohistochemistry
A #11 disposable scalpel was used to cut the slices out of the Millicell culture inserts.
Forceps were used to transfer each insert fragment (each containing 3 brain slices) into
an individual well of a 24-well plate containing 500µl of blocking solution per well.
Blocking solution consisted of 44ml PBS, 1ml of HIHS, 5ml normal goat serum (NGS)
(Cat. S-1000, Vector Laboratories), 0.5g bovine serum albumin (BSA) (Cat. 9048-468, Melford Biolaboratories), and 125µl Triton-X 100 (Cat. T8787, Sigma). Slices were
incubated in blocking solution for 3h at RT on a shaker. After this, slices were
incubated with primary antibodies against myelin basic protein (MBP) (rat anti-mouse
MBP, 1:600, clone 12, Cat. MAB386, Millipore) and axonal heavy molecular weight
neurofilament (NFH) (chicken anti-mouse NFH, 1:400, polyclonal, Cat. CPCA-NFH, EnCor Biotechnology) diluted in blocking solution for 2d overnight at 4°C. Slices
were then washed 3 times for 1h each in 0.01% Triton X-100 in PBS and incubated
with secondary antibodies (goat anti-rat AF568, 1:500, A11077 and goat anti-chicken
AF488, 1:500, A11039, both ThermoFisher Scientific) diluted in blocking solution
overnight at 4°C. Slices were stained with 0.17μg/ml 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI) (ThermoFisher Scientific) for 10min at RT, washed three
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times for 1h each in 0.01% Triton X-100 in PBS, mounted on Superfrost Plus adhesion
microscope slides and coverslipped with ProLong Gold Antifade (Cat. P36934, Life
Technologies).
2.3.4 Confocal microscopy of brain slices and image analysis
Brain slices were imaged with a Leica TCS SP8 confocal microscope at 0.5µm z-stack
intervals. The whole slice thickness was imaged, excluding the glial scar. Viability of
brain slices was assessed based on overall NFH axonal staining and the fields of view
(FOV) for image acquisition were selected using only the NFH channel. Three FOV
were imaged per slice, and three slices were imaged in this manner per animal. A total
of 9 FOV per animal were analysed to generate one mean value per animal for
statistical analysis. An ImageJ macro developed by Prof. Anna Williams’ laboratory
was used to determine the myelination index (MBP+NFH+ co-localisation area / NFH+
total area) (Zhang et al., 2011). Images within the z-stack with uniform NFH staining
were included in the analyses.
To quantify the number of CCN3+ cells, slices were stained for CCN3, NFH, and NeuN
with primary antibody concentrations indicated in Tables 2.5 and 2.6, and a 1:500
dilution for corresponding secondary antibodies. One focal plane overview of every
slice was imaged using Leica LAS X Navigator software and a TCS SP8 confocal
microscope. The number of cells were counted using Fiji software. A total of three
slices were imaged in this manner per animal to generate one mean value per animal
for statistical analysis. For the examination of CCN3 expression in brain slices, Dr.
Marie Dittmer performed the brain slice culture and Ms Nira de la Vega Gallardo
performed the staining, imaging and downstream analyses.
2.4 Enzyme-linked immunosorbent assay (ELISA) of murine CCN3
Concentration of murine CCN3 was quantified by ELISA (Cat. DY1976, R&D
Systems) in media from brain slice cultures according to manufacturer instructions. In
brief, Nunc MaxiSorp 96-well plates were coated with 100μl of 2μg/ml of rat antimouse CCN3 capture antibody diluted in PBS. Coated plates were incubated overnight
at RT. The following day antibody solution was removed. Plates were washed three
times thoroughly by immersing them in washing buffer, consisting of 0.05% Tween
20 (Cat. P2287, Sigma) dissolved in PBS. All washing steps henceforth were
performed in this manner, followed by vigorous blotting on tissue paper to ensure
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complete liquid removal from wells. Plates were blocked for 1h at RT with 300μl of
blocking solution, consisting of 1% BSA (w/v) (molecular biology grade) (Cat. 904846-8, Melford Biolaboratories) in PBS. One hundred μl of standards or sample were
then added to each well in duplicate and incubated for 2h at RT. Plates were washed
and 100μl of 1μg/ml biotinylated rat anti-mouse CCN3 in blocking solution were
added per well and incubated for 2h at RT. Subsequently, plates were washed and
100μl of streptavidin-conjugated horseradish peroxidase working dilution (1:200) in
block buffer were added per well and incubated for 20min at RT in the dark. Finally,
plates were washed and 100μl of 3,3',5,5'-tetramethylbenzidine (Cat. TMB-S-001,
BioPanda Diagnostics) were added per well as a substrate solution and incubated for
20min at RT in the dark. The reaction was stopped adding 50μl of 1M HCl per well.
The optical density of solution in wells was determined using a plate
spectrophotometer set to 450nm, and wavelength correction was performed by
subtracting plate readings at 570nm from the readings at 450nm. Finally, a linear
regression curve was used to obtain CCN3 sample concentration estimates.
2.5 Spinal cord lysophosphatidylcholine (LPC)-induced demyelination
2.5.1 Preparation of glass needles
Performed by Dr Rosana Peñalva
A P-97 Flaming/Brown type micropipette puller (Sutter Instrument) was used to make
needles for surgeries from borosilicate glass capillaries (Cat. 30-0018, Harvard
Apparatus). The capillaries outer diameter was 1mm and the inner diameter 0.58mm.
After using the puller to make the needle, the tip was opened ~50μm in diameter.
2.5.2 Pre-surgical care and preparation
Experimental animals were placed in the housing room of choice 1 week before the
procedure to acclimatise to their new environment. On the day of the surgery, the
surgical room and stage were cleaned using laboratory disinfectant and 70% ethanol.
Surgical instruments and tools were sterilised using a glass bead steriliser, and a
microcentrifuge

tube

containing

a

sterile

1%

(w/v)

solution

of

L-α-

lysophosphatidylcholine (LPC) from egg yolk (Cat. L4129, Sigma) in PBS was placed
in an ultrasonic bath sonicator for 1h to dissolve. Animals were placed in the corridor
immediately outside the surgical stage room and a heat box was pre-warmed in the
surgical room to place the animals in at the end of the surgery.
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2.5.3 Surgery
Performed by Dr Rosana Peñalva and assisted by Ms Nira de la Vega Gallardo
Male, C57BL/6 WT and CCN3-/- mice between 8 – 10 weeks of age were used in this
procedure. Mice were anaesthetised in a chamber connected to an anaesthesia system
distributing isoflurane at 2.5 mark in the vaporiser (NDC code 66794-017-25, Piramal
Critical Care) and O2 at ~1.2 l/min mark on a Boyle anaesthetic machine. Once the
animal was immobile, responses to painful stimuli were assessed by pinching the tail
and feet (also known as pedal reflex assessment) and observing the response of the
animal. In the absence of reflexes, the animal was placed on the surgical stage, laying
on a heat pad (Cura-Heat arthritis pain relief heat packs) covered in cotton gauze to
help maintain body temperature during surgery. A mask administering the vaporised
isoflurane was then placed covering the mouse snout and 50µl of 0.05mg/ml
buprenorphine was administered (Vetergesic, VM. 00063/4000, Alstoe Animal Care)
subcutaneously to relieve post-surgical pain. The animal was positioned in a straight
posture and the dorsal area was shaved from hip to neck, 2cm on either side of the
posterior-anterior axis. The hair was cleaned and the gauze underneath the animal was
replaced with a clean one. The shaved skin was sterilised using a cotton ball dampened
in povidone-iodine (Betadine), from the centre to the sides in a circular movement.
The same step was repeated using 70% ethanol. Finally, 0.2% Viscotears Carbomer
liquid gel (Cat. 20150901, Dr Winzer Pharma) was placed on the eyes of the animals
to prevent them from drying.
Using a surgical microscope, a ~1.5cm posterior-anterior incision on the skin above
the dorsal T12-T13 thoracic spine vertebrae was performed using scissors. Fine
scissors were used to remove the subcutaneous adipose tissue, exposing muscle and
connective tissues below. Using a #4 scalpel with a disposable #15 blade, ~2mm
bilateral incisions were made to the muscles/connective tissue parallel to the midline
above T12-T13. Fine forceps were introduced in these incisions and moved gently
tangentially until the vertebra protuberance was detected anteriorly to the intervertebra space. This space was exposed by gently lifting muscle and soft tissue using
the fine forceps and consequently revealing the spinal cord between T12-T13. At this
point, excess blood was removed using cotton. A clamp attached to a magnetic stand
was secured to soft tissue above the exposed spinal cord to negate movement resulting
from the breathing, and a 30G needle was used to pierce a hole in the meninges
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~0.3mm beside the medial blood vessel running across the spinal cord. A 3D magnetic
micromanipulator holding a 10µl Hamilton syringe (Cat. 80330, Hamilton Apex
Scientific) attached to a glass needle containing 1% (w/v) LPC was placed by the stage.
Under the microscope, the needle was lowered at an angle of ~60˚ from the horizontal
plane towards the aperture in the meninges, inserted and very carefully and slowly
penetrated until the needle was met with resistance, e.g., reaching the ventral
contralateral end of the spinal cord and slightly bending. Vertical coordinates of the
micromanipulator were recorded when the needle was placed on the pierced meninges
and again after the needle reached the ventral spinal cord. The length of needle
penetration remained between 1.5 and 2.1mm across surgeries. The needle was
brought up slightly to straighten it, and 0.6μl of LPC solution was injected. The needle
then was brought up again ~0.25mm and another 0.6μl of LPC was injected. The
system was left in place for 1min to avoid re-flux through the needle track, and the
needle was then slowly removed. The 3D micromanipulator was moved to the side and
the needle was checked for potential blockages.
The incisions in muscle/connective tissue were sutured with one or two discontinuous
surgical knots (two loops per knot) using Ethilon Suture 6/0 needles (Cat. W1615T,
Farla Medical). The skin incision was sutured using the same types of knots (usually
three in this case) and needles. The skin wound was disinfected with povidone-iodine
(Betadine).
2.5.4 Post-surgical care and clinical monitoring
While still anaesthetised, animal weights were recorded. Animals were marked by ear
notching for identification at this step or 1 week before the surgeries. Animals were
placed ventrally on paper tissue in a heat box at ~27ºC and monitored for
consciousness recovery, activity (particularly movement), appearance and behaviour.
When the animals were recovered from anaesthesia, fully awake and moving freely,
they were housed in a warm room overnight. They were monitored once again at the
end of the day and rodent chow pellets were left at the bottom of the cages. The day
after, they were monitored and moved to the room they were acclimatised to.
Henceforth they were monitored in the same manner daily for a week or until the
experimental end point was reached.
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2.5.5 Transcardial perfusion
At 5, 14 and 21 days post lesion (dpl) mice were lethally anaesthetised with 100μl of
200mg/ml pentobarbitone sodium (VM. 10347/4014, Animalcare or VM. 16431/4001,
JM Loveridge) intraperitoneally. Mice were monitored until they were immobile, and
the pedal reflex test was performed to assess the depth of anaesthesia. In the absence
of reflexes, mice were placed resting dorsally on a polystyrene board within a plastic
tray and limbs were secured to the board with needles. Scissors were used to make a
large skin incision along the sternum, exposing the ribcage and diaphragm. The
diaphragm was cut laterally, and two bilateral cuts were made across the ribs towards
the neck in parallel to the lungs. Blunt forceps were used to lift the ribcage open and
expose the thoracic cavity, pinning the front of the ribcage to a side to facilitate access
to the beating heart. The heart was held steadily using blunt forceps and a 23G needle
attached to tubing connected to a Watson Marlow 101 U/R peristaltic pump was
inserted ~5mm into the left ventricle. The open end of the tube, pre-filled with 10ml
PBS, was inserted in ice cold 4% PFA in PBS (pH 7.4) before starting the peristaltic
pump. A small cut was performed in the right atrium using fine scissors to open the
circulation system, and the peristaltic pump was started at a flow rate of ~7ml/min.
The blood was cleared with 10ml PBS and 25ml 4% PFA was perfused to fix tissues.
Fixative solution for animals perfused at 21 dpl consisted of 3% glutaraldehyde and
2% PFA in 0.1M phosphate buffer with 0.7% (w/v) NaCl containing sodium phosphate
monobasic dihydrate (Cat. 71500, Sigma) and sodium phosphate dibasic (Cat. RC095, G biosciences).
2.5.6 Spinal cord dissection
After perfusing animals, thoracic spinal columns were dissected. Adipose, muscle and
connective tissue surrounding the vertebrae were removed using scissors and the
thoracic vertebrae containing the lesioned spinal cord were immersed in 2ml of 4%
PFA each overnight at 4°C. Spinal cords from animals perfused at 21dpl were
immersed in 2ml of 3% glutaraldehyde and 2% PFA in 0.1M phosphate buffer each
overnight at 4°C. The following day, thoracic spinal columns were rinsed in PBS.
Using fine bone scissors, blunt forceps and a dissection microscope, two cuts bilateral
to the midline were made, and the ventral section of the vertebrae was removed using
forceps. The spinal cord was then slowly lifted from the dorsal sections of the vertebrae
using a fine spatula.
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2.5.7 Tissue processing
Spinal cords dissected at 5 and 14 dpl were rinsed in PBS and incubated in 30% sucrose
(Cat. S0389, Sigma) at 4°C overnight. They were then gently blotted in tissue,
immersed in cylindrical embedding cryomoulds containing Optimal Cutting
Temperature (OCT) compound (Cat. 4583, Tissue-Tek), snap-frozen in 2methylbutane (Cat. M32631, Honeywell) and dry ice and finally stored at -80°C.
Spinal cords embedded in OCT compound were removed from the mould and
sectioned at -20°C using Leica CM1950 or CM1900 cryostats. Transverse sections
were examined under an Olympus BX41TF microscope every 240μm to search for the
lesion. Once the lesion was identified, 3 to 5 non-consecutive 12-µm-thick sections
per slide were collected in a total of 2 series of 10 slides each. Slides were stored at 80°C.
2.6 Bis(cyclohexanone)oxaldihydrazone (cuprizone)-induced demyelination
2.6.1 Cuprizone administration
Male, C57BL/6 WT and CCN3-/- mice between 10 – 15 weeks of age were used in this
procedure. Experimental animals were placed in individually ventilated cages (IVC)
in the housing room of choice 1 week before the procedure to acclimatise to their new
environment. At this point, ear biopsies were performed for identification. On
experimental day 1, regular rodent chow was replaced with pellets containing 0.2%
cuprizone (bis(cyclohexanone) oxaldihydrazone) (w/w) (Envigo Custom Diet, TD.
140804). Normal rodent chow was continued in IVCs containing control animals.
Water and food were available ad libitum. After the appropriate period of effective
cuprizone treatment (2 – 6 weeks, see Chapter 5), animals in the demyelination control
groups were sacrificed and diet was changed to normal rodent chow for the others to
allow remyelination to occur. Untreated control animals were sacrificed on the same
day as mice in remyelination groups.
2.6.2 Clinical monitoring
Animals were weighed and pellets containing 0.2% cuprizone were replaced three
times each week. Albeit very rarely present in this model at the given concentration,
mice were also monitored for potential neurological clinical signs and general health.
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2.6.3 Transcardial perfusion
Transcardial perfusion was carried out as previously described (section 2.5.5).
2.6.4 Brain dissection
After perfusing animals, brains were dissected. Heads were decapitated and skin
scissors were used to remove the skin and muscle around the skull. Bone scissors were
introduced through the foramen magnum and two bilateral cuts were made along the
squamosal-parietal junctions and into the orbits. Using thin, blunt forceps, the top of
the skull was then lifted. A thin spatula was used to carefully lift the brain, the optic
nerves were cut, and brains were stored in 10ml of 4% PFA each overnight at 4°C.
2.6.5 Tissue processing
After fixation, brains were rinsed in PBS and transferred into 30% sucrose. They were
stored overnight at 4°C, transferred into fresh 30% sucrose and incubated again
overnight at 4°C. Excess sucrose was blotted in tissue, and brains were snap-frozen in
2-methylbutane and dry ice and stored at -80°C. Brains were sectioned coronally using
a mouse brain atlas as a reference (Paxinos and Franklin, 2008) at -20°C using a Leica
CM1950 cryostat. Brain sections were examined using a Leica DMLB microscope
regularly to ensure adequate symmetry. Twenty μm sections between 1mm and −1mm
relative to Bregma were collected non-consecutively in 2 series of 10 slides each.
Slides were stored at -80°C.
2.7 Immunohistochemical staining of frozen sections
2.7.1 Frozen tissue staining
Slides with frozen tissue sections were thawed for 30 – 60min and rehydrated by
washing three times in PBS for 5min each. Henceforth all washing steps were carried
out in this manner. Slides were dried around the sections using tissue paper and an
ImmEdge Hydrophobic Barrier PAP Pen (Cat. H-4000, Vector Laboratories) was used
to draw a line surrounding tissue sections. One per cent Triton X-100 in PBS was
added to sections for 10min to permeabilise tissue, and slides were then washed.
Sections were blocked for 1h by adding either 10% NGS or normal donkey serum
(NDS) (Cat. D9663, Sigma) dissolved in 0.25% Triton X-100 in PBS. If one of the
primary antibodies to be used in the protocol was raised in mouse, slides were washed
and an additional blocking step using 2 drops of Mouse on Mouse (M.O.M.) Blocking
Reagent (Cat. MKB-2213, Vector Laboratories) in 2.5ml of normal blocking solution
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was carried out for 1h. Slides were then washed again, normal blocking solution with
an appropriate dilution of primary antibodies (Table 2.5) was added to the sections
and incubated overnight at 4°C. Goat immunoglobulin G (IgG) (Cat. I-5000, Vector
Laboratories) was used at the same concentration (0.2mg/ml) and dilution as goat antiCCN3 primary antibody as an isotype control. The day after, slides were washed and
normal blocking solution with an appropriate dilution of secondary antibodies (Table
2.6) was added to the sections and incubated for 1h at RT. Slides were washed, sections
were stained with DAPI for 10min, washed again and finally coverslipped with
ProLong Gold Antifade. Stained and coverslipped slides were stored in the dark at
4°C.

83

Table 2.5 Primary antibodies used for immunofluorescence staining of CNS frozen
sections.

Antibody
goat antimouse CCN3
(reconstituted
at 0.2mg/ml)
rabbit antimouse Olig2
mouse antimouse QKI7
rat anti-mouse
Ki67
mouse antimouse NF200
chicken antimouse NFH
rabbit antimouse NeuN
rat anti-mouse
MBP
rabbit antimouse dMBP
rabbit antimouse Iba1
rabbit antimouse APP
chicken antimouse GFAP
rabbit antimouse GFAP
goat antiPDGFRα

Dilution

Clone

Supplier

Catalogue
number

Antigen
retrieval

1:100

Polyclonal R&D systems

AF1976

No

1:200

Polyclonal

Millipore

AB9610

No

1:100

CC1

Abcam

ab16794

Yes

1:500

SolA15

eBioscience

14-5698-82

Yes

1:400

N52

Millipore

MAB5266

No

1:400

Polyclonal

EncorBiotech

CPCA-NFH

No

1:500

EPR12763

Abcam

ab177487

No

1:600

12

Millipore

MAB386

No

1:500

Polyclonal

Sigma

AB5864

No

1:800

Polyclonal

Wako

019-19741

No

1:300

Y188

Abcam

ab32136

No

1:1000

Polyclonal

Abcam

ab4674

No

1.800

Polyclonal

Dako

Z0334

No

1:200

Polyclonal R&D systems

AF1062

No
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Table 2.6 Secondary antibodies used for immunofluorescence staining of CNS frozen
sections.

Antibody
donkey anti-goat
AF488
donkey anti-goat
AF568
donkey anti-goat
AF594
donkey anti-goat
AF647
donkey antirabbit AF488
donkey antirabbit AF568
donkey antirabbit AF594
donkey antirabbit AF647
donkey antimouse AF594
donkey anti-rat
AF568
donkey anti-rat
AF594
donkey antichicken FITC
goat anti-chicken
AF488
goat anti-chicken
AF594
goat anti-chicken
AF647
goat anti-rabbit
AF488
goat anti-rabbit
AF568
goat anti-rabbit
AF594
goat anti-rabbit
AF647

Dilution

Clone

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:500

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

Supplier
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
Abcam
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific

Catalogue
number
A-11055
A-11057
A-11058
A-21447
A-21206
A-10042
A-21207
A-31573
A-21203
ab175475
A-21209
SA1-72000
A-11039
A-11042
A-21449
A-11008
A-11011
A-11012
A-21245
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goat anti-mouse
AF647
goat anti-mouse
AF594
goat anti-mouse
AF568
goat anti-rat
AF488
goat anti-rat
AF594

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

1:200

Polyclonal

ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific
ThermoFisher
Scientific

A-21236
A-11032
A-11004
A-11006
A-11007

2.7.2 Frozen tissue staining using antigen retrieval
Slides with frozen tissue sections were thawed for 30 – 60min and rehydrated by
washing three times for 2min each in 0.25% Tween 20 in 1X Tris-buffered saline
(TBST, pH 8.0) or PBS (Table 2.7). Henceforth, all washing steps were carried out in
this manner. When staining was performed using Ki67 and CC1 antibodies, TBST was
used as a washing solution. Slides were immersed in antigen retrieval solution prewarmed at 80°C in a Coplin jar within a water bath. Antigen retrieval solution
consisted of 10% citrate buffer (Cat. C9999, Sigma) dissolved in H2O (pH 6.0). Slides
were incubated at 80°C for 5min and Coplin jars containing slides in antigen retrieval
solution were removed and left at RT for 30min. Slides were washed and incubated in
1% Triton X-100 in 1X TBS or PBS for 30min shaking to permeabilise tissue. Slides
were washed and dried around the sections using tissue paper. An ImmEdge
Hydrophobic Barrier PAP Pen was used to draw a line surrounding the tissue sections.
Sections were blocked for 1h by adding either 10% NGS or NDS dissolved in TBST
or PBS. If one of the primary antibodies to be used in the protocol was raised in mouse,
slides were washed and an additional blocking step using 2 drops of M.O.M. Blocking
Reagent in 2.5ml of normal blocking solution was carried out for 1h. Slides were then
washed again, normal blocking solution with an appropriate dilution of primary
antibodies (Table 2.6) was added to the sections and incubated overnight at 4°C. The
day after, slides were washed, normal blocking solution with an appropriate dilution
of secondary antibodies (Table 2.7) was added to the sections and incubated for 1h at
RT. Slides were washed, sections were stained with DAPI for 10min, washed again
and finally slides were coverslipped with ProLong Gold Antifade. Stained and
coverslipped slides were stored long term at 4°C.
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Table 2.7 10X TBS recipe used for immunohistochemistry. (10X TBS was dissolved 1:10
in H2O as a working dilution. HCl was used to reduce pH to 8.0).

Reagent

Weight or volume

Manufacturer

H2 O

500ml

N/A

NaCl

45g

Sigma

Trizma base

30.5g

Sigma

2.7.3 Image analysis and data processing
Immunofluorescence in tissue sections was detected using Leica DM5500, DMi8 or
TCS SP5 and TCS SP8 microscopes at 5x, 10x, 20x, 40x and 63x magnification.
Confocal microscopes TCS SP5 and TCS SP8 were further used to acquire some
representative images. Some microscopy images were stitched using the “Stitching”
plugin in Fiji software (Preibisch, Saalfeld and Tomancak, 2009) or the Leica LAS X
Navigator. When imaging spinal cord tissue, pictures of the ventral white matter
(healthy or lesioned) were acquired from three non-consecutive sections per animal.
When imaging brain tissue, pictures of the medial corpus callosum or medial motor
cortex (M2) were acquired from three or four sections between 1mm and −1mm
relative to Bregma per animal. Before cell quantification, regions of interest (ROIs)
were manually defined on the images using Fiji software. The areas of the ROIs were
then determined and used to calculate positive cell density. In lesioned spinal cords,
the ROI was delineated based on DAPI+ hypercellularity. In unlesioned spinal cord
white matter, a ROI with a consistent area was delineated in the ventral funiculus
across samples. Finally, in the corpus callosum, the ROI was defined around the medial
corpus callosum.
Cell and axon numbers were counted by two independent observers. For functional
experiments comparing WT and CCN3-/- genotypes, one of the observers was blinded.
Values were averaged from multiple sections to yield one value per animal for
statistical analysis. Fiji software was used to calculate the percentage of positive area
of immunoreactivity in some fluorescence microscopy pictures. Images were
transformed to 8bit and measurements were set as “area, area fraction, limit to
threshold and display label”. Testing several images from different experimental
groups, a positive pixel threshold was established and applied to all images. Regions
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of interest (ROI) were selected in all images, and the percentage of positive area within
these ROIs was calculated.
2.8 Characterisation of CCN3 expression in the CNS
Male, WT, 12 week old mice were perfused with PBS followed by cold 4% PFA
between 1300 and 1900 hours, as described in section 2.5.5. Brains and thoracic spinal
cords were dissected and processed as described in sections 2.5.7 and 2.6.5. Coronal
and sagittal brain frozen sections of 20µm-thickness were cut using a Leica cryostat,
following a mouse brain atlas (Paxinos and Franklin, 2008). Nonconsecutive, 20-µmthickness coronal sections between 1 mm and −2mm relative to Bregma were
collected, and nonconsecutive sagittal sections of one hemisphere per brain were
collected. Spinal cord (transverse and longitudinal) and sagittal eye sections of 12-µmthickness were cut using Leica cryostats (CM1900 and CM1950). Eye sections were
prepared by Dr. José Romero Hombrebueno (with attached optic nerve). After sections
were mounted on microscope slides, they were stained immunohistochemically for
various antigens and imaged as described in sections 2.7.1 and 2.7.3. Qualitative
assessment of CCN3 expression was performed in five animals. Assessment of CCN3
expression in the brain was confirmed in additional animals of 8 – 23 weeks of age.
2.9 Black Gold II myelin staining
2.9.1 Black Gold II staining of frozen tissue sections
Frozen brain and spinal cord sections were stained with Black Gold II (BGII) (Cat.
AG105, Millipore) according to manufacturer instructions. In brief, a 0.3% solution of
BGII dissolved in 0.9% NaCl (Cat. S9888, Sigma) and a 1% solution of sodium
thiosulfate dissolved in H2O were pre-warmed at 60°C. Slides with frozen tissue
sections were thawed for 30 – 60min and rehydrated in H2O for 2min. Slides were then
incubated in BGII solution for 15 – 20min at 60°C. After confirming myelinated fibres
were visible in dark red, slides were washed twice in H2O for 2min each. Henceforth
all washing steps were carried out in this manner. Slides were incubated in 1% sodium
thiosulfate for 3min at 60°C and then washed. Tissue was dehydrated by incubating
slides in a series of ethanol solutions: 3min in 75%, 3min in 95% and 3min in 100%.
Finally, sections were cleared using Clearene (Cat. 3803600E, Leica) for 2min and
coverslipped using DPX mounting media (Cat. 06522, Sigma). Slides were left in a
fume hood to dry overnight at RT, and stored long term at RT.
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2.9.2 Image analysis and data processing
Tissue sections stained with BGII were imaged using a Leica DM5500 or Nikon 80I
microscopes at 10x and 20x magnifications. Images of lesioned spinal cords and
different brain anatomical regions from healthy and cuprizone-fed mice were acquired.
These images were used for qualitative assessment of myelination, demyelination or
remyelination.
2.10 Preparation of semi-thin sections
After post-fixing 21 dpl spinal cords as indicated above (section 2.5.6), they were
transferred to 2ml of 0.1M Sorenson’s buffer at 4°C until they were processed. A
transverse cut was made across spinal cord lesions using a #11 disposable scalpel and
a dissection microscope. The edges were cut diagonally to be able to distinguish the
lesion site from the thoracic cord endings.
2.10.1 OsO4 staining
Performed by Dr Emma Evergren
Spinal cords were washed in 1ml 0.1M sodium cacodylate (Cat. C0250, Sigma) for
1h. After this, specimens were post-fixed in 1ml of 1% OsO4 dissolved in ddH2O each
for 1h (Cat. AGR1022, Agar Scientific).
2.10.2 Durcupan embedding
Performed by Dr Emma Evergren and Ms Nira de la Vega Gallardo
The Durcupan resin (44610-1EA, Sigma) was prepared (Table 2.9). Components were
thoroughly mixed in a 50ml Falcon tube using a wooden stick and inverting it until it
reached an amber-like colour. The tube containing the resin was then taped to a rotator
on a slow setting. Spinal cords were dehydrated using a series of alcohols at RT (Table
2.10). After the final incubation, samples were incubated in 1:1 99% ethanol and
propylene oxide (Cat. 110205, Sigma) for 20min. Samples were rinsed once in 100%
propylene oxide, transferred into fresh 100% propylene oxide and incubated for 30min
on a tilted rotator at RT. Samples were incubated in 3:1 propylene oxide and Durcupan
resin for 1h and then in a 1:1 ratio overnight. The day after, samples were incubated in
a 2:1 ratio of Durcupan – propylene oxide for 1h and finally in 100% Durcupan for 4h
on a spinning, tilted rotator. Samples were placed in a flat embedding mould (Cat.
AGG3530, Agar Scientific) with Durcupan resin and placed in a 6L compact
embedding oven (Cat. AGB7606, Agar Scientific) set at 55°C for 15min. The mould
89

containing samples was then retrieved, bubbles were removed, and it was placed back
in the oven for 48h.
Table 2.9 Durcupan resin composition

Bottle/Component
A (bisphenol A epoxy resin)
B (hardener 964)
C (accelerator 960 (DY 060))
D (plasticiser)

Weight
20g
20g
0.7g
0.7g

Table 2.10 Gradient of alcohols utilised to dehydrate 21dpl spinal cords. Uranyl acetate
(Cat. AGR1260A, Agar Scientific).

Ethanol concentrations
30%
50%
70%
70% with saturated uranyl acetate
85%
95%
99%

Time
10min
20min
30min
60min
20min
20 min
2 x 20min

2.10.3 Preparation of semi-thin sections
Hardened resin blocks containing spinal cords were trimmed with blades into a raised
trapezoid shape. Blocks were secured in a Leica UCT ultramicrotome and trimmed on
the trapeze end using a glass knife. When tissue was reached in the block, 750nm semithin floating sections were cut using a 45° Histo knife (Diatome) filled with H2O.
Sections were manipulated using superfine eyelash brushes (Cat. AGT5433, Agar
Scientific) and lifted from the water using a specimen pickup platinum loop with
handle (Cat. AGT5010, Agar Scientific). Sections were then carefully placed on drops
of H2O on Superfrost Plus adhesion microscope slides. Finally, slides were placed on
a heat plate at 60°C until the water evaporated, leaving sections attached to the slide.
2.10.4 Toluidine Blue staining
A drop of 1% Toluidine Blue solution consisting of 0.25g sodium borate, 25ml ddH2O
and 0.25g Toluidine blue O (Cat. 198161, Sigma) was pipetted onto each semi-thin
section on a slide. Slides were placed on a heat plate at 60°C for 43sec and then rinsed
with H2O. Slides were coverslipped with DPX mounting media.
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2.10.5 Image analysis and data processing
Spinal cord tissue sections stained with Toluidine Blue were imaged using a Leica
DM5500 microscope at 100x magnification. Pictures of ventral white matter were
acquired from three to four sections per animal. Myelinated axon numbers were
counted by two independent observers, at least one of whom was blinded, in images
from these sections and values were averaged to yield one value per animal for
statistical analysis.
2.11 Statistical analysis
Datasets comprising two groups for comparison were first tested for normal
distribution and then tested for statistical significance using unpaired two-tailed
student’s t-tests for parametric data, or Mann-Whitney U-tests for nonparametric data,
as detailed in figure legends. Datasets comprising more than two groups for
comparison were tested for normal distribution and statistical significance using oneway ANOVA with Bonferroni’s multiple comparison test for parametric data, or
Kruskal-Wallis with Dunn’s Multiple Comparison test for non-parametric data, as
detailed in figure legends. All statistical analysis and graphing of data were performed
using GraphPad Prism.
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3. Characterising CCN3 expression in the adult murine
central nervous system
3.1 Introduction
The mammalian CNS contains diverse cell types including neurons, glia and vascular
cells. These cells and their sub-classifications have unique connectivity, morphology
and function, all of which arise from a select combination of expressed genes.
Technological advancement has allowed to carry out transcriptome and proteomewide investigations that have elucidated many of these specific combinations and how
they contribute towards cell and tissue phenotypes in health and disease. For instance,
over a decade ago, RNA sequencing (RNAseq) was developed (Wang, Gerstein and
Snyder, 2009). This high throughput technology measures which genes are transcribed
in a given tissue or group of cells and how much they are transcribed. Moreover, the
more recent development of single-cell RNAseq (scRNAseq) applications has allowed
researchers to account for cell heterogeneity within a tissue. Nevertheless, the presence
of messenger RNA (mRNA) transcripts within a sample does not necessarily imply
the protein counterparts are found at the same levels or even present (Schwanhäusser
et al., 2011). For instance, these disparities have been observed in reports investigating
CCN2 and CCN3 expression in different biological systems, where there was no strict
match between protein expression and corresponding RNA in different human tissues
(Chevalier et al., 1998; Perbal, 2001; Van Roeyen et al., 2008). There are many
biological processes that will determine protein levels in a cell, such as translation rate
modulation, protein transport and mRNA or protein degradation (Liu, Beyer and
Aebersold, 2016). This is why, increasingly, more investigators are including
proteome quantitative methods such as mass spectrometry in their research.
These large scale methods are powerful, but tissue morphology is lost during
processing. This is a caveat especially when studying the brain, which comprises
distinct nuclei involved in specific neurological functions and which may exert an
effect at a distant location. Investigating what cells express a protein of interest and
where in the CNS, may therefore help understand the physiological functions such
protein may serve. In these instances, in situ hybridisation (ISH), histological and
immunohistochemical techniques offer a straightforward approach to uncover the
cellular source and localisation of mRNA and protein expression of a gene of interest.
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3.1.1 Expression of CCN3 gene and protein in the CNS
The function of CCN proteins in the CNS remain poorly characterised. Even though
not many studies have investigated CCN expression in the CNS, there are now dozens
of publicly available whole transcriptome databases that offer a great starting point to
investigate CCN expression in different species. CCN3 was first detected to be highly
expressed through development in the brain of chickens (Joliot et al., 1992). Since
then, a few studies have characterised CCN3 expression in CNS tissue from other
species, which will be described in this section.
CCN3 expression in the rat CNS
The most detailed study to date used reverse transcription-PCR (RT-PCR), western
blotting, ISH and immunohistochemistry (IHC) to characterise CCN3 expression in
the developing and adult rat CNS (Su et al., 2001). Ccn3 mRNA was first detected at
low levels in E18 brain homogenates. Ccn3 expression gradually increased through
development, reaching peak levels in brains from P30 and P60 rats. Interestingly, ccn3
levels were dramatically decreased in P150 brains and by P300 were comparable to
E18 (Su et al., 2001). These data suggest that ccn3 production in the CNS is positively
regulated during development, and negatively regulated by ageing.
ISH was performed to scrutinise the presence of ccn3-producing cells in specific
developing and adult CNS anatomical regions. The morphology of ccn3-expressing
cells resembled that of neurons. Ccn3+ cells were detected in the cerebral cortex
(notably in piriform and auditory cortices), hippocampus (all cornu ammonis (CA)
regions), amygdala, several thalamic and hypothalamic nuclei, cerebellum (Purkinje
layer), pons, medulla and spinal cord grey matter (ventral horns) (Su et al., 2001).
CCN3 mRNA and protein detection in developing and adult Purkinje neurons was
confirmed by a separate investigation (Le Dréau, Nicot, et al., 2010). During
development, the appearance of ccn3+ cells commenced in the spinal cord and pons
between P0 – P4 and progressed in a posterior-anterior, ventral-dorsal direction (Su et
al., 2001). Using IHC on adult rat CNS sections revealed that CCN3 expression
distribution was very similar to the mRNA counterparts, with a few exceptions: 1)
CCN3 expression was detected in the endopiriform cortex, where ccn3 mRNA was
not detected and 2) CCN3 immunoreactivity was not detected in some of the thalamic
nuclei where ccn3 mRNA was observed (Su et al., 2001). These data showed that
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although CCN3 protein was detected primarily at corresponding mRNA production
sites in the CNS, regions of mRNA and protein detection do not always correlate.
Finally, western blotting of adult rat brain homogenates demonstrated the presence of
three CCN3 isoforms: 18, 38 and 48 kDa (Su et al., 2001). This raised the question
whether different CCN3 isoforms perform different biological activities in the CNS.
CCN3 detection in these assays was performed using an in-house generated antibody
(K19M) (Chevalier et al., 1998).
Although the aforementioned investigations reported that CCN3 was expressed by
cells with neuronal morphology in specific CNS anatomical regions, other studies
reported astrocytes also express CCN3 in the rat CNS. Western blots of primary rat
astrocyte lysates revealed the presence of 48 and 27 kDa CCN3 isoforms using K19M
antibodies (Chevalier et al., 1998; Fu et al., 2004). Furthermore, CCN3
immunoreactivity in cultured primary rat astrocytes was detected using
immunocytochemistry (ICC) (Fu et al., 2004). Another study also reported CCN3
expression in cultured primary rat astrocytes, as well as the adult rat cerebral cortex
and hippocampus in vivo (Le Dréau, Kular, et al., 2010).
CCN3 expression in the human CNS
Characterisation of CCN3 expression in the human CNS is scarce, and mostly
restricted to embryonic tissue. An early study used ISH to scrutinise ccn3 expression
in CNS foetal tissue from gestational week 16 (G16W) to G38W (Su et al., 1998). As
previously described in the rat CNS, ccn3 expression was developmentally regulated
and progressed in a posterior-anterior and ventral-dorsal manner. Furthermore, the
morphology of ccn3+ cells in most anatomical regions was described as neuronal (Su
et al., 1998). At G16W, ccn3+ cells were detected in the spinal cord and medulla. By
G38W, ccn3 was also labelled in layers 5 and 6 of the cerebral cortex (Su et al., 1998).
Through these developmental timeframes, sometimes an increase or decrease in
labelling intensity or ccn3+ cell density was described (Su et al., 1998). These data
suggest that ccn3 is developmentally regulated, and that this regulation may differ
across anatomical regions.
Another investigation reported CCN3 mRNA and protein expression in human CNS
tissues from G8W to G10W. During this early developmental period, the CNS was a
major site of ccn3 expression (Kocialkowski et al., 2001). Ccn3 mRNA was highly
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labelled in the spinal cord floor. Furthermore, ccn3 was strikingly expressed in dorsal
root ganglia. IHC using K19M antibodies revealed CCN3 immunoreactivity in the
spinal cord (lumbar region) and the ependymal layer (Kocialkowski et al., 2001). In
the brain, CCN3 was detected in the choroid plexus and in the head CCN3 was
expressed in several cranial ganglia (notably the trigeminal, vagal and auditory
ganglia) (Kocialkowski et al., 2001).Together, these studies demonstrate that CCN3 is
expressed and dynamically regulated during development in the human CNS.
Furthermore, detection of CCN3 in several peripheral ganglia suggest that CCN3 may
also play unknown roles in the PNS. CCN3 expression in specific anatomical regions
of the adult human CNS remains largely unexplored. However, ccn3 mRNA was
detected in RNA isolated from human brain and CCN3 protein was detected in human
cerebrospinal fluid (CSF) (54, 48, 32 and 28 kDa) (Burren et al., 1999; Naughton et
al., 2020).
CCN3 expression in the murine CNS
Characterisation of CCN3 expression in the murine CNS remains limited. Low levels
of ccn3 mRNA were detected in the murine brain at E15 and gradually increased until
P21 (Park et al., 2015). These findings suggest that ccn3 expression in the murine CNS
is positively regulated during development, as reported in rat and human studies.
Except for these data, there are no published investigations characterising CCN3
expression in the murine CNS. Nonetheless, a lot of information regarding ccn3
expression can be gathered from publicly available ISH, RNAseq and scRNAseq
databases.
3.1.2 Methods to investigate CCN3 expression
Publicly available databases are an excellent resource to investigate ccn3 mRNA
expression in the CNS. For instance, a genome-wide atlas of gene expression in the
adult murine brain was generated over a decade ago using ISH (Lein et al., 2007). This
project elucidated the expression pattern of ~20,000 genes (including ccn3) and is
freely accessible in the Allen Brain Atlas (www.brain-map.org). Another study
sequenced the transcriptome of seven different major CNS cell types from the adult
murine cerebral cortex (Zhang et al., 2014). This dataset (containing expression
information of >22,000 genes) is also available in an online database
(www.brainrnaseq.org). Finally, a recent study performed a molecular examination of
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dissected regions from the murine CNS, PNS and enteric nervous system (ENS) using
scRNAseq (Zeisel et al., 2018). This investigation resulted in the identification,
characterisation and taxonomisation of 265 cell clusters (comprising 160,796 analysed
transcriptomes) which were assigned a neurotransmitter identity, putative
developmental origin and anatomical location (Zeisel et al., 2018). The online database
allows navigating this data and organising it by cell type, taxonomy, tissue or specific
gene search (www.mousebrain.org/celltypes/).
Investigating CCN3 protein expression in the murine CNS can be achieved by more
straightforward (yet powerful) approaches such as IHC. IHC studies investigating
CCN3 expression in the rat and human CNS used K19M, an in-house generated
antibody. K19M detects a short peptide sequence (19 amino acids) of the C-terminal
domain of human CCN3 (KNNEAFLQELELKTTRGKM) (Chevalier et al., 1998).
Antibodies that detect full length as well as specific domains (IGFBP, VWC, TSP1
and CT) of human CCN3 were also generated in-house over a decade ago (Lazar et
al., 2007). Since then, many other CCN3-detecting antibodies have become
commercially available. Validation of these tools followed by immunohistochemical
studies of CCN3 would help elucidate the cellular source and anatomical location in
the murine CNS. By extension, resulting expression patterns may offer clues about the
roles CNS-derived CCN3 may play.
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3.2 Rationale, hypothesis and aims
Rationale
CCN3 is extensively expressed in distinct regions of the CNS, as shown in adult and
developing rat and human tissue. In these studies, CCN3+ cells predominantly
displayed neuronal morphology (Su et al., 1998, 2001; Burren et al., 1999;
Kocialkowski et al., 2001; Fu et al., 2004; Le Dréau, Kular, et al., 2010; Le Dréau,
Nicot, et al., 2010). Although ccn3 was detected in mouse brain homogenates (Park et
al., 2015), expression in specific CNS cells and anatomical regions has not yet been
investigated.
Treg-derived CCN3 enhances murine OPC differentiation and myelination in vitro and
ex vivo respectively (Dombrowski et al., 2017). Previous reports suggest there is an
endogenous source of CCN3 in the murine CNS, justifying a characterisation of CCN3
expression. Such studies would aid elucidation of the roles of CCN3 in the adult CNS.
Hypothesis
CCN3 is expressed by neurons in anatomically distinct regions of the healthy, adult
mouse CNS
Aims
•

To investigate ccn3 mRNA expression in the mouse CNS using published
literature and freely available databases

•

To validate antibodies for immunohistochemical detection of CCN3

•

To determine if CCN3 protein is expressed in the healthy, adult mouse CNS

•

To investigate the cell sources of CCN3 protein expression in the mouse CNS

•

To describe anatomical regions where CCN3 protein is detected in the adult
mouse CNS
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3.3 Results
3.3.1 Neurons express ccn3 in the adult mouse cerebral cortex
To investigate cellular sources of ccn3 expression, “nov” (previous nomenclature for
ccn3) was searched in an online database containing transcriptome data from seven
major CNS cell types isolated from the adult mouse cerebral cortex
(www.brainrnaseq.org) (Zhang et al., 2014). In these studies, data was presented as
fragments per kilobase of transcript sequence per million mapped fragments (FPKM)
as a normalised estimation of gene expression. Differential expression was calculated
as the FPKM of a given cell type divided by the average FPKM of all other cell types
(Zhang et al., 2014). Ccn3 was found to be expressed primarily by neurons of the adult
mouse cerebral cortex (Figure 3.1).

cc n3

Figure 3.1 Ccn3 is expressed predominantly by neurons in the murine cerebral cortex.
Ccn3 is expressed primarily by neurons. Bars are confidence intervals. Results were retrieved
from www.brainrnaseq.org database (Zhang et al., 2014).

3.3.2 Ccn3 is expressed in distinct cells and anatomical regions of the mouse
CNS
To further explore the cell types and nervous system regions that express ccn3 in the
mouse, “nov” was searched in an online database containing scRNAseq transcriptome
data from CNS, PNS and ENS distinct anatomical regions in the adolescent mouse
(www.mousebrain.org/celltypes/) (Zeisel et al., 2018). Ccn3 was detected in several
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cell types and regions of the nervous system, including excitatory neurons of the
cerebral cortex (layers 2/3, 5 and 6 and the piriform cortex), subiculum, hippocampal
field CA1, anterior olfactory nuclei, ventral striatum and the basolateral amygdala.
Interestingly, ccn3 was annotated as the most enriched gene in excitatory neurons from
the hippocampal CA1 field (Zeisel et al., 2018). Finally, ccn3 was also detected in
neurons and Schwann cells from dorsal root ganglia, and vascular leptomeningeal cells
from meninges (Zeisel et al., 2018). These findings are summarised in Table 3.1.
Table 3.1 Ccn3 is expressed in diverse cells and regions of the adolescent mouse nervous
system. Cellular source and anatomical region of ccn3 expression in the adolescent mouse
nervous system. Information obtained from the molecular examination of dissected nervous
system regions using scRNAseq, compiled in a freely available online database
(www.mousebrain.org/celltypes/) (Zeisel et al., 2018).

Ccn3 expression in the murine nervous system
Nervous system

Anatomical

sub-classification

region

Anatomical
sub-

Cellular source

classification
Layer 2/3

Cerebral

Layer 5

cortex

Layer 6
Piriform cortex

Hippocampus
CNS

CA1 field
Subiculum

Anterior
olfactory

Excitatory neurons

Deep layer

nucleus
Striatum
Amygdala

PNS

Ventral striatum
Basolateral
amygdala

Meninges

Pia

Sympathetic

Dorsal root

ganglia

ganglia

Vascular leptomeningeal
cells
Peptidergic neurons
Non-peptidergic neurons
Schwann cells
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To validate and complement these findings, ccn3 expression was investigated in a
digital gene expression atlas of the mouse brain generated using ISH (Lein et al.,
2007). In this database, ccn3 expression was detected using the same probe sequence
in brain sections from C57BL/6, P56 male mice. Ccn3 mRNA was detected in the
cerebral cortex. Expression was detected in all cerebral cortex regions, primarily in
layers 2/3 and 5 (Figure 3.2 A and B, Figure 3.3 A and B). Ccn3 expression was
particularly stark in the dorsal endopiriform nucleus and piriform cortex (Figure 3.2
A and B). Ccn3 was also strongly expressed in the suprachiasmatic nuclei, and low
expression was detected in a few cells of the anterior hypothalamic nuclei (Figure 3.2
A and B). In more posterior sections, ccn3 was also detected in the field CA1 of the
hippocampus, basomedial and basolateral amygdala and other cortical amygdala
nuclei (Figure 3.3 A and B) (Lein et al., 2007). In sagittal sections, ccn3 detection was
further observed in the anterior olfactory and subthalamic nuclei (Figure 3.4 A and
B). It is noteworthy that in two of the animals ccn3 was also detected in the Purkinje
layer of the cerebellum as well as the olfactory bulbs (although the same probe
sequence was used across samples) (Lein et al., 2007). In one of the animals where
ccn3 was present in the Purkinje layer, there was a disseminated expression pattern
across the brain (particularly in the mid- and hindbrains). Therefore, it is possible this
detection was not specific. Together, these data suggest that ccn3 is expressed in
specific anatomical regions of the adult mouse CNS.
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L2 /3

L2 /3
L5

L5

AHN

AHN

DEn
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Pir

Pir
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L2 /3

L2 /3
L5
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AHN
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Pir

DEn

SCN

Pir

Figure 3.2 Ccn3 is expressed in specific anatomical regions of the adult mouse brain
(Coronal view, approximately -0.80mm from Bregma). (A) Coronal brain section -0.80 mm
from Bregma showing ccn3 expression detected by ISH. Labelled brain nuclei are brain
anatomical regions where ccn3 is detected. (B) Coronal brain section -0.80mm from Bregma
showing a heat map of ccn3 representing average pixel intensity. L2/3: layer 2/3 of the cerebral
cortex, L5: layer 5 of the cerebral cortex, AHN: anterior hypothalamic nuclei, DEn: dorsal
endopiriform nuclei, Pir: piriform cortex, SCN: suprachiasmatic nuclei. Images are from the
Allen Brain Atlas (www.brain-map.org) (Lein et al., 2007).
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Figure 3.3 Ccn3 is expressed in specific anatomical regions of the adult mouse brain
(Coronal view, approximately -1.60mm from Bregma). (A) Coronal brain section -1.60 mm
from Bregma showing ccn3 expression detected by ISH. Labelled brain nuclei are brain
anatomical regions where ccn3 was detected. (B) Coronal brain section -1.60mm from Bregma
showing a heat map of ccn3 representing average pixel intensity. L2/3: layer 2/3 of the cerebral
cortex, L5: layer 5 of the cerebral cortex, CA1: field CA1 of the hippocampus, DEn: dorsal
endopiriform nuclei, BMA: basomedial amygdala, BLA: basolateral amygdala, CAN: cortical
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amygdala nuclei, Pir: piriform cortex. Images are from the Allen Brain Atlas (www.brainmap.org) (Lein et al., 2007).
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Figure 3.4 Ccn3 is expressed in specific anatomical regions of the adult mouse brain
(Sagittal view). (A) Sagittal brain section showing ccn3 expression detected by ISH. Labelled
brain nuclei are brain anatomical regions where ccn3 was detected. (B) Sagittal brain section
showing a heat map of ccn3 representing average pixel intensity. L2/3: layer 2/3 of the cerebral
cortex, L5: layer 5 of the cerebral cortex, CA1: field CA1 of the hippocampus, SUB:
subiculum, AON: anterior olfactory nuclei, STN: subthalamic nucleus. Images are from the
Allen Brain Atlas (www.brain-map.org) (Lein et al., 2007).
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3.3.3 Validation of antibodies for immunohistochemical detection of CCN3
To investigate CCN3 protein expression in CNS tissue, a specific antibody that detects
mouse CCN3 was required. IHC was performed using coronal brain sections from
C57BL/6 WT and CCN3-/- mice. Tissues were incubated with a polyclonal antibody
that has been extensively used in the field of CCN3 biology, known as K19M
(described in section 3.1.2). Batches of this antibody were generated by collaborators
by immunising rabbits with a short peptide from the human CCN3 C-terminal domain
(Chevalier et al., 1998). Positive signal was detected in all areas of WT coronal brain
sections, in a disseminated pattern (Figure 3.5 A). However, in CCN3-/- brain coronal
sections, signal was also observed in all areas present in the sections analysed (Figure
3.5 B), suggesting that K19M antibody was detecting other (non-CCN3) antigens.
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B

CCN3

-/-

cx

K19M

K19M / DAPI

Figure 3.5: Rabbit anti-human K19M polyclonal antibody tested batch detects nonCCN3 antigens in mouse CNS tissue. (A) Staining of K19M in WT brain tissue. (B) Staining
of K19M in CCN3-/- brain tissue. Cx: cerebral cortex. Scale bar: 100 μm.

Next, it was investigated whether commercially-available polyclonal goat anti-mouse
CCN3 (R&D Systems, Cat. AF1976) was suitable for detection of CCN3 in the mouse
CNS. C57BL/6 WT brain coronal sections were stained with this antibody and signal
was observed in the cerebral cortex (Figure 3.6 A). On the other hand, staining CCN3/-

brain tissue resulted in no signal detection, suggesting that this antibody specifically

binds CCN3 (Figure 3.6 B). Staining WT brain tissue with goat immunoglobulin G
(IgG) as an isotype control or with secondary antibodies only also resulted in no signal,
showing that positive signal was not caused by non-specific interactions of the primary
nor the secondary antibody with this tissue (Figure 3.6 C and D). Therefore, CCN3
expression in the mouse CNS was investigated using polyclonal goat anti-mouse
CCN3 (R&D Systems, Cat. AF1976).
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Figure 3.6: R&D systems goat anti-mouse CCN3 polyclonal antibody is suitable for
CCN3 detection in the mouse CNS. (A) Staining of CCN3 in WT brain tissue. (B) Staining
of CCN3 in CCN3-/- brain tissue. (C) Staining of isotype control of polyclonal goat
immunoglobulin G (IgG) anti–murine CCN3 antibody in WT brain tissue. (D) Staining with
secondary antibody control used to detect goat anti-murine CCN3 in WT brain tissue; no
primary antibody used. Cx: cerebral cortex. Scale bar: 100 μm.

3.3.4 CCN3 is expressed by neurons in the adult mouse brain
To determine the cell sources of CCN3 expression in the brain, C57BL/6 WT brain
sections were co-stained with specific CNS cell markers, namely: glial fibrillary acidic
protein (GFAP) to detect astrocytes, Olig2 to detect OLCs, ionized calcium binding
adaptor molecule 1 (Iba1) to detect microglia / MDMs and neuronal nuclei (NeuN) to
detect postmitotic neurons. After co-staining WT coronal brain sections with CCN3
and specific cell markers, CCN3 did not co-localise with GFAP, Olig2 or Iba1 (Figure
3.7 A - C). However, CCN3+ cells co-localised with NeuN (Figure 3.7 D). These
results showed that CCN3 was not expressed by astrocytes, oligodendroglia, microglia
or MDMs in the healthy, adult mouse brain. CCN3 expression was detected in neurons.
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Figure 3.7: CCN3 expression is detected in neurons of the healthy, adult mouse brain.
Immunohistochemical detection of CCN3 and (A) Iba1 (B) Olig2 (C) GFAP and (D) NeuN.
Scale bar: 25 μm. (E) Image of a coronal brain section with Nissl stain retrieved from the Allen
Brain Atlas (Lein et al., 2007). The red square indicates the region that images A - D were
captured in (cerebral cortex layer 5).

3.3.5 CCN3 is detected in specific regions of the adult mouse brain and spinal
cord
As CCN3 was detected in neurons, all immunohistochemical analyses were carried out
co-staining CCN3 with NeuN henceforth. Qualitative analysis of CCN3 expression
was performed in the brain, spinal cord and eyes of five male, 12-week old, healthy
mice. Both, sagittal and coronal (1 to -2.0 mm relative to Bregma) brain sections were
collected (Figure 3.8 A - B). Coronal sections from additional male mice (8 – 23 weeks
old) were used to confirm expression in specific brain nuclei. CNS regions expressing
CCN3 were identified using a mouse brain atlas (Paxinos and Franklin, 2008) (Figure
3.8 B).
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Figure 3.8: Preparation of mouse brain sections for CCN3 expression analyses. (A) Nonconsecutive sagittal sections from whole brain hemispheres and (B) coronal sections (1 to -2.0
mm relative to Bregma) were collected.

A major region of CCN3 protein expression was the CA1 field of the hippocampus
and the subiculum (Figure 3.9 A). Confocal microscopy images confirmed that CCN3
expression co-localised with NeuN, suggesting that CCN3 is expressed in neurons of
these regions (Figure 3.9 B - C). Another region of CCN3 expression in the mouse
brain was the cerebral cortex (Figure 3.10 A). CCN3+ cells co-localised with NeuN in
this region too, confirmed with confocal microscopy (Figure 3.10 B - C).
CCN3+NeuN+ cells were concentrated in layers 2/3 and 5 (Figure 3.10 A). However,
some CCN3+NeuN+ cells were also observed in other layers. CCN3 was detected in
all cerebral cortex regions investigated (Figure 3.11 A – B). CCN3 immunoreactivity
was particularly stark in the piriform cortex, which is located laterally from the
endopiriform nuclei and amygdalar nuclei, and ventrally from the cerebral cortex.
(Figures 3.10 D and 3.11 A - B). CCN3 was also detected in several nuclei that form
the amygdala, including the basomedial amygdala (Figures 3.12 and 3.11 A – B) and
other cortical amygdala nuclei (Figure 3.11 A – B).

107

A DAPI

/ CCN3 / Neu N

Neu N

CCN3

CA1

SUB

CA1

SUB

CA1

SUB

B

CA1

CA1

CA1

C

SUB

SUB

SUB

Figure 3.9: CCN3 is detected in the mouse hippocampus. (A) Representative fluorescence
microscopy images of CCN3 and NeuN staining in the hippocampus of adult, healthy mice.
Scale bar: 100 μm. (B) Representative confocal microscopy images showing the hippocampal
CA1 field. (C) Maximum intensity projection of a representative confocal z-stack showing the
hippocampal subiculum. Scale bars: 25 μm. CA1: hippocampal CA1 field, SUB: subiculum.
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Figure 3.10: CCN3 is detected in the mouse cerebral cortex. (A) Representative
fluorescence microscopy images of CCN3 and NeuN staining in the cerebral cortex of adult,
healthy mice. Scale bar: 100 μm. Representative confocal microscopy images of CCN3 and
NeuN staining in cerebral cortex layer 2/3 (B), layer 5 (C) and piriform cortex (D). Scale bars:
25 μm. L2/3: layer 2/3 (supragranular pyramidal layer), L5: layer 5 (deep pyramidal layer),
cc: corpus callosum, CA1: hippocampal cornu ammonis 1 field, Pir: piriform cortex.
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Figure 3.11 CCN3 is detected in neurons of all mouse cerebral cortex regions that were
examined. (A) Representative confocal stitched image of CCN3 staining in a murine coronal
brain section -1.60 mm from Bregma (B) Representative confocal stitched image of CCN3
and NeuN staining in a murine coronal brain section -1.60 mm from Bregma, containing
magnified images of hippocampal field CA1 (a), cerebral cortex layers 5 (b) and 2/3 (c), dorsal
endopiriform nuclei (d), basomedial amygdala (e), piriform cortex (f) and perirhinal cortex
(g). Scale bars: 1 mm (A – B) and 50 μm (Ba – Bg). BMA: basomedial amygdala nuclei, CA1:
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subfield 1 of hippocampus, CAN: cortical amygdala nuclei, DEn: dorsal endopiriform nuclei,
Ect: ectorhinal cortex, LPtA: lateral parietal association cortex, MPtA: medial parietal
association cortex, Pir: piriform cortex, PRh: perirhinal cortex, RSD: retrosplenial dysgranular
cortex, RSGc: retrosplenial granular cortex c, S1BF: primary somatosensory cortex (barrel
field), S1Tr: primary somatosensory cortex (trunk), S1BF: primary somatosensory cortex
(barrel field), S1Tr: primary somatosensory cortex (trunk), S1ULp: primary somatosensory
cortex (upper lip), S2: secondary somatosensory cortex.
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Figure 3.12: CCN3 is detected in the basomedial amygdala. Representative fluorescence
microscopy images of CCN3 and NeuN staining in the basomedial amygdala of healthy, adult
mice. Scale bar: 100 μm. BMA: basomedial amygdala.

A

B

b

a

OB
AON

DAP I / CCN3

AON

DAP I / CCN3 / NeuN

Figure 3.13: CCN3 is detected in the anterior olfactory nuclei. Representative fluorescence
microscopy images of CCN3 (A) and CCN3 and NeuN (B) staining in the anterior olfactory
nuclei of adult, healthy mice. Scale bars: 0.5 mm (A), 100 μm (Ba) and 25 μm (Bb). AON:
anterior olfactory nuclei, OB: olfactory bulb.

CCN3 was detected in NeuN+ cells of the anterior olfactory nuclei (Figure 3.13 A B). In the ventral hypothalamus, CCN3 immunoreactivity was detected in the
111

suprachiasmatic nuclei (Figure 3.14 A). Interestingly, the distribution, pattern and
morphology of most CCN3+ signal appeared to be extracellular in this region (Figure
3.14 A - B). CCN3 expression was detected in a few NeuN+ neurons, but also in other
yet unidentified cells (Figure 3.14 B). Finally, CCN3 was detected in a few NeuN+
neurons in the spinal cord grey matter. (Figure 3.15).
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Figure 3.14: CCN3 is expressed in the suprachiasmatic nuclei. (A) Representative
fluorescence microscopy images of CCN3 and NeuN staining in the suprachiasmatic nuclei of
adult, healthy mice. Scale bar: 100 μm. (B) Magnified microscopy images showing some
CCN3+NeuN+ neurons (white arrows) and CCN3+NeuN- cells (yellow arrows). Scale bar: 25
μm. SCN: suprachiasmatic nuclei.
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Figure 3.15: CCN3 is detected in thoracic spinal cord grey matter. Representative
fluorescence microscopy images of CCN3 and NeuN staining in a longitudinal section of the
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thoracic spinal cord from adult, healthy mice. CCN3 was detected in the nuclei of NeuN+
neurons. Scale bars: (a) 100 μm and (b) 25 μm. WM: white matter, GM: grey matter.

3.3.6 CCN3 is detected in Bruch’s membrane
Finally, CCN3 expression was investigated in sagittal sections in the mouse eye (with
attached optic nerve). CCN3 was detected only in Bruch’s membrane (Figure 3.16 A
- C), an acellular elastin and collagen-rich layer resting between the retinal pigment
epithelia (RPE) and capillaries in the choroid.
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Figure 3.16: CCN3 is detected in Bruch’ membrane. (A) Diagram showing a sagittal plane
of the mouse eye. The red square pinpoints the region where images B and C were acquired.
(B) Representative confocal microscopy images of CCN3 staining in the murine healthy adult
retina, RPE and Bruch’s membrane. (C) Magnified confocal microscopy images of CCN3
staining in Bruch’s membrane. Scale bars: 50 μm (B) and 25 μm (C). ON: optic nerve, GCL:
ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL outer plexiform
layer, ONL: outer nuclear layer, OS: photoreceptor outer segment, IS: photoreceptor inner
segment, RPE: retinal pigment epithelium, BrM: Bruch’s membrane.
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3.4 Discussion
Previous reports demonstrated that CCN3 mRNA and protein are abundantly
expressed in distinct regions and compartments of the adult and developing chicken,
rat and human CNS (Joliot et al., 1992; Su et al., 1998, 2001; Burren et al., 1999;
Kocialkowski et al., 2001; Fu et al., 2004; Le Dréau, Kular, et al., 2010; Le Dréau,
Nicot, et al., 2010; Maryvonne et al., 2012). These data suggest that, although CCN3
is produced by Treg (Dombrowski et al., 2017), these cells are likely not the main
source of CCN3 expression in the developing and healthy adult CNS. Therefore,
before further investigating the role of CCN3 in CNS (re)myelination, a
characterisation of CCN3 expression in the mouse CNS was performed using online
gene expression databases and IHC.
Antibodies for CCN3 detection were validated using brain tissue from WT and CCN3/-

mice. A polyclonal antibody known as K19M, which detects a short peptide sequence

in the C-terminal domain of human CCN3, was first tested (Table 3.2) (Chevalier et
al., 1998). This antibody was produced in-house by collaborators and used in
published characterisations of CCN3 expression in the rat and human CNS
(Kocialkowski et al., 2001; Su et al., 2001). K19M immunoreactivity was detected in
brain tissue from both WT and CCN3-/- mice, suggesting that this K19M batch binds
non-CCN3 antigens in the mouse brain. There could be several reasons for this. Likely,
further purification steps for the K19M antibody-containing solution are required
(such as affinity chromatography).
Table 3.2 Homologies of the amino acid sequence detected by K19M antibody in the rat
and mouse. Amino acids in bold are homologous to the human K19M sequence (data retrieved
from UniProt database).

K19M amino acid sequence

Homology to

(or equivalent)

human K19M

Human

KNNEAFLQELELKTTRGKM

100%

Rat

QNNEAFLQELELKTSRGEM

~84%

Mouse

QNNEAFLQDLELKTSRGEI

~73%

Species

Although the K19M antibody batch tested did not specifically detect CCN3, a
polyclonal commercial antibody was validated for the detection of mouse CCN3. This
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antibody was generated by immunising goats with recombinant full-length CCN3
isolated from a mouse myeloma cell line. Lack of immunoreactivity in a range of
negative controls provided evidence that this antibody is suitable for CCN3 detection.
These results emphasise the importance of validating immunohistochemical tools for
the correct interpretation of data.
In the adult mouse brain and spinal cord, CCN3 was detected in NeuN+ cells. NeuN is
transcribed from the Fox-3 gene and is expressed in nervous tissue by differentiated
neurons (Mullen, Buck and Smith, 1992; Kim, Adelstein and Kawamoto, 2009). While
NeuN is expressed by most neurons in the CNS, there are a few exceptions. NeuN is
not expressed by Cajal-Retzius (neocortex), Purkinje (cerebellum), inferior olivary
nucleus (medulla), inner nuclear layer (retina), γ-motor (spinal cord) or sympathetic
chain ganglia (spinal cord periphery) neurons (Mullen, Buck and Smith, 1992;
Gusel’nikova and Korzhevskiy, 2015). Some studies also report lack of NeuN
expression in some neurons of the substantia nigra (midbrain) (Kumar and
Buckmaster, 2007; Cannon and Greenamyre, 2009). However, NeuN remains a
suitable, routinely used marker for the histological visualisation of neurons.
In this qualitative investigation of CCN3 expression, CCN3 was detected in NeuN+
neurons of specific anatomical CNS regions of the male, healthy, adult mouse CNS.
Two exceptions were identified, however: the suprachiasmatic nuclei and Bruch’s
membrane in the eye. In the former, CCN3 expression was largely extracellular,
strikingly restricted to these nuclei. Both, CCN3+NeuN+ and CCN3+NeuN- cells were
observed in the ventral-most suprachiasmatic region, but the identity of the latter was
not resolved. It remains a possibility that these cells are neurons too but are part of a
neuronal population that do not express NeuN. In the eye, CCN3 was detected only in
Bruch’s membrane and not neurons (such as photoreceptors or ganglion cells).
A major site of CCN3 expression was the hippocampus. More specifically, CCN3
immunoreactivity was detected in the hippocampal CA1 field and subiculum. These
findings are consistent with ISH experiments from the ABA demonstrating strong ccn3
mRNA expression in these areas (Lein et al., 2007). Results are also in line with
scRNAseq investigations showing ccn3 is not only expressed in excitatory neurons of
the subiculum and hippocampal CA1 field, but also is one of the most highly expressed
genes in the latter (Zeisel et al., 2018). The CA1 field in the hippocampal formation
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can be sub-divided into three laminar structures: a principal pyramidal cell layer, the
stratum oriens (which is relatively cell-free), and the fibre-containing alveus (Watson,
Paxinos and Puelles, 2012). Based on distribution and morphology of CCN3
immunoreactivity in this region, CCN3 expression appears to be localised in the
pyramidal cell layer. The most investigated and established hippocampal function is
the consolidation of long-term memory. Therefore, this expression pattern suggests
CCN3 may be involved in this process. The use of CCN3-deficient mice in spatial
learning memory tests such as the Morris water navigation task could determine if this
is the case.
Another major region of CCN3 expression in the murine CNS was the cerebral cortex.
CCN3+ neurons were detected in all cerebral cortex regions, but predominantly in
layers 2/3 and 5. Layer 2/3, also known as the supragranular pyramidal layer, is very
thin and less differentiated in mice compared to primates and is therefore treated as a
single layer (DeFelipe, Alonso-Nanclares and Arellano, 2002). There are many types
of neurons in this layer, though mostly pyramidal, and they are primarily involved in
cortico-cortical (local) connectivity, as well as innervations into the corpus callosum.
CCN3 expression was also detected in NeuN+ neurons of layer 5 (also known as deep
pyramidal layer). The largest pyramidal cells in the cerebral cortex are found in this
layer, which project to cortical and sub-cortical structures (including the corpus
callosum, striatum, midbrain, pontine nuclei, brain stem and spinal cord) (White and
Hersch, 1982; Anderson et al., 2010). Many CCN3+ cells in layer 5 display pyramidal
morphology. The cerebral cortex is the most complex set of structures in the brain: it
integrates and analyses mostly pre-processed sensory information, plans elaborate
responses to these stimuli and controls behaviour by modulating the activity of other
brain regions (Watson, Paxinos and Puelles, 2012). Based on these descriptive studies,
it remains challenging to determine the nature and function of CCN3 expression in this
set of structures. Nevertheless, further investigations examining 1) neurotransmitter
expression 2) connectivity of CCN3+ neurons and 3) behaviour, memory and stress
neurological function tests should help elucidate the function of CCN3 in the cerebral
cortex.
Two CNS regions of prominent CCN3 expression were the anterior olfactory nuclei
and the piriform cortex. The latter has both, afferent and efferent connections to the
olfactory bulbs. Each olfactory bulb has projections to the piriform nucleus on the
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ipsilateral hemisphere, as well as adjoining regions, including the anterior olfactory
nuclei (Watson, Paxinos and Puelles, 2012). Furthermore, many CCN3+ neurons
appeared to have a pyramidal morphology. These expression patterns suggest that
CCN3 may be involved in olfactory circuits and further research on the possible role
of CCN3 in olfaction is warranted. CCN3 was also highly expressed in the
suprachiasmatic nuclei. The suprachiasmatic nuclei are the master regulators of
circadian rhythms (Hastings, Maywood and Brancaccio, 2018), and high, specific
CCN3 expression in this region poses the question of whether this is regulated by
circadian oscillations. Analysing CCN3 expression in CNS tissues collected at specific
times of the day (e.g., every 6h) could answer this question. Likewise, phenotyping
the circadian rhythm of CCN3-/- mice could answer whether CCN3 plays a role in this
process. CCN3+NeuN+ cells were also detected in several amygdala nuclei. The
amygdala is the motivation and emotional hub in the brain (Janak and Tye, 2015).
Using CCN3-deficient mice in addiction or aggression behavioural tests could
elucidate if CCN3 plays an important role in these processes. Importantly, while IHC
is a powerful tool to meet the aims of this study, the antibodies used in this study
cannot scrutinise the expression of CCN3 isoforms in the mouse CNS (see Chapter 1).
It would be interesting to perform a Western Blot analysis of different CNS tissues and
investigate whether different isoforms of CCN3 are detected, as it is the case in the rat
brain (Su et al., 2001). If this is the case, it would be crucial to determine whether
different isoforms of CCN3 exert different biological functions in the CNS. Finally,
CCN3 expression was detected in Bruch’s membrane in the eye. The latter suggests
that CCN3 may play a role in the exchange of oxygen, nutrients and waste products
between the retina and circulation (Booij et al., 2010). As such, it would be interesting
to investigate the expression and role of CCN3 in pathologies such as macular
degeneration.
In summary, CCN3 is expressed predominantly by NeuN+ neurons in specific
anatomical regions of the healthy, adult mouse CNS. These results correlate with ISH
and RNAseq data of mRNA expression, showing that CCN3 mRNA and protein are
largely found in the same cells and anatomical regions (Lein et al., 2007; Zhang et al.,
2014). Few differences include two thalamic nuclei in which ccn3 mRNA was
detected, and Purkinje neurons in the cerebellum (although detection was variable
across samples in the ISH database) (Lein et al., 2007). Interestingly, previous studies
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reported CCN3 mRNA and protein expression in Purkinje neurons of the rat brain, but
these were not observed in the mouse cerebellum (Su et al., 2001; Le Dréau, Nicot, et
al., 2010). In general, these data highlight what had been reported in other studies: that
CCN3 mRNA and protein expression do not always correlate. Furthermore, CCN3
expression (both mRNA and protein) source and localisation varies in the CNS of
different species (Su et al., 1998, 2001; Kocialkowski et al., 2001; Le Dréau, Kular, et
al., 2010; Le Dréau, Nicot, et al., 2010). Mice are one of the most commonly used
animal models in biomedical research, especially since the advent of transgenic
technologies. Therefore, this characterisation provides a valuable starting point for
those interested in the function of CCN proteins in the CNS.
The function(s) of CCN3 in the mouse CNS remain unknown, but neuronal expression
in specific CNS sites suggests it may have defined neurological roles. Further research
investigating the role of CCN3 in specific neurological functions is needed and specific
behavioural, learning and memory tests using CCN3-deficient mice would be a
suitable way to address these questions. Furthermore, there is increasing evidence that
neuronal activity can modulate myelination and therefore the findings described in this
chapter pose the question of whether neuronal-derived CCN3 can modulate OPC
differentiation and (re)myelination in the murine CNS, or if neuronal activity
influences CCN3 expression.
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4. Investigating the role of CCN3 in murine central nervous
system myelination
4.1 Introduction
In the previous chapter, CCN3 was shown to be extensively expressed in specific
regions of the healthy, adult murine CNS, primarily by neurons. Furthermore, previous
reports showed that murine Treg-derived CCN3 enhances OPC differentiation and
myelination in mixed glia and brain slice cultures, respectively (Dombrowski et al.,
2017). These data provide support for the hypothesis that CCN3 is a positive regulator
of OPC differentiation and myelination in vivo. While CCN3 expression was not
detected in Olig2+ OLCs (see Chapter 3), there is a lot of evidence in the literature
showing that neuronal-derived peptides, signalling and/or activity regulate OPC
proliferation (Barres and Raff, 1993; Li et al., 2010; Wake, Lee and Fields, 2011;
Gibson et al., 2014; McKenzie et al., 2014), differentiation (Li et al., 2010; Gibson et
al., 2014; McKenzie et al., 2014), myelination (Demerens et al., 1996; Gibson et al.,
2014), myelin protein expression (Macklin, Weill and Deininger, 1986) and
remyelination (Gautier et al., 2015).
Therefore, it is plausible that neuronal-derived CCN3 may influence OPC
differentiation and/or myelination, either by direct neuronal secretion or indirectly by
1) modulating neuronal activity and/or 2) regulating secretion of pro-differentiation
factors of other CNS cells. While most of the evidence outlined in this section concerns
activity and neurotransmitter-derived control of myelination and remyelination, there
is a perfect example of a neuronal (and glial)-derived peptide regulation of this
process: CCN2.
4.1.1 The role of CCN proteins in CNS myelination
As previously mentioned (Chapter 1), the roles of CCN proteins in the CNS remain
largely unexplored. This is particularly the case in the field of myelin biology. Recent
findings showing that Treg-derived CCN3 enhances OPC differentiation and
myelination in in vitro and ex vivo models drew attention to the CCN family of genes
as a potential group of proteins regulating CNS myelination (Dombrowski et al., 2017;
de la Vega Gallardo et al., 2019). Interestingly, pro-differentiation effects of CCN3 on
OPCs are not direct. In pure OPC cultures, Treg-derived CCN3 did not drive OPC
differentiation, suggesting that the previously reported positive effect of CCN3 on
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OPC differentiation in mixed glia cultures involved other CNS cell types (e.g. neurons,
astrocytes, microglia, pericytes or endothelial cells) or matricellular components
(Dittmer et al., 2018; de la Vega Gallardo et al., 2020).
CCN2 is the only other member of the CCN family that has been reported to play a
role in rodent models of CNS myelination. Neuronal-derived CCN2 negatively
regulated CNS OPC differentiation and myelination. This was identified in neuronal
serum response factor (SRF)-deficient mice, a factor involved in immediate early gene
transcription regulation. Neuronal Srf-/- leads to CCN2 upregulation, which in turn
impairs terminal OPC differentiation in a non-cell autonomous manner (Stritt et al.,
2009). A more recent study showed that Tuberous sclerosis (Tsc)1 or Tsc2 knockdown
in neurons led to a hypomyelination phenotype, consistent with what is observed in
patients with tuberous sclerosis complex. In experimental studies, CCN2 was
upregulated in Tsc1 and Tsc2-deficient neurons, and inhibiting neuronal CCN2
rescued hypomyelination in the context of Tsc deficiency in vivo (Ercan et al., 2017).
CCN2 produced by sciatic nerve-derived Schwann cells has also been shown to inhibit
OPC differentiation and myelination in vitro and ex vivo (Lamond and Barnett, 2013).
Another study found that CCN2 levels are reduced in Schwann cells in the murine
remyelinating spinal cord (Ulanska-Poutanen et al., 2018). Finally, treatment of
hSOD1G93A mice (Amyotrophic Lateral Sclerosis mouse model) with a CCN2
neutralising antibody (FG-3019) decreased myelin degeneration in the sciatic nerve
compared to IgG-treated controls (Gonzalez et al., 2018). Altogether, there is
compelling evidence in the literature that CCN2 is an extrinsic negative regulator of
CNS myelination.
CCN2 and CCN3 can mutually, negatively regulate each other as shown in
chondrocyte, glomerular cell and fibrotic disease studies (Kawaki et al., 2008; Van
Roeyen et al., 2008; Leask, 2009, 2015). Together, these findings suggest that CCN2
and CCN3 may be a novel regulatory duo in OPC differentiation and myelination,
providing rationale to further investigate the role of CCN3 in OPC differentiation and
myelination. To do this, the density of OLCs and myelination were investigated in
CCN3-deficient mice using an ex vivo model and adult tissue.
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4.1.2 Organotypic brain slice culture
CNS organotypic slice cultures were first developed in the 1940s and myelin formation
within this model was first reported by Hild in 1956 (Zhang et al., 2011; Kipp et al.,
2012). This method consists of slicing and culturing specific anatomical regions of the
neonatal or juvenile CNS, allowing tissue-resident OPCs to differentiate and myelinate
axons over time. After this, immunohistochemistry can be performed to detect myelin
and axonal antigens (Notterpek et al., 1993). Commonly, antibodies detecting MBP
(myelin basic protein in oligodendrocytes and myelin) and high molecular weight
neurofilament (NFH or NF200) (axons) are used (Zhang et al., 2011). Slices can be
prepared using CNS tissue from different species such as mouse, rat and even human
(Verwer et al., 2002; Huang et al., 2011; Zhang et al., 2011). Likewise, virtually any
anatomical region of the CNS can be sliced and cultured including spinal cord,
cerebellum, brain stem, striatum, hippocampus or even the SCN (Østergaard, Schou
and Zimmer, 1990; Liu et al., 2007; Zhang et al., 2011). While protocols to culture
and analyse CNS slices have evolved considerably over time, a current commonly used
workflow to study myelination has been delineated in Figure 4.1 (Zhang et al., 2011).
This workflow focuses particularly on cerebellar / brain stem slices due to their
relevance for this chapter. Slices are cultured on semi-permeable membranes at the
air-liquid interface (Stoppini, Buchs and Muller, 1991). A major advantage of this
model in comparison to cell culture is that slices conserve the complex threedimensional architecture of the tissue, containing synapses and all CNS cell types
(Beach, Bathgate and Cotman, 1982; Bahr, 1995; Zhang et al., 2011; Lloyd et al.,
2019). This makes it an invaluable model for ex vivo testing of pro-myelinating drugs
and molecules. Other advantages and disadvantages of this model are summarised in
Table 2.1.
It is worth noting that, after myelination occurs in culture, CNS brain slices can be
demyelinated using toxins such as lysophosphatidylcholine (LPC). When LPC is
dissolved in culture medium at an appropriate concentration and time duration, myelin
will be degraded and remyelination can be investigated (Birgbauer, Rao and Webb,
2004; Zhang et al., 2011). More recently, a method in which small cryogel scaffolds
are soaked in LPC and placed adjacent to a CNS organotypic slice was developed
(Eigel et al., 2019). This allows to study the interactions between demyelinated areas
and adjacent non-lesioned tissue.
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Figure 4.1 Experimental workflow of organotypic hindbrain slice cultures to study
myelination. (A) Neonatal mice (typically P0 – 2) are used if myelination is investigated,
since they have very little myelin in the CNS at this age (Foran and Peterson, 1992b). (B)
Brains are dissected. The hindbrain is separated from the forebrain using a scalpel and 300μm
thick sagittal slices are cut using a tissue chopper. (C) Slices containing the cerebellum and
brain stem are separated in a dish with media and (D) transferred to a tissue culture plate.
Slices are placed on a semi-permeable membrane insert resting on media and are allowed to
myelinate in culture by tissue-resident OPCs. (E) At experimental end points, slices are fixed
and stained for myelin and axonal markers using fluorescence immunohistochemistry. (F)
Confocal microscopy is used to acquire Z-stack images of the slices. (G) Confocal images are
analysed using a macro to 1) set a threshold to define the fluorescence intensity values between
which a pixel is considered “positive”, 2) determine the positive area of myelin+ and axon+
pixels, 3) measure the area covered by both myelin+ and axon+ pixels, forming a mask of colocalisation and 4) calculate the myelination index of the slices (area of myelin+axon+ pixels /
area of axon+ pixels). Or, in other words, the proportion of axonal area that is myelinated
(Zhang et al., 2011). Panel G illustration was adapted from (de la Vega Gallardo et al., 2019).
OL: oligodendrocyte.
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Table 4.1 Advantages and disadvantages of the CNS organotypic slice model to study
myelination

Organotypic CNS slice cultures
Advantages
•

Conservation of three-

Disadvantages
•

Disconnected from vasculature

•

Disconnected from spatial and

dimensional tissue architecture
•

Slices contain all CNS cell types

•

Straightforward to test the effect

myelination
of drugs and molecules on CNS

•

temporal regulation of

•

myelination (e.g., adding

physiological activity-based

compounds to culture medium)

regulation of myelination

High accessibility for

•

electrophysiological

of the slice (e.g., transient local
inflammatory response) (Bahr,

Suitable model to investigate

1995; Dombrowski et al., 2017)

remyelination (e.g., slices can be
treated with LPC to induce
demyelination)

Trauma caused by cutting the
tissue initially alters the biology

measurements
•

Disconnected from

•

Mainly viable from early postnatal tissue. Difficult to culture
adult CNS slices due to low
slice survival.

•

Upon treatment with
demyelinating toxins,
developmental myelination and
remyelination occur
simultaneously. Therefore, these
processes are challenging to
discern from one another.

123

4.1.3 Histological methods to study myelination
In order to study myelination, visualisation of mature oligodendrocytes and myelin is
necessary in order to make quantitative and/or qualitative assessments. There is
currently a wide array of methods utilised to do this.
Histochemistry
Histochemistry consists of the use of chemical compounds (stains, pigments or
indicators) that bind to specific tissue and cellular constituents. The specificity of the
staining depends on many factors, some of the most important being chemical affinity,
number of binding sites as well as rates of reaction, reagent uptake and reagent loss
(Bancroft, Layton and Suvarna, 2013). Many lipophilic stains that bind myelin have
been developed. Commonly used ones include Luxol Fast Blue (LFB) (Klüver and
Barrera, 1953), Eriochrome Cyanine R (Kiernan, 1984) and Sudan Black (Ineichen et
al., 2017). When using LFB, counterstaining protocols with additional stains such as
cresyl violet are sometimes applied to 1) allow the visualisation of neuronal
architecture and 2) increase LFB coloration (Kiernan, 2015). Another popular stain to
detect myelin is Black Gold II (BGII), an aurohalophosphate complex (Schmued et
al., 2008). While the use of gold salt solutions to stain myelin has been explored for
over a century, their hydroscopic nature often led to concentration variability and
therefore staining inconsistencies. Black Gold was initially synthesised as a goldphosphate complex that aimed to overcome this issue, although the underlying staining
mechanism is not fully understood yet (Schmued and Slikker, 1999). BGII is the
newest complex that has an improved solubility in water, which leads to more reliable
staining (Schmued et al., 2008). Overall, tissue staining with BGII provides a timeefficient protocol and high contrast visualisation of myelin, as myelinated tracts
become dark red after BGII impregnation. Finally, another common way to visualise
myelin is to perform immunohistochemistry; that is, the use of antibodies to detect
specific OLC and myelin antigens of interest (some of which are discussed in Chapter
1).
All the aforementioned compounds and methods are commonly used on paraffinembedded or frozen tissue sections. While they provide a gross qualitative picture of
myelinated tracts, it can be challenging to visualise or quantify individual myelinated
axons, especially in dense WM tracts. Staining semi-thin sections (typically 1 – 2μm
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sections of resin-embedded osmicated tissue) with Toluidine Blue is usually the
preferred method for quantification of myelinated axons at the light microscopic level
(Feirabend, Choufoer and Ploeger, 1998). However, the gold standard for myelin
imaging and quantification remains transmission electron microscopy (TEM). Using
TEM, ultrastructural features such as myelin sheath thickness, number of
unmyelinated axons, axon diameter and other cellular, subcellular or subaxonal
features can be accurately observed and quantified (McAlpine and Finean, 1961).
4.1.4 CCN3-deficient mice
The wide range of tools and methods reviewed above make it feasible to investigate
the role of diverse chemical and biological compounds in CNS myelination. The use
of transgenic animals (such as reporter or mutant rodents) facilitates this goal. A
decade ago, the first CCN3-/- mice were developed (Shimoyama et al., 2010a). Before
then, a mutant CCN3 mouse was created by targeted replacement of exon 3
(corresponding to the VWC domain) with a Tkneomycin cassette. Despite this, a
smaller-size CCN3 protein was secreted by transformed embryonic cells containing
exon 3 deletion (Heath et al., 2008). Phenotypic changes were observed in these mice
including abnormal skeletal and heart development, chondrogenesis, osteogenesis and
premature tissue degeneration in the lens (as indicated by cataract development)
(Heath et al., 2008). Although this new transgenic animal certainly described new and
confirmed roles of CCN3, the presence of smaller-size CCN3 in the system may have
masked or confounded other unknown functions (see Chapter 1).
The CCN3-/- mice generated in 2010, on the other hand, resulted in complete
elimination of ccn3 transcription (Shimoyama et al., 2010a). In brief, authors used an
artificial bacterial chromosome containing the ccn3 gene as a basis to generate a
targeted vector with a neomycin cassette to replace exons 1, 2 and part of 3 (SP, IGFBP
and VWC domains respectively). The targeting vector was introduced into an R1
embryonic stem cell line, and homologous recombinants were chosen using antibioticbased selection. Finally, selected cells were injected into recipient mouse embryos,
which were implanted in surrogate female mice (Shimoyama et al., 2010a). CCN3-/mice were both viable and fertile. These transgenic mice therefore are a suitable tool
to investigate the role(s) of CCN3 in neurobiology, including CNS myelination.
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4.2 Rationale, hypothesis and aims
Rationale
Recently, it was reported that Treg-conditioned media enhances OPC differentiation
in mixed glia and myelination in brain stem slice cultures (Dombrowski et al., 2017).
CCN3 was identified as a Treg-secreted factor that at least partially mediates this
effect. When CCN3 is depleted from Treg-conditioned media, the effect of Treg media
on OPC differentiation and myelination is significantly reduced. When Treg mediaisolated CCN3 is eluted into brain slice media, myelination was enhanced
(Dombrowski et al., 2017), suggesting that CCN3 is a positive regulator of OPC
differentiation and myelination. Altogether, these findings provide rationale for the
hypothesis that CCN3 supports myelination in vivo.
Hypothesis
CCN3 is required for murine CNS myelination
Aims
•

To determine if CCN3 is necessary for CNS myelination ex vivo

•

To study whether CCN3 is required for CNS oligodendrogenesis in vivo

•

To investigate if CCN3 is required for OPC differentiation in vivo

•

To determine if CCN3 is required for efficient CNS myelination in vivo
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4.3 Results
4.3.1. CCN3 is not required for myelination ex vivo
Treg-derived CCN3 was identified as a positive regulator of brain stem slice
myelination (Dombrowski et al., 2017). Two studies previously reported that CCN3
was expressed in Purkinje neurons of the developing and adult rat cerebellum (Su et
al., 2001; Le Dréau, Nicot, et al., 2010). Furthermore, an adult murine genome-wide
atlas of gene expression detected ccn3 mRNA in the cerebellum (Lein et al., 2007).
To determine if neonatal mouse hindbrain slices produce CCN3, WT and CCN3-/cerebellar / brain stem slices were cultured for up to 14d. Slice-conditioned
supernatants were collected every 2 – 3d and CCN3 concentration was measured using
ELISA. WT murine neonatal hindbrain slices secreted CCN3 early in culture.
Secretion then gradually decreased, becoming undetectable by day 9 (Figure 4.2). To
detect the source of CCN3 expression in this model, WT cerebellar / brain stem slices
were prepared and cultured for 2 and 4d ex vivo, since these are the timepoints in
culture when secretion was detected. Slices were then stained for CCN3 and a series
of cell and axonal markers. A few CCN3+ cells were detected at both, 2 and 4d ex vivo.
CCN3+ cells were primarily located in the brain stem; either in small groups or isolated
(Figure 4.3 A - C). Furthermore, most CCN3+ cells in this model at these timepoints
were NeuN+ neurons (Figure 4.3 D - E). There was no significant difference in the
number of CCN3+ or NeuN+ cells between timepoints, nor in the percentage of CCN3+
cells expressing NeuN (Figure 4.3 C – E).
250 0
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Figure 4.2 Neonatal cerebellar / brain stem slices secrete CCN3 ex vivo. CCN3 protein
quantification via ELISA in hindbrain slice-conditioned media from WT and CCN3-/- mice.
Datapoints indicated as 0 were values below the ELISA kit detection level. n = 3 wells with 3
brain slices each per genotype. Data are mean ± SD.
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Figure 4.3. CCN3 is expressed in neurons of hindbrain slices ex vivo. Representative
confocal microscopy images of NFH, CCN3 and NeuN staining in hindbrain slices at (A) 2
and (B) 4d ex vivo (dev). Dashed boxes numbered 1 and 2 on the slices show where the higher
magnification images (shown below) were sampled from. (C) CCN3+ cells, (D) CCN3+NeuN+
cells and (E) percentage of CCN3+NeuN+ cell quantification in one focal plane of 2 and 4d ex
vivo hindbrain slices. Scale bars are (A - B) 1mm and (A1, A2, B1, B2) 100μm. Data are mean
± SEM. ns: not significant. Statistical analysis: (C, E) Mann-Whitney U tests or (D) unpaired,
two-tailed, student’s t test. n = 3 animals per group.

To determine if brain slice-derived CCN3 was necessary for myelination ex vivo,
hindbrain slices from WT and CCN3-/- mice were cultured for up to 14d. There was no
difference in myelination indices between groups (MBP+NFH+ co-localisation area /
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NFH+ total area) after 7 or 14d ex vivo, suggesting hindbrain slice-derived CCN3 was
not required for CNS myelination in this model (Figure 4.4 A and B; Figure 4.5 A
and B). Despite the validity of this model, it comes with disadvantages. Slices are
disconnected from blood circulation, and therefore from peripheral immune cells and
soluble factors that may play a role in OPC differentiation and myelination
(Dombrowski et al., 2017; Tanabe and Yamashita, 2018). Slices also lack spatial and
temporal regulation of myelination as seen in vivo (Foran and Peterson, 1992a). For
these reasons, together with the fact that CCN3 was extensively detected in the healthy
adult murine CNS (see Chapter 3), the requirement for CCN3 in CNS
oligodendrogenesis, OPC differentiation and myelination were also investigated in
vivo.

Figure 4.4 CCN3 is not required for hindbrain slice myelination after 7 days ex vivo. (A)
Representative confocal projection images of MBP and NFH staining in hindbrain slices from
WT and CCN3-/- mice at 7d ex vivo. Scale bar: 25μm. (B) Myelination index quantification
(MBP+NFH+ co-localisation area / NFH+ total area) of brain slices at 7d ex vivo. n = 4 – 5
animals per group. Data are mean ± SEM. ns: not significant. Statistical analysis: MannWhitney U test.
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Figure 4.5 CCN3 is not required for hindbrain slice myelination after 14 days ex vivo.
(A) Representative confocal projection images of MBP and NFH staining in hindbrain slices
from WT and CCN3-/- mice at 14d ex vivo. Scale bar: 25μm. (B) Myelination index
quantification (MBP+NFH+ co-localisation area / NFH+ total area) of brain slices at 14d ex
vivo. n = 4 – 5 animals per group. Data are mean ± SEM. ns: not significant. Statistical analysis:
unpaired, two-tailed, student’s t test.

4.3.2 CCN3 is not necessary for oligodendrogenesis in the murine CNS in vivo
CCN3 expression is first detected in the embryonic mouse CNS at E15 (Park et al.,
2015). This is one of the key developmental timepoints at which oligodendrogenesis
occurs in the CNS. More specifically, a second wave of dorsally-derived OPCs are
specified at E15.5 in the dorsal ventricular zone (VZ) in the spinal cord and the lateral
ganglionic eminence (LGE) in the telencephalon (Fogarty, Richardson and Kessaris,
2005; Kessaris et al., 2006). To investigate whether CCN3 deficiency affected OPC
densities in the healthy adult WM, thoracic spinal cord frozen sections were prepared
from WT and CCN3-/- mice (7 – 10 week old). Sections were stained
immunohistochemically against Olig2, an OLC marker, and PDGFRα, a receptor
expressed exclusively in OPCs within the oligodendroglial lineage (Pringle et al.,
1992; Lu et al., 2000; Zhou, Wang and Anderson, 2000).
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Figure 4.6 CCN3 is not required for oligodendrogenesis in spinal cord vWM. (A)
Representative microscopy images of Olig2 and PDGFRα staining in the thoracic spinal cord
vWM of WT and CCN3-/- mice. Scale bar: 100μm. (B) Representative magnified microscopy
images of Olig2 and PDGFRα staining in the thoracic spinal cord vWM of WT and CCN3-/mice. White arrows: Olig2+PDGFRα+ cells. Scale bar: 25μm. (C) OLC, (D) OPC
quantification and (E) percentage of OLCs that are OPCs in the vWM of thoracic spinal cord.

131

n = 5 – 6 animals per group. Data are mean ± SEM. ns: not significant. Statistical analysis: (C,
D) unpaired, two-tailed, student’s t tests or (E) Mann-Whitney U tests.

There was no significant difference between groups in the number of Olig2+ OLCs or
Olig2+PDGFRα+ OPCs in the ventral WM (vWM) of the thoracic spinal cord (Figure
4.6 A, B and C). Furthermore, there was no significant difference in the percentage of
OLCs that were progenitors (Figure 4.6 D). These results suggest that CCN3 is not
required for oligodendrogenesis in spinal cord vWM. Furthermore, CCN3 deficiency
does not affect the density or percentage of OPCs in spinal cord vWM. To investigate
if these results were reproducible in the brain WM, the same staining protocol was
performed in brain sections collected 0.5mm to -0.5mm from Bregma. The number of
OLCs and OPCs were then quantified in the medial corpus callosum, the largest WM
tract in the brain.

Figure 4.7 CCN3 is not required for oligodendrogenesis in the corpus callosum. (A)
Representative microscopy images of Olig2 and PDGFRα staining in the corpus callosum of
WT and CCN3-/- mice. Scale bar: 50μm. (B) OLCs, (C) OPC quantification and (D) percentage
of OLCs that are OPCs in the medial corpus callosum. Cc: corpus callosum. n = 5 animals per
group. Data are mean ± SEM. ns: not significant. Statistical analysis: (B, C) unpaired, twotailed, student’s t tests or (D) Mann-Whitney U tests.
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As per in the spinal cord, there was no significant difference between groups in the
number of Olig2+ OLCs or Olig2+PDGFRα+ OPCs in the corpus callosum (Figure 4.7
A, B and C) or in the percentage of OLCs that were progenitors (Figure 4.7 D). These
results suggest that CCN3 is not required for oligodendrogenesis in the brain. Because
OLCs exhibit different morphology, proliferative capacity and density in WM and GM
(Dawson et al., 2003), numbers of oligodendroglia and OPCs were also quantified in
the medial (M2) motor cortex. Furthermore, CCN3 is expressed primarily in GM
regions (including the cerebral cortex, see Chapter 3), reinforcing the rationale to
investigate OPC density in this region (Su et al., 2001).

Figure 4.8 CCN3 deficiency does not alter OPC density in the motor cerebral cortex. (A)
Representative microscopy images of Olig2 and PDGFRα staining in the medial (M2) motor
cerebral cortex of WT and CCN3-/- mice. Scale bar: 100μm. (B) Oligodendrocyte lineage cell,
(C) OPC quantification and (D) Percentage of OLCs that are OPCs in the motor cerebral
cortex. Cx: cerebral cortex. n = 4 – 5 animals per group. Data are mean ± SEM. ns: not
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significant. Statistical analysis: (B, C) unpaired, two-tailed, student’s t tests or (D) MannWhitney U tests.

There was no significant difference between groups in the number of Olig2+
oligodendroglia or Olig2+PDGFRα+ OPCs in the medial (M2) motor cerebral cortex
(Figure 4.8 A, B and C) or in the percentage of oligodendrocyte lineage cells that
were progenitors (Figure 4.8 D). These results show that CCN3 deficiency does not
alter OPC density in the M2 cerebral cortex.
4.3.3 CCN3 is not required for OPC differentiation in the healthy CNS in vivo
OPC terminal differentiation is a critical step that precedes oligodendrocyte
maturation, membrane extension and myelination. To determine whether CCN3 is
required for OPC differentiation into oligodendrocytes in the healthy adult WM,
thoracic spinal cord frozen sections from WT and CCN3-/- mice were stained for Olig2
and CC1, an antibody clone that detects Quaking-7 (QKI7), expressed in differentiated
oligodendrocytes (Bin, Harris and Kennedy, 2016). There was no significant
difference between groups in the number of Olig2+CC1+ oligodendrocytes (Figure 4.9
A and B) or in the percentage of differentiated oligodendrocytes (Figure 4.9 C) in the
vWM of thoracic spinal cord. To determine if CCN3 is required for OPC
differentiation in the brain WM, brain sections collected from 0.5mm to -0.5mm
relative to Bregma were stained as described above. There was also no significant
difference in the number or percentage of differentiated oligodendrocytes in the medial
corpus callosum (Figure 4.10 A – C) or the medial (M2) motor cerebral cortex (Figure
4.11 A – C). In summary, CCN3 is not required for OPC differentiation in the healthy,
adult murine CNS.
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Figure 4.9 CCN3 is not required for OPC differentiation in spinal cord vWM. (A)
Representative microscopy images of Olig2 and CC1 staining in the thoracic spinal cord vWM
from WT and CCN3-/- mice. Scale bars: a) 100μm and b) 25μm. (B) Differentiated OPC
quantification and (C) percentage of differentiated OPCs in thoracic spinal cord vWM. n = 5
– 6 animals per group. Data are mean ± SEM. ns: not significant. Statistical analysis: (B)
unpaired, two-tailed, student’s t test or (D) Mann-Whitney U test.

135

Figure 4.10 CCN3 is not required for OPC differentiation in the corpus callosum. (A)
Representative microscopy images of Olig2 and CC1 staining in the corpus callosum of WT
and CCN3-/- mice. Scale bar: 50μm. (B) Differentiated OPC quantification and (C) percentage
of differentiated OPCs in the corpus callosum. n = 5 animals per group. Data are mean ± SEM.
ns: not significant. Statistical analysis: (B) unpaired, two-tailed, student’s t test or (D) MannWhitney U test.
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Figure 4.11 CCN3 is not required for OPC differentiation in the cerebral cortex. (A)
Representative microscopy images of Olig2 and CC1 staining in the medial (M2) motor
cerebral cortex of WT and CCN3-/- mice. Scale bar: 100μm. (B) Differentiated OPC
quantification and (C) percentage of differentiated OPCs in the cerebral cortex. n = 4 – 5
animals per group. Data are mean ± SEM. ns: not significant. Statistical analysis: (B) unpaired,
two-tailed, student’s t test or (D) Mann-Whitney U test.

4.3.4 CCN3 is not required for CNS myelination in vivo
Even though CCN3 is not necessary for oligodendrogenesis or OPC differentiation, it
is nevertheless possible that CCN3 may play a role in myelination. If CCN3 is required
in the regulation of processes such as oligodendrocyte membrane extension, wrapping
and / or compaction, myelination abnormalities should be detectable in the CNS of
CCN3-/- mice (Snaidero and Simons, 2014). An initial assessment to determine
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whether there were gross myelination deficiencies in CCN3-/- mice was performed by
staining brain sections with BGII (Schmued et al., 2008).
Staining of myelin in CCN3-/- brain tissue showed no qualitative gross deficiency in
the corpus callosum or cerebral cortex (Figure 4.12 A and B), suggesting that CCN3
deficiency does not overtly impact CNS myelination. However, this approach does not
show if myelin wrapping is impaired in the absence of CCN3. Therefore, preosmicated semi-thin spinal cord sections were prepared from WT and CCN3-/- mice
and stained with toluidine blue and numbers of myelinated axons quantified in vWM.
There was no significant difference in numbers of myelinated axons between groups
in the thoracic spinal cord vWM, providing further evidence that CCN3 is not required
for myelination (Figure 4.13 A and B). To ensure these findings were not skewed by
a basal difference in axon numbers between genotypes, NFH+ axons were quantified
in the vWM of WT and CCN3-/- mice and no significant difference was observed
(Figure 4.14 A and B). Together, these results indicate that CCN3 is not required for
oligodendrogenesis, OPC differentiation or myelination in the mouse CNS.

Figure 4.12 There are no gross myelin abnormalities evident in the corpus callosum or
cortex of CCN3-/- mice. Representative microscopy images of BGII myelin staining in the (A)
corpus callosum and (B) cerebral cortex of WT and CCN3-/- mice (7 – 10 week old). Scale
bars: 100μm.
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Figure 4.13 CCN3 is not required for spinal cord myelination. (A) Representative
microscopy images of toluidine blue staining of semi-thin sections of the thoracic spinal cord
vWM from WT and CCN3-/- mice (10 – 13 week old). Scale bar: 25μm. (B) Myelinated axon
quantification in thoracic spinal cord vWM. n = 3 animals per group. Data are mean ± SEM.
ns: not significant. Statistical analysis: unpaired, two-tailed, student’s t test.

Figure 4.14 CCN3 deficiency does not alter axonal density in spinal cord vWM. (A)
Representative confocal microscopy images of NFH staining in transversal sections of the
thoracic spinal cord vWM from WT and CCN3-/- mice. Scale bar: Scale bar: 25μm. (B) Axon
quantification in thoracic spinal cord vWM. n = 4 – 6 animals per group. Data are mean ±
SEM. ns: not significant. Statistical analysis: unpaired, two-tailed, student’s t test.
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4.4 Discussion
CCN3 is a matricellular protein that enhances OPC differentiation and myelination in
vitro and ex vivo (Dombrowski et al., 2017). Another member of the CCN family,
CCN2, is a negative regulator of CNS myelination (Stritt et al., 2009; Ercan et al.,
2017) and exhibits negative reciprocal regulation with CCN3 in other tissues (Kawaki
et al., 2008; Van Roeyen et al., 2008; Leask, 2009, 2015). Furthermore, CCN3 is
highly expressed in the mouse CNS (see Chapter 3). Together, these findings led to
the hypothesis that CCN3 is required for CNS myelination.
To test this hypothesis, organotypic hindbrain slices from WT and CCN3-/- mice were
cultured and their capacity to myelinate was experimentally tested. This model was
first chosen for several reasons: 1) because Treg-derived CCN3 enhanced myelination
in these cultures (Dombrowski et al., 2017), 2) because Treg-derived CCN3 did not
enhance OPC differentiation in pure OPC cultures, meaning that CCN3-mediated
regulation of OPC differentiation may occur indirectly through other CNS cells or
matricellular components (de la Vega Gallardo et al., 2020) and 3) because CCN3 is
highly expressed in the CNS. Neonatal organotypic hindbrain slices used in this
chapter secrete CCN3 early in culture. In the literature, CCN3 was reported to be
expressed in Purkinje neurons of the adult and developing rat cerebellum (Su et al.,
2001; Le Dréau, Nicot, et al., 2010) and ccn3 mRNA was detected in the adult
cerebellum of some mice (Lein et al., 2007). WT murine neonatal hindbrain slices,
however, expressed CCN3 in very few NeuN+ neurons of the brain stem. The numbers
of CCN3+ and CCN3+NeuN+ cells were comparable at 2 and 4d of ex vivo culture.
Because CCN3 expression was not investigated in these slices after 4d ex vivo, the
question remains whether intracellular CCN3 expression decreases in culture over
time, similar to CCN3 secretion. The nature of this expression pattern remains
unknown. It is possible that CCN3 is initially secreted into the media shortly after
hindbrain tissue slicing, e.g., in response to injury. However, it cannot be dismissed
that CCN3 may display differential expression in this model as a result of
developmental regulation. Because CCN3 was detected in both brain stem tissue and
hindbrain slice conditioned media, WT and CCN3-/- cerebellar / brain stem slices were
prepared and their capacity to myelinate in culture was assessed. However, there was
no significant difference in myelination indices between genotypes after 7 or 14d ex
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vivo, suggesting that brain slice-derived CCN3 is not required for myelination in this
model.
Because CCN3 was extensively detected in the adult, healthy, murine CNS (see
Chapter 3) and there are some disadvantages to studying myelination in organotypic
brain slice cultures (discussed in section 4.1.3), OLC, OPC and oligodendrocyte
densities were investigated in WT and CCN3-/- mice in vivo. First, it was investigated
whether CCN3 deficiency affected oligodendrogenesis in the murine CNS. If CCN3
played a role in this process, it was anticipated that there may be a difference in the
density of OLCs in the CNS of WT and CCN3-/- mice. However, this was not the case
in any of the CNS regions examined. There was no difference in the density of Olig2+
OLCs in the thoracic spinal cord vWM, corpus callosum or cerebral cortex.
Furthermore, there was no difference in the density or percentage of Olig2+PDGFRα+
OPCs in any of these anatomical regions either. While these results certainly suggest
that CCN3 is not required for oligodendrogenesis to occur, this is not conclusive
evidence that CCN3 does not play any role in oligodendrogenesis. As previously
discussed (Chapter 1), OLCs have different developmental origins in the embryonic
spinal cord and brain (Timsit et al., 1995; Pringle et al., 1996; Cai et al., 2005; Fogarty,
Richardson and Kessaris, 2005; Kessaris et al., 2006; Sugimori et al., 2008). Fate
mapping studies have further demonstrated that dorsally- and ventrally-derived OPCs
are functionally different (Crawford, Tripathi, Richardson, et al., 2016). The density
and distribution of dorsal and ventral OLCs in CCN3-/- remains unknown, as well as
their capacity to migrate, proliferate and differentiate.
A crucial step preceding myelination is differentiation of OPCs; therefore, it was
investigated whether CCN3 was required for efficient OPC differentiation in several
regions of the CNS. There was no difference in the density or percentage of
Olig2+CC1+ differentiated oligodendrocytes in thoracic spinal cord vWM, corpus
callosum or motor cerebral cortex. These results suggest that CCN3 is not required for
oligodendrocyte differentiation in the mouse CNS. Furthermore, the percentage of
OPCs and differentiated oligodendrocytes in CCN3-deficient mice was comparable to
WT, demonstrating that CCN3-/- mice do not have OLC populations skewed in a
certain stage of lineage progression. CCN3 is not required for OPC differentiation, but
may play a role in oligodendrocyte membrane extension, wrapping and / or
compaction. To investigate if this was the case, myelin staining was performed in brain
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sections and semi-thin spinal cord sections from WT and CCN3-/- mice. There were no
gross myelin deficiencies in the brain of CCN3-/- mice, and certainly there was no
difference in the number of myelinated axons in the thoracic spinal cord vWM between
genotypes. These results indicate that CCN3 is not required for murine CNS
myelination. However, it is noteworthy that there may be undetected ultrastructural
differences in the myelin of CCN3-/- mice, which could be detected in further studies
using TEM.
Despite the consistency of these results, there were several caveats in this
investigation. The first is that, with the exception of hindbrain slice cultures, all in vivo
experimental models were carried out in male mice. Males were used for consistency
and comparability purposes across models used in this study. Indeed, many differences
between sexes have been identified in neuroscience research, including, but not limited
to hormonal regulation, likelihood to develop disease, treatment efficacy, behaviour
and epigenetic modulation of gene expression (Choleris et al., 2018). Therefore, sex
stratification is very important in biomedical research. Investigating the role of CCN3
in female CNS myelination is an important question that future work should address,
especially since some demyelinating pathologies such as MS affect more women than
men (Orton et al., 2006; Compston and Coles, 2008). A second caveat is that the
CCN3-/- mice used in this study developed without CCN3 (Shimoyama et al., 2010b),
which could have led to potential compensatory mechanisms during development or
genetic redundancy (Barbaric, Miller and Dear, 2007; El-Brolosy and Stainier, 2017).
For example, some families such as the Sox family of genes are notorious for their
capacity to compensate for each other. This provides an evolutionary mechanism to
ensure neurogenesis occurs smoothly and prevent catastrophic developmental defects
or even lethality, should one of the genes become mutated (Hoser et al., 2008;
Kamachi and Kondoh, 2013). However, no genetic redundancy in this family of
proteins has yet been reported. It has been argued that since CCN1, CCN2 and CCN3
can have opposing functions in non-CNS cells and processes, at least some of these
proteins may not have capacity to compensate for each other (Perbal, 2001, 2013).
Furthermore, unlike CCN3-/- mice, CCN1- and CCN2-deficient mice die perinatally,
further reinforcing the hypothesis that at least not all CCN proteins may be able to
compensate for one another (Mo et al., 2002; Ivkovic et al., 2003; Shimoyama et al.,
2010b). Future investigations could make use of double knock-out mice and / or
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transgenic animals overexpressing CCN3 to further elucidate whether a compensatory
mechanism may be masking potential roles of CCN3 in CNS myelination.
Additionally, investigating developmental myelination in vivo at earlier timepoints
(e.g., early postnatal days) in WT and CCN3-/- mice may elucidate whether CCN3
deficiency results in a developmental delay. Characterising CCN3 expression in the
embryonic and early postnatal CNS could also highlight important aspects of potential
developmental roles of CCN3 in the brain and spinal cord. Investigating the expression
of other proteins from the CCN family in both, the developing and the adult WT and
CCN3-/- mice would also determine whether CCN proteins demonstrate reciprocal
regulation during CNS development.
In summary, the ex vivo and in vivo investigations presented in this chapter suggest
that CCN3 is not required for murine CNS oligodendrogenesis, OPC differentiation or
myelination. However, future investigations using double knockout or CCNoverexpressing mice as well as other developmental studies will help determine
whether the data presented in this work is a result of a compensatory mechanism or a
true lack of function.
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5. Investigating the expression and role of CCN3 in murine
central nervous system remyelination
5.1 Introduction
5.1.1 CCN3 expression in injury and repair
Expression of the CCN family of genes and proteins is dynamically regulated in a vast
range of tissues upon tissue injury, inflammation or regeneration (C. C. Chen and Lau,
2009). This is certainly the case for CCN3. Although CCN3 expression has not yet
been studied in the context of CNS injury, CCN3 is dynamically regulated in other
stressed or injured cells and tissues.
For example, CCN3 is expressed in healthy adult vascular smooth muscle cells
(VSMCs) in the rat aorta and carotid arteries. Upon injury using a balloon catheter,
carotid-derived CCN3 expression was reduced at 7 days post lesion (dpl) and remained
low by 14 dpl in the carotid media but was upregulated in the intima (Ellis et al., 2000).
Interestingly, mechanical force can also modulate CCN3 expression. For instance,
laminar flow strongly upregulated ccn3 mRNA in a human umbilical vein endothelial
cell (HUVEC) line. Treating HUVECs with Tumour Necrosis Factor-α (TNF-α)
increased ccn3 expression also (Lin et al., 2010). In mouse excisional cutaneous
wounds, CCN3 was transiently upregulated at 5 – 7 days post wounding (dpw), which
coincides with granulation tissue growth. Levels then declined but remained above
controls until at least 14 dpw (Lin et al., 2005). CCN3 was also upregulated by dental
pulp stem cells during dentin regeneration in rat incisors drilled with a diamond
cylindrical burs (Wang et al., 2014).
Because 1) CCN protein expression is sensitive to environmental stress and changes
and 2) previous reports showed that CCN3 enhances murine OPC differentiation and
myelination (Dombrowski et al., 2017), it was hypothesised that CCN3 is
differentially regulated during demyelination and remyelination in the mouse CNS. If
this is the case, it is possible that CCN3 may play a role in these processes. To test
these hypotheses, two models of toxin-induced demyelination were used.

144

5.1.2 Cuprizone-induced demyelination
The discovery of cuprizone as a demyelinating toxin
Bis(cyclohexanone)oxaldihydrazone, most commonly referred to as cuprizone, is a
copper chelator that induces CNS demyelination in mice through oral administration.
Cuprizone was first synthesised in 1950 in an attempt to improve the sensitivity and
specificity of copper detection assays (Nilsson, 1950). Henceforth, cuprizone was used
in clinical samples such as blood serum to measure copper concentration (Peterson and
Bollier, 1955). In 1960 it was reported that reduced systemic copper levels in sheep
and calves (resulting from low copper dietary levels) led to neuronal degeneration and
demyelination (Barlow et al., 1960). To develop an experimental model of this
ailment, William Carlton fed mice with cuprizone for the first time (Carlton, 1966).
Weanling male albino mice fed for 7 weeks with 0.1% cuprizone displayed
demyelinated lesions, oedema and vacuolation in both white and grey matter of the
cerebellum and midbrain. These animals did not show clinical signs of neurological
abnormalities, toxicity or growth retardation (Carlton, 1966). When cuprizone
concentration was increased to 0.5%, CNS histopathology was reproducible but more
severe and included spongiform encephalopathy. Furthermore, mice displayed overt
neurological clinical signs (paresis), toxicity, retarded growth and in some cases even
lethality (in ~20% of treated mice) (Carlton, 1966). This study was important because
it showed for the first time that 1) feeding mice with cuprizone induces CNS
demyelination and 2) appropriate dosing is essential in this model to prevent toxicity
(Carlton, 1966). Carlton further characterised cuprizone-induced CNS abnormalities
by demonstrating that feeding cuprizone at older ages (2 months old as opposed to
weanlings) leads to a decrease in phenotype severity and also that cuprizone
administration results in CNS astrogliosis (Carlton, 1967).
The following years, most studies administering cuprizone to mice focused on
describing CNS spongy degeneration. However, some of these investigations noted
the presence of swollen, vacuolated oligodendroglia and suggested that intramyelinic
vacuolation and myelin degeneration could be a consequence of cuprizone-induced
metabolic disturbance of oligodendrocyte lineage cells (Suzuki and Kikkawa, 1969;
Hemm, Carlton and Welser, 1971). Further ultrastructural studies confirmed these
findings and also reported the presence of phagocytosing microglia, demyelinated
axons, and eventually what appeared to be remyelinating oligodendrocytes after 5
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weeks of cuprizone administration (Blakemore, 1972). Demyelination was highly
reproducible in distinct anatomical regions of the CNS, such as the superior cerebellar
peduncles (Blakemore, 1973a). Importantly, feeding mice with regular rodent diet
after cuprizone-induced demyelination led to robust remyelination in the superior
cerebellar peduncles (Blakemore, 1973b). Since then, cuprizone has become a reliable
experimental model of toxin-induced demyelination. Currently, the most-commonly
studied anatomical region in this model is the corpus callosum, a tract displaying
reproducible and extensive demyelination after cuprizone administration (Matsushima
and Morell, 2001).
Glial responses to cuprizone-induced demyelination and remyelination in the
corpus callosum
The Matsushima laboratory provided the first extensive characterisation of cuprizoneinduced demyelination, cellular and systemic responses as well as dosing in the corpus
callosum of C57BL/6 mice. The lowest dose inducing extensive demyelination with
minimal toxicity was 0.2% (w/w) dietary cuprizone (Hiremath et al., 1998a).
Demyelination was complete in the corpus callosum after 5 – 6 weeks of cuprizone
administration. Myelin gene (mbp and mag) expression sharply decreased from 1 – 3
weeks after cuprizone administration (Morell et al., 1998; Hesse et al., 2010), but then
progressively increased until approaching untreated control levels after 6 weeks of
treatment (Morell et al., 1998). This suggested that in this model, an endogenous
remyelination response occurs concomitantly with cuprizone administration (and
hence demyelination). After changing cuprizone for a regular rodent diet, there was a
further marked increase in myelin gene expression, first surpassing and then returning
to control levels after another 6 weeks of regular diet administration (Morell et al.,
1998). After 3 weeks of treatment there was a significant increase in cellularity,
including the infiltration and proliferation of glia (Hiremath et al., 1998a). For the
purpose of this study, glial responses to cuprizone-induced de/remyelination will be
described in the corpus callosum of male C57BL/6 mice henceforth (Figure 5.1).
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Figure 5.1 Glial responses to cuprizone-induced demyelination in the corpus callosum of
C57BL/6 mice. This diagram summarises the presence or absence of diverse glial responses
to 0.2% cuprizone ingestion in the corpus callosum of C57BL/6 male, adult mice. OPC:
oligodendrocyte progenitor cell; MDM: monocyte-derived macrophages; GFAP: glial
fibrillary acidic protein. Diagram adapted from Matsushima and Morell, 2001.

Oligodendrocyte lineage cells
Mature oligodendrocytes undergo apoptosis, and therefore are depleted, during the
first 3 weeks of cuprizone administration (Mason et al., 2000; Li et al., 2008; Hesse et
al., 2010). In vitro studies suggest that cuprizone selectively induces mature
oligodendrocyte death, leaving the viability of OPCs, neurons and other glia largely
unaffected (Bénardais et al., 2013). However, this was as a result of direct treatment
with cuprizone in media, while in an in vivo setting cuprizone is digested and
presumably undergoes metabolic processing. As early as 2 weeks after cuprizone
administration, new OPCs are specified and proliferate in the SVZ, continuing to
divide in this region until 4 weeks post-cuprizone feeding (Mason et al., 2000). After
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4.5 weeks OPCs migrate from the SVZ, through the fornix and into the corpus
callosum, where they proliferate further (Mason et al., 2000; Gudi et al., 2009). As a
result, whereas most oligodendrocyte lineage cells in the healthy corpus callosum are
differentiated, there is a substantial increase in OPC numbers after 4 – 5 weeks that
then decrease after ~6 weeks of cuprizone administration and after cuprizone
withdrawal (Gudi et al., 2009; Sachs et al., 2014). Finally, a large proportion of
oligodendrocytes in the corpus callosum are differentiated after 6 weeks on the
cuprizone diet which increases further after cuprizone removal (Mason et al., 2000;
Sachs et al., 2014). Other CNS regions may display oligodendroglial responses at
different timepoints in this model. For instance, it was reported that oligodendrocyte
depletion is complete in the corpus callosum after 5 weeks on the cuprizone diet, but
after 6 weeks in the cerebral cortex (Gudi et al., 2009). Likewise, if cuprizone is fed
to mice for longer periods of time (for example 10 – 16 weeks or longer), the
oligodendrocyte pool and remyelinating responses become diminished over time
(Ludwin, 1980; Mason et al., 2001, 2004). Therefore, it is important to select
appropriate dosing and timing of cuprizone feeding for the scientific question of
interest.
Microglia and macrophages
Microglia and monocyte-derived macrophages (MDMs) play a key role in
remyelination by clearing myelin debris (which is inhibitory to OPC differentiation
and remyelination) (Kotter et al., 2001; Olah et al., 2012; Lampron et al., 2015) and
secreting pro-remyelinating factors (Miron et al., 2013; Dillenburg et al., 2018). Early
ultrastructural studies first demonstrated the infiltration of “microglial phagocytes” in
the superior cerebellar peduncle during cuprizone-induced demyelination, extending
their processes between myelin lamellae and phagocytosing myelin debris
(Blakemore, 1972, 1973a). Microglia / MDMs also infiltrate the corpus callosum in
this model as early as 1 week after cuprizone administration (Hiremath et al., 1998a).
Microglia / MDM density and proliferation peak at 4.5 weeks, concurring with
abundant demyelination and OPC accumulation in this region. Henceforth, microglia
/ MDM density begins to decrease by 6 weeks of cuprizone administration, and
progressively resolves after cuprizone diet removal (Hiremath et al., 1998a; Gudi et
al., 2009; Sachs et al., 2014).
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Astrocytes
The role that astrocytes play in CNS de/remyelination remains ambivalent, with both
positive and negative roles reported in the literature. For example, ablating astrocytes
was reported to impair phagocyte infiltration, myelin debris clearance by microglia /
MDMs and remyelination (Skripuletz et al., 2013), and increasing glial fibrillary acidic
protein (GFAP) expression decreased oligodendrocyte apoptosis, demyelination and
axonal damage in the cuprizone model (although the latter study also reported a
decrease in microglial / MDM infiltration) (Kramann et al., 2019). On the other hand,
transplanted OPCs are less likely to differentiate and remyelinate focal demyelinated
lesions if astrocytes have also been transplanted beforehand (Blakemore, Gilson and
Crang, 2003). In the same line of evidence, it was reported that astrocytes play a role
in balancing the extent of remyelination performed by oligodendrocytes or Schwann
cells. Blocking astrocyte activation by inhibiting Stat3 phosphorylation led to 1) a
decrease in oligodendrocyte-mediated remyelination and 2) an increase in Schwann
cell-mediated remyelination (Monteiro De Castro et al., 2015).
Astrogliosis is abundant during cuprizone-induced demyelination and is characterised
by astrocyte process hypertrophy, reactivity and abundant gene expression changes
including GFAP upregulation, an intermediate filament protein that is crucial in
maintaining this structure (Carlton, 1967; Zamanian et al., 2012). Whereas GFAP
expression cannot be used to identify all non-reactive astrocytes, GFAP is expressed
in most reactive astrocytes (Zamanian et al., 2012). After 3 weeks of cuprizone
administration, gfap mRNA expression and GFAP+ area and cell density start to
increase, with upregulation peaking by weeks 5 – 6 (Gudi et al., 2009; Buschmann et
al., 2012). After cuprizone is removed from the diet, astrocyte cell density and GFAP
immunohistochemical reactivity decrease but still remain upregulated compared to
controls as long as 6 – 7 weeks after cuprizone removal (Hibbits et al., 2012; Sachs et
al., 2014).
How does cuprizone induce oligodendrocyte death?
The exact mechanism through which cuprizone induces demyelination has not been
elucidated yet. It would be reasonable to think that demyelination in this model occurs
as a result of primary copper depletion/deficiency, but this has not been empirically
demonstrated. Early attempts to supplement cuprizone-fed mice with copper in the diet
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were only successful in preventing hydrocephalus when both were administered at
specific dosages. However, other abnormalities were not rescued (Carlton, 1967).
Nothing has been reported regarding metabolic processing of cuprizone in vivo, but
the presence of megamitochondria is detected in the liver and brain of cuprizone-fed
mice (Suzuki and Kikkawa, 1969; Hemm, Carlton and Welser, 1971; Komoly et al.,
1987). Furthermore, the activity of some enzymes involved in mitochondrial oxidative
phosphorylation is dysregulated in cuprizone-fed mice. For example, monoamine
oxidase and cytochrome oxidase activities are inhibited and succinate dehydrogenase
activity is increased in the brain of cuprizone-fed mice (Kesterson and Carlton, 1971;
Venturini, 1973). The activity of mitochondrial respiratory chain complexes I, II and
III is also decreased in mitochondria of cuprizone-treated oligodendrocytes in vitro
(Pasquini et al., 2007). However, a direct link between mitochondrial dysfunction and
cuprizone-induced demyelination has not yet been established. In addition, it is still
unknown why cuprizone selectively ablates mature oligodendrocytes. It has been
suggested that because oligodendrocytes have such a huge metabolic demand to
maintain many times their cell body weight in myelin sheaths, failure to produce
enough adenosine triphosphate (ATP) renders them particularly vulnerable to cell
death and therefore demyelination (Gudi et al., 2014). It also has been hypothesised
that if cuprizone has any off-target chelating effects on other metal ions, other enzymes
involved in myelination which require such ions as co-factors may also be affected
(Gudi et al., 2014). In summary, the molecular mode of action of cuprizone is not
known, but it is possible that mitochondrial damage and/or malfunction play a role in
murine cuprizone-induced pathophysiology.
Advantages and disadvantages of the model
Overall, the cuprizone model poses a suitable experimental setting to study
mechanisms of CNS demyelination and remyelination. However, as with all other
animal models in the fields of myelin regeneration and MS research, it comes with
advantages and disadvantages. These are summarised in Table 5.1.
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Table 5.1 Advantages and disadvantages of the murine cuprizone-induced demyelination
model
Cuprizone-induced demyelination
Advantages
•

Reproducible demyelination and

Disadvantages
•

remyelination time course

Concomitant demyelination and
remyelination, despite continuous
cuprizone feeding. Difficult to

•

distinguish myelination from

Technically straightforward

remyelination in corpus callosum
•

•

No immune-mediated

ultrastructural examinations due to

demyelination (Matsushima and

the presence of many small calibre

Morell, 2001; Hiremath et al.,

axons (Blakemore, 1973b; Mason

2008)

et al., 2001)

Both, acute and chronic models
available depending on cuprizone
feeding duration

•

•

Unknown mode of action

•

Different demyelination /
remyelination timelines in different
brain anatomical regions

Disseminated demyelination
phenotype: demyelination /
remyelination can be investigated

•

efficiency, cellular response and

in diverse anatomical regions,

comorbidity variations depending

including the proximal optic nerve

on mouse age, sex, strain, weight

(Bagchi et al., 2014)
•

Demyelination / remyelination

and cuprizone dose (Carlton, 1967;

Induces demyelination in other

Skripuletz et al., 2008; Taylor,

rodent species including rats (Love,

Gilmore and Matsushima, 2009;

1988; Silvestroff et al., 2012)

Taylor et al., 2010; Yu et al., 2017;
Leopold, Schmitz and Kipp, 2019)
•

Demyelination does not occur in
the spinal cord or distal optic nerve
(Herder et al., 2011; Sen et al.,
2020)
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5.1.3 Lysolecithin-induced demyelination
The discovery of lysolecithin as a demyelinating toxin
Lysophosphatidylcholine (LPC), also known as lysolecithin, is a lysophosphatide that
induces demyelination when directly applied to PNS or CNS tissue. LPC is produced
by the action of lecithinases such as phospholipase A on phosphatidyl choline (a
phospholipid present in cell membranes), and the resulting product can be isolated
using technologies such as column chromatography (Gottfried and Rapport, 1962) and
made commercially available for the induction of experimental demyelination.
Lecithinases present in or isolated from bacterial and snake venom-derived toxins were
first reported to induce demyelination in CNS tissue ex vivo (Frazer et al., 1945;
Morrison and Zamecnik, 1950). This effect was however not always consistent and it
was hypothesised that 1) this may have been attributed to enzyme activity variations
and 2) that the LPCs resulting from this enzymatic activity in nervous tissue may have
also had myelinolytic properties (Morrison and Zamecnik, 1950). Adding LPC in
increasing concentrations to rat brain homogenate suspensions led to a steep increase
in the percentage of optical transmission, and it was concluded that LPC had a
“clearing action” on nervous tissue of unknown nature (Webster, 1957). Furthermore,
LPC directly and completely solubilised myelin isolated from rat brains in vitro (Gent
et al., 1964).
The first studies demonstrating that LPC induces demyelination in both the PNS and
CNS were performed by Hall (Hall and Gregson, 1971; Hall, 1972), although in these
investigations it was stated that Périer had previously achieved LPC-mediated
demyelination and subsequent remyelination in rat cerebellar slice cultures in 1965. In
the CNS, LPC was injected in the dorsal white matter of the adult murine spinal cord.
Using electron microscopy, Hall demonstrated LPC-induced demyelinated lesions
consisted of undamaged axons and compact myelin loss (Hall, 1972). Soon after, LPC
was introduced as a model of toxin-induced demyelination in other animal species
including rat, rabbit, cats or even non-human primates (Blakemore, 1976, 1978;
Blakemore et al., 1977; Dousset et al., 1995; Lachapelle et al., 2006). LPC has
continued to be used up until this day to study demyelination and subsequent
remyelination in the CNS. Both, dorsal and ventral WM spinal cord lesions can be
induced. However, remyelination occurs at a slightly higher rate in dorsal lesions
(Jeffery and Blakemore, 1995). LPC injection into the corpus callosum or caudal
152

cerebellar peduncles using stereotaxic coordinates has also been developed as a model
to study demyelination and remyelination in the brain (Waxman, Kocsis and Nitta,
1979; Gensert and Goldman, 1997; Nait-Oumesmar et al., 1999). However, for the
purpose of this study, the glial responses to LPC-induced demyelination will be only
described in rodent spinal cord ventral lesions.
Glial responses to lysolecithin-induced demyelination and remyelination in the
spinal cord
One of the many advantages of LPC injection in CNS white matter is that it creates a
focal demyelinated lesion. This allows to 1) clearly separate demyelination from
remyelination (unlike in cuprizone-induced demyelination) and 2) investigate glial
responses and remyelination at selected time intervals (Figure 5.2).
Oligodendrocyte lineage cells
After LPC-induced demyelination, OPCs migrate towards the injury site. Once within
the lesion (at ~3 dpl), OPCs will proliferate (3 – 5 dpl), differentiate (10 – 14 dpl) and
eventually remyelinate (14 – 28 dpl) denuded axons (Jeffery and Blakemore, 1995;
Arnett, 2004; Fancy et al., 2011; Stoffels et al., 2015; Plemel et al., 2018). It is worth
mentioning that in the CNS and in this model particularly, Schwann cells originating
from the CNS (and to a much lesser extent the PNS) also contribute to spinal cord WM
remyelination (Jeffery and Blakemore, 1995; Zawadzka et al., 2010). Furthermore,
some CNS-derived Schwann cells originate from oligodendrocyte PDGFRα+
precursors (Zawadzka et al., 2010).
Microglia and macrophages
After LPC injection in the spinal cord WM, changes in microglial / MDM morphology
are detected as early as 6 hours post lesioning (hpl). In normal spinal cord WM
phagocyte morphology resembles small-bodied, ramified microglia. However at 6 hpl
microglia / MDMs acquire an amoeboid morphology within the injury site, tallying
with an activated, phagocytic phenotype (Kreutzberg, 1996; Zhao, Li and Franklin,
2006). As soon as 1 dpl, microglial / MDM density increments within the lesion, and
this increase continues and eventually stabilises until ~13 dpl (Jeffery and Blakemore,
1995; Zhao, Li and Franklin, 2006; Plemel et al., 2018). At this timepoint, although
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still present (especially in the lesion centre), phagocyte numbers begin to decrease until
they are rarely detectable by ~23 dpl (Jeffery and Blakemore, 1995).
Astrocytes
Although LPC-induced demyelination results in an initial moderate astrocytic loss
(Plemel et al., 2018), thereafter there is an increase of astrocyte density and astrocytic
process length, both of which peak at ~14 dpl (Monteiro De Castro et al., 2015).
Despite a slight reduction, astrocyte density remains high by 21 dpl (when
remyelination is almost complete) (Monteiro De Castro et al., 2015).
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Figure 5.2 Glial responses to LPC-induced demyelination in the rodent spinal cord
ventral WM. This diagram summarises the presence or absence of diverse glial densities or
responses to LPC injection in the ventral WM of rodent spinal cord. OPC: oligodendrocyte
progenitor cell; MDM: monocyte-derived macrophages; GFAP: glial fibrillary acidic protein.
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How does lysolecithin induce oligodendrocyte death?
It had been largely assumed that LPC breaks down myelin and cell membranes via a
primary lipid disruption. However, until recently there was no direct evidence of this.
A novel study suggested that LPC did not induce demyelination through receptors
known to interact with LPC and that immune cells recruited to the injury site were a
consequence of demyelination, as opposed to causing it (Plemel et al., 2018). They
reported that LPC caused demyelination by integrating in and disrupting cell
membranes when applied above a critical concentration (Plemel et al., 2018) and
showed that injecting detergents such as Tween 20 in spinal cord WM resulted in
demyelinated lesions similar to those caused by LPC (Plemel et al., 2018), suggesting
other detergents of similar nature may be used to reproduce this model (although
further characterisation is needed in order to claim this).
Advantages and disadvantages of the model
LPC-induced demyelination is an excellent setting to study mechanisms of
demyelination and myelin regeneration in pre-clinical models. However, it comes with
both advantages and disadvantages which are summarised in Table 5.2.
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Table 5.2 Advantages and disadvantages of the LPC-induced demyelination model in
rodents
LPC-induced demyelination
Advantages

Disadvantages

•

Knowledge of lesion location

•

Technically complex model

•

Can be induced in CNS or PNS

•

Some off-target effects (e.g. some

anatomical region of choice

astrocyte death and although axons
are generally spared, there are some

•

•

Provides ease to study neuronal

axonal spheroids shortly after

conduction properties in

injection) (Hall, 1972; Plemel et

demyelinated lesions

al., 2018)

Established time course of
remyelination

•

Demyelination and subsequent
remyelination processes are
separated

•

•

Reductionist approach

•

It does not fully recapitulate
demyelination that occurs in some
pathologies such as MS
(characterised by immune-mediated
demyelination)

Prompt demyelination (hours
within injection)

•

Non-immune mediated
demyelination, allowing study of
remyelination without this
confounding factor

•

Demyelination efficiency not
dependent on strain, sex, or species
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5.2 Rationale, hypothesis and aims
Rationale
As mentioned in previous chapters, CCN3 was identified as a Treg-derived factor that
promotes OPC differentiation and myelination in mixed glia and brain stem slice
cultures, respectively (Dombrowski et al., 2017). Even though CCN3 is expressed
primarily by neurons of distinct CNS anatomical regions, CCN3-/- mice display no
myelination abnormalities ex vivo or in vivo. Furthermore, their OLC and
oligodendrocyte densities are comparable to WT controls in both WM and GM.
CCN proteins are dynamically expressed in response to stress, injury, inflammation
and regeneration (C. C. Chen and Lau, 2009), including CCN3. Nevertheless, CCN3
expression in injured CNS tissue has not yet been investigated. Because functional
roles in myelination have been attributed to CCN3 in vitro and ex vivo and CCN3 is
abundantly expressed in the healthy murine CNS, there is rationale to investigate
CCN3 expression kinetics during demyelination and myelin regeneration. Changes in
expression during these processes would provide further rationale to investigate the
role of CCN3 in remyelination.
Hypothesis
CCN3 is upregulated in CNS remyelinating regions and is required for efficient myelin
regeneration
Aims
•

To investigate CCN3 expression kinetics during CNS demyelination and
remyelination

•

To determine if CCN3 is required for CNS remyelination
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5.3 Results
5.3.1 CCN3 is transiently upregulated in the murine remyelinating spinal cord
In the adult, healthy, murine spinal cord, CCN3 was not detected in WM regions (see
Chapter 3). To determine if CCN3 is upregulated during demyelination, LPC was
injected in the spinal cord ventral WM of male C57BL/6 WT mice.
Immunohistochemistry was then performed to detect CCN3 in untreated and lesioned
spinal cords at 5 and 14 dpl. CCN3 was transiently upregulated at 5 dpl within LPCinduced lesions compared to untreated controls (Figure 5.3 A and C). Anti-CCN3
antibody was specific to CCN3 as shown by isotype control staining in WT tissue and
CCN3 staining in CCN3-/- lesioned tissue controls (Appendix Figure 7.1). While
some CCN3+ cells were detected in spinal cords at 14 dpl, the average number of cells
was lower than at 5 dpl (Figure 5.3 C). Interestingly, some CCN3+ cells co-localised
with Olig2, identifying OLCs as a source of CCN3 expression in the remyelinating
spinal cord (Figure 5.3 A and D). To confirm CCN3 and Olig2 staining colocalisation, confocal microscopy was performed on the same tissue sections. CCN3
and Olig2 co-localised in the same focal plane, verifying OLCs as a source of CCN3
expression in this model. Furthermore, CCN3 expression was restricted to OLC bodies
(Figure 5.3 B). There was a significantly higher CCN3+Olig2+ cell density in lesions
at 5 dpl compared to untreated controls (Figure 5.3 D). At 5 dpl approximately 65%
of CCN3+ cells are OLCs; however, at 14 dpl ~30% of CCN3+ cells are OLCs. (Figure
5.3 E) This suggests that there are other cells within remyelinating lesions that also
express CCN3.
To determine if OLCs expressing CCN3 were OPCs or differentiated
oligodendrocytes, immunohistochemistry was performed as above but this time
staining for quaking 7 was included (using antibody clone CC1), a marker of
differentiated oligodendrocytes (Bhat et al., 1996; Bin, Harris and Kennedy, 2016).
CCN3 expression co-localised with a few Olig2+CC1+ cells, showing that
differentiated oligodendrocytes can produce CCN3 during spinal cord remyelination
(Figure 5.4 A – C). However, the number of CCN3+ oligodendrocytes was very low
at both, 5 and 14 dpl (Figure 5.4 C). On average, only ~10% of CCN3-expressing
OLCs were differentiated, and in some animals CCN3 was not detected in
oligodendrocytes (Figure 5.4 D). These results demonstrate that of all CCN3expressing OLCs, CCN3 is primarily expressed by OPCs during spinal cord
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remyelination. Finally, it is important to mention that only a small percentage of OLCs
express CCN3 during this process: 7% at 5 dpl and 1% at 14 dpl (Figure 5.5).
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Figure 5.3 Oligodendrocyte lineage cells express CCN3 in the remyelinating spinal cord.
(A) Representative fluorescence microscopy images of CCN3 and Olig2 staining in untreated
and LPC-injected spinal cord ventral WM. Scale bar: 50μm. (B) Representative confocal
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microscopy images of CCN3 and Olig2 staining in LPC-induced lesions at 5 dpl. Yellow
arrows: CCN3+Olig2+ cells; white arrows: CCN3+Olig2- cells. Scale bar: 25μm. Quantification
of (C) CCN3+DAPI+ and (D) CCN3+Olig2+ cells in untreated and LPC-induced lesions at 5
and 14 dpl. (E) Percentage of CCN3+ cells expressing Olig2 in untreated and LPC-induced
lesions at 5 and 14 dpl. n = 4 - 10 animals per group. Data are mean ± SEM. **p < 0.01.
Statistical analysis: Kruskal-Wallis with Dunn’s Multiple Comparison test.
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Figure 5.4 OPCs and to a lesser extent oligodendrocytes express CCN3 in the
remyelinating spinal cord. (A) Representative fluorescence microscopy images of CCN3,
Olig2 and CC1 staining in untreated and LPC-injected spinal cord ventral WM. Scale bar:
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100μm. (B) Magnified representative fluorescence microscopy images of CCN3, Olig2 and
CC1 staining in LPC-induced lesions at 5 dpl. Yellow arrows: CCN3+Olig2+CC1+ cells. Scale
bar: 25μm. (C) Quantification of CCN3+Olig2+CC1+ cells in untreated and LPC-induced
lesions at 5 and 14 dpl. (D) Percentage of OLCs expressing CC1 in untreated and LPC-induced
lesions at 5 and 14 dpl. n = 4 – 6 animals per group. Data are mean ± SEM. ns: not significant.
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Figure 5.5 A small percentage of OLCs express CCN3 during spinal cord remyelination.
Percentage of OLCs expressing CCN3 in untreated and LPC-induced lesions at 5 and 14 dpl.
n = 4 – 6 animals per group. Data are mean ± SEM. **p < 0.01. Statistical analysis: KruskalWallis with Dunn’s Multiple Comparison test.

Because not all CCN3+ cells are OLCs, other cellular sources of CCN3 expression
during spinal cord remyelination were investigated. To explore if microglia and
MDMs express CCN3 in this context, CCN3 was co-stained with Iba1 and Cluster of
Differentiation 68 (CD68) (Graeber et al., 1990; Kingham, Cuzner and Pocock, 1999).
CCN3 did not co-localise with Iba1+CD68+ microglia / MDMs (Appendix Figure
7.2). CCN3 was also co-stained with GFAP, a cell marker commonly used to identify
astrocytes but that is also expressed by non-myelinating Schwann cells (Jessen and
Mirsky, 1984; Jessen, Thorpe and Mirsky, 1984; Zawadzka et al., 2010).
CCN3+GFAP+ cells were detected within lesions, with densities peaking at 5 dpl and
decreasing by 14 dpl (Figure 5.6 A, C and D). Confocal microscopy confirmed CCN3
and GFAP staining co-localisation, corroborating GFAP+ glia as a source of CCN3
expression in this model (Figure 5.6 B). As it was the case in OLCs, CCN3 expression
was detected in cell bodies of GFAP+ glia (Figure 5.6 B). Around 50% of CCN3expressing cells were GFAP+ glia at 5 dpl and 35% at 14 dpl (Figure 5.6 E). Together,
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these data suggest that most cells expressing CCN3 during spinal cord remyelination
are OLCs and GFAP+ glia.
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Figure 5.6 GFAP+ glia express CCN3 in the remyelinating spinal cord. (A) Representative
fluorescence microscopy images of CCN3 and GFAP staining in untreated and LPC-injected
spinal cord ventral WM. Scale bar: 100μm. (B) Representative confocal microscopy images
of CCN3 and GFAP staining in LPC-induced lesions at 5 dpl. Scale bar: 25μm. Quantification
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of (C) CCN3+DAPI+ and (D) CCN3+GFAP+ cells in untreated and LPC-induced lesions at 5
and 14 dpl. (E) Percentage of CCN3+ cells expressing GFAP in untreated and LPC-induced
lesions at 5 and 14 dpl. n = 4 – 6 animals per group. Data are mean ± SEM. *p < 0.05, **p <
0.01. Statistical analysis: Kruskal-Wallis with Dunn’s Multiple Comparison test.

5.3.2 Proliferating cells express CCN3 in the remyelinating spinal cord
Because CCN3 has been reported to play a role in cell division in multiple cell types
(Joliot et al., 1992; Gellhaus et al., 2004; Van Roeyen et al., 2008; Le Dréau, Nicot,
et al., 2010; Wang et al., 2014), CCN3 expression was investigated in proliferating
cells of the remyelinating spinal cord. CCN3 was co-stained with Ki-67, a protein
upregulated during interphase and mitosis but not expressed in resting cells (Gerdes et
al., 1983, 1984). CCN3+Ki-67+ cells were detected within lesions at both 5 and 14 dpl
(Figure 5.7 A – D). However, CCN3+Ki-67+ cell density peaked at 5 dpl (Figure 5.7
A and D). Some CCN3+Ki-67+ OLCs were identified within lesions too, with
CCN3+Ki-67+Olig2+ cell densities also peaking at 5 dpl (Figure 5.7 E). Finally,
around 50% of CCN3+ cells were proliferating in the remyelinating spinal cord at both
5 and 14 dpl (Figure 5.8). Together, these findings demonstrate that CCN3 is
upregulated in the remyelinating spinal cord primarily by OLCs and GFAP+ glia.
Therefore, it is possible that CCN3 may play a role in OPC differentiation and
remyelination. Furthermore, because of known roles of CCN3 in cell division and the
finding that half of CCN3+ cells in the remyelinating spinal cord expressed Ki-67, it
was hypothesised that CCN3 may play a role in OPC proliferation during spinal cord
remyelination. To confirm these findings in a different CNS region and a different
model of toxin-induced demyelination, the kinetics of CCN3 expression were
investigated in the brain of cuprizone-fed mice.
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Figure 5.7 Some proliferating cells express CCN3 during spinal cord remyelination. (A)
Representative fluorescence microscopy images of Olig2, CCN3 and Ki-67 staining in
untreated and LPC-injected spinal cord ventral WM. Scale bar: 100μm. (B) Magnified
representative fluorescence microscopy images of Olig2, CCN3 and Ki-67 staining in LPCinduced lesions at 5 dpl. Yellow arrows: CCN3+Ki-67+Olig2+ cells; white arrows: CCN3+Ki67+Olig2- cells. Scale bar: 25μm. Quantification of (C) CCN3+DAPI+ (D) CCN3+Ki-67+ and
(E) CCN3+Ki-67+Olig2+ cells in untreated and LPC-induced lesions at 5 and 14 dpl. n = 4 – 6
animals per group. Data are mean ± SEM. *p < 0.05, **p < 0.01 and ****p < 0.0001. Statistical
analysis: (C) one-way ANOVA with Bonferroni post hoc test and (D, E) Kruskal-Wallis with
Dunn’s Multiple Comparison test.
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Figure 5.8 Approximately half of CCN3+ cells are proliferating during spinal cord
remyelination. Percentage of CCN3+ cells expressing Ki-67 in untreated and LPC-induced
lesions at 5 and 14 dpl. n = 4 – 6 animals per group. Data are mean ± SEM. ns: not significant.
Statistical analysis: Kruskal-Wallis with Dunn’s Multiple Comparison test.

5.3.3 CCN3 is upregulated in the lateral septum and corpus callosum during
demyelination and concomitant remyelination
To determine if CCN3 is upregulated in response to cuprizone-induced demyelination,
WT mice were fed with 0.2% cuprizone for up to 6 weeks. Diet was then changed to
normal rodent chow for up to 2 weeks to allow remyelination to occur. Tissue was
collected at a series of timepoints (as seen in Figure 5.9) and CCN3 expression was
examined in the corpus callosum, the largest WM tract in the brain and a consistent
region of demyelination in this model.
Before examining CCN3 expression, validation studies were performed to 1) ensure
demyelination occurred and 2) characterise glial responses and compare them to the
literature. During 0.2% cuprizone administration, mice lose weight. Weights
eventually stabilise and when the treatment is removed, they catch up to controls
(Hiremath et al., 1998a; Stidworthy et al., 2003; Sen et al., 2020). For animal welfare
purposes, weights were routinely recorded. In agreement with the literature, animals
initially lost weight. On average mice lost close to 20% weight by 2 weeks of cuprizone
administration. Weight then stabilised, mildly recovered, and eventually reached
control levels when diets were changed to normal chow (Appendix Figure 7.3 A).
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Figure 5.9 Experimental plan to investigate the kinetics of CCN3 expression in the corpus
callosum of cuprizone-fed mice. (A) 0.2% Cuprizone was fed to mice for up to 6 weeks, then
replaced to normal rodent chow for an additional 2 weeks. Tissue was collected at indicated
timepoints (black arrows). Both (remyelination) groups that were fed cuprizone and then
received a change of diet received cuprizone treatment for 6 weeks. Controls were mice fed
with regular rodent chow through the whole duration of the experiment (untreated). (B)
Coronal sections were collected from approximately 1, 0.5, -0.5 and -1mm from Bregma. (C)
Demyelination, OPC differentiation, remyelination and CCN3 expression were investigated
in the medial corpus callosum of coronal sections.

To determine if cuprizone treatment induced demyelination in the corpus callosum,
immunohistochemistry was performed in brain coronal sections to detect MBP, Iba1
and degraded MBP (dMBP). The antibody for the latter detects an epitope of MBP,
which becomes exposed when myelin is damaged (Matsuo et al., 1997). After 3 weeks
of cuprizone administration, MBP immunoreactivity increased and became debris-like
in morphology (Figure 5.10). This has been described in the literature as MBP
“hyperintense immunoreactivity” and hypothesised to occur due to an increase in
antigen availability when myelin becomes degraded (as MBP is located within
compact myelin) (Plemel et al., 2018). The increase in signal and change in MBP
morphology was also observed in the corpus callosum of animals fed with cuprizone
for 4 and 5 weeks (Figure 5.10). Positive, abundant dMBP signal was detected in the
corpus callosum of mice treated with cuprizone for 3, 4 and 5 weeks (Figure 5.10),
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suggesting that a large proportion of MBP staining at these timepoints is likely myelin
debris. There was no dMBP positive signal in the corpus callosum of mice fed with
cuprizone for 6 weeks (Figure 5.10), consistent with the large body of literature
showing that remyelination starts concomitantly during cuprizone administration after
~5 weeks of treatment (Sachs et al., 2014). Finally, as described in other studies
(Hiremath et al., 1998b), an increase in microglia and MDM infiltration was observed
in the corpus callosum from 2 weeks of cuprizone administration, peaking at 5 weeks
of treatment (Figure 5.10). After 6 weeks of cuprizone treatment, there was a decrease
in microgliosis and MDM density which further resolved after diet was changed to
regular chow (Figure 5.10). To further investigate if MBP+ signal was in fact debris
after 3, 4 and 5 weeks of cuprizone administration, confocal microscopy images were
acquired to 1) observe MBP/dMBP staining in the same focal plane and 2) compare
morphology with untreated controls.
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Figure 5.10 Cuprizone administration induces demyelination and microglia / MDM
infiltration in the murine corpus callosum. Representative fluorescence images of MBP,
Iba1 and dMBP staining in the medial corpus callosum of mice fed with 0.2% cuprizone.
Please note the acquisition settings were kept consistent across slides during imaging. cc:
corpus callosum; 6+1 and 6+2: 6 weeks of cuprizone treatment and 1 or 2 weeks of regular
rodent chow, respectively. Scale bar: 100μm.

Confocal microscopy revealed similar findings to those described above (Figure
5.11).
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immunohistochemical detection, which co-localised with MBP (Figure 5.12 A).
Confocal images acquired at a higher magnification allowed a more detailed
examination of MBP morphology, which remained compact and homogeneous in
untreated controls and became loose and disorderly in cuprizone-fed mice (Figure
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5.12 B). Together, these findings indicate cuprizone induced demyelination and
microglia / MDM infiltration in the murine corpus callosum, which resolved after diet
was replaced by normal chow.
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Figure 5.11 Cuprizone administration induces demyelination and microglia / MDM
infiltration in the murine corpus callosum. Representative confocal microscopy images of
MBP, Iba1 and dMBP staining in the medial corpus callosum of mice fed with 0.2% cuprizone.
Please note the acquisition settings were kept consistent across slides during imaging. cc:
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corpus callosum; 6+1 and 6+2: 6 weeks of cuprizone treatment and 1 or 2 weeks of regular
rodent chow, respectively. Scale bar: 50μm.
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Figure 5.12 Cuprizone administration induces demyelination and changes in MBP
immunoreactivity morphology in the murine corpus callosum. (A) Representative
confocal microscopy images of MBP and dMBP staining in the corpus callosum of untreated
and cuprizone-fed mice. Please note the acquisition settings were kept consistent across slides
during imaging. (B) Cropped magnified images showing MBP morphology in the corpus
callosum of untreated and cuprizone-fed mice. Scale bars: (A) 50 and (B) 25μm.

To investigate the dynamics of OPC recruitment and differentiation in this model at
different timepoints, staining of Olig2 and CC1 was performed (Figure 5.13, A). As
early as 2 weeks after cuprizone feeding, there was a significant decrease in the number
of OLCs and oligodendrocytes in the corpus callosum (Figure 5.13, A – C). The
number of OLCs gradually increased after this, reaching basal levels after 5 weeks of
the cuprizone administration period (Figure 5.13, B). On the other hand,
oligodendrocytes remained significantly depleted until 5 weeks of cuprizone-induced
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demyelination (Figure 5.13, C). These results are again consistent with reports in the
literature showing that during demyelination, concomitant remyelination occurs in this
model.
After confirming that cuprizone administration resulted in corpus callosum
oligodendrocyte depletion and demyelination, immunohistochemistry was performed
to investigate CCN3 expression during demyelination and remyelination. Even though
the initial focus was to investigate CCN3 expression in the corpus callosum, it first
became evident that there was a substantial increase in CCN3+ signal in a set of subcallosal structures known as the septal nuclei, particularly in the caudal lateral septum
(Figure 5.14 A – B). CCN3 upregulation was transient, starting to increase after 3
weeks of cuprizone administration, peaking after 4 weeks and becoming undetectable
by 6 weeks (Figure 5.14 A – B). CCN3 was also not detectable in untreated controls
nor mice fed with cuprizone followed by a regular chow diet (Figure 5.14 B).
Furthermore, anti-CCN3 antibody was specific to CCN3 as shown by isotype controls
in WT demyelinated tissue (Appendix Figure 7.4 A – B).
CCN3 upregulation was also detected in the corpus callosum, exclusively after 4
weeks of cuprizone administration and not in any of the other groups (Figure 5.15).
The morphology of CCN3+ signal (in both, the corpus callosum and lateral septum)
was interesting, looking like “punctae” which did not appear to co-localise with DAPI
(Figure 5.15). To confirm this, confocal microscopy images were acquired.
Furthermore, because CCN3 was upregulated by OLCs in the remyelinating spinal
cord, CCN3 was co-stained with Olig2 and CC1 in this tissue to ascertain if OLC also
upregulate CCN3 in this model and anatomical region. CCN3 did not co-localise with
DAPI, Olig2 nor CC1, showing that OLCs are not a source of CCN3 expression in this
context (Appendix Figure 7.5). Co-staining CCN3 with GFAP also showed that
GFAP+ glia were not a source of CCN3 expression in this model (Appendix Figure
7.6).
Interestingly, CCN3+ punctae closely resembled the morphology of axonal bulbs or
ovoids, pathologic structures which occur as a result of axonal stress or transection.
These structures have been previously described in the rodent corpus callosum during
cuprizone-induced demyelination (Trapp et al., 1998; Xie et al., 2010; Sachs et al.,
2014). To determine if CCN3 immunoreactivity is localised to these structures, CCN3
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was co-stained with axonal marker neurofilament heavy chain 200 kDa (NF200) and
APP. As expected, no APP+ signal was detected in the corpus callosum or lateral
septum of untreated controls (Figure 5.16 A). Using confocal microscopy, it was
observed that many CCN3+ punctae co-localised with APP+ ovoids/axons (Figure
5.16 A – B), identifying stressed or transected axons as the source of CCN3 in this
model.
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Figure 5.13 Cuprizone administration induces OLC depletion in the murine corpus
callosum. (A) Representative fluorescence microscopy images of Olig2 and CC1 staining in
the medial corpus callosum of mice fed with 0.2% cuprizone. cc: corpus callosum; 6+1 and
6+2: 6 weeks of cuprizone treatment and 1 or 2 weeks of regular rodent chow, respectively.
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Scale bar: 100μm. Quantification of (B) Olig2+ and (C) Olig2+CC1+ cells in the medial corpus
callosum of control and cuprizone-fed mice. n = 5 – 6 animals per group. Data are mean ±
SEM. *p < 0.05, **p < 0.01 and ***p < 0.001. Statistical analysis: one-way ANOVA with
Bonferroni post hoc test. All groups were compared to the untreated control group.
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Figure 5.14 CCN3 is transiently upregulated in the lateral septum of cuprizone-fed mice.
(A) Representative fluorescence microscopy images of CCN3 staining in the septal nuclei of
control and cuprizone-fed mice. cc: corpus callosum; ls: lateral septum; lv: lateral ventricle;
6+1 and 6+2: 6 weeks of cuprizone treatment and 1 or 2 weeks of regular rodent chow,
respectively. Scale bar: 200μm. (B) Percentage of CCN3+ area in the septal nuclei of controls
and cuprizone-fed mice. n = 4 – 6 animals per group. Data are mean ± SEM. *p < 0.05, **p <
0.01 and ***p < 0.001. Statistical analysis: Kruskal-Wallis with Dunn’s Multiple Comparison
test.
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Figure 5.15 CCN3+ punctae are detected in the corpus callosum and lateral septum of
mice fed with cuprizone for 4 weeks. Representative fluorescence microscopy images of
CCN3 staining in the corpus callosum and lateral septum of mice fed with cuprizone for 4
weeks. cc: corpus callosum; ls: lateral septum. Scale bar: 50μm.
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Figure 5.16 CCN3 co-localises with a marker of axonal stress in the corpus callosum and
lateral septum of cuprizone-fed mice. (A) Representative confocal microscopy images of
CCN3 and APP staining in the corpus callosum and lateral septum of untreated and mice fed
with cuprizone for 4 weeks. Yellow arrows: CCN3+APP+ ovoids/axons. Scale bar: 50μm. (B)
Cropped, magnified confocal images of CCN3+APP+ ovoids/axons in the corpus callosum and
lateral septum of mice fed with cuprizone for 4 weeks. Scale bar: 10μm.
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5.3.4 CCN3 is not required for OPC proliferation in the remyelinating spinal
cord
So far, CCN3 expression appeared to transiently increase during demyelination and
remyelination in several anatomical regions in two different models of toxin-induced
demyelination. Importantly, OLCs expressed CCN3 in the remyelinating spinal cord,
approximately 50% of which were actively proliferating at 5 dpl. Therefore, it was
hypothesised that CCN3 may be required for OPC proliferation in the spinal cord
remyelinating WM. To test this hypothesis, LPC was injected in the ventral WM of
WT and CCN3-/- adult mice, tissue collected at 5 dpl and immunohistochemistry
performed to detect and compare the number of proliferating OPCs within lesions.
First, immunohistochemistry for MBP and Iba1 was performed to ensure that a
demyelinating lesion was generated. As observed in the literature and the cuprizone
model in this study, MBP “hyperimmunoreactivity” was detected, likely due to the
presence of myelin debris at this timepoint (Figure 5.17 A – B). An increase in Iba1+
microglia / MDM infiltration was also observed, consistent with demyelination
kinetics in this model (Figure 5.17 A – B). Finally, as expected, hypercellularity was
observed within the lesion, as seen by the infiltration of DAPI+ cells. To quantify the
number of proliferating OPCs within WT and CCN3-/- lesions, immunohistochemistry
for Olig2 and Ki-67 was performed. The average analysed lesion areas between groups
were compared to ensure areas where quantification was performed were approximate
in size (Appendix Figure 7.7 A).
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Figure 5.17 LPC injection in the ventral spinal cord induces demyelination and microglia
/ MDM infiltration in WT and CCN3-/- mice. (A) Representative fluorescence microscopy
images of Iba1 and MBP staining in ventral spinal cord WM at 5 dpl. Please note the high
levels of MBP immunoreactivity in the lesion most likely represent myelin debris. Scale bar:
100μm. (B) Magnified cropped images from within lesions in A showing Iba1 and MBP
staining. Scale bar: 25μm.

There was no significant difference in the densities of OLCs, proliferating OPCs nor
in the percentage of proliferating OLCs within lesions at 5 dpl between genotypes
(Figure 5.18). These findings show that CCN3 is not required for OPC proliferation
in the murine remyelinating spinal cord.
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5.3.5 CCN3 is not required for OPC differentiation in the remyelinating spinal
cord
Because CCN3 was upregulated in OLCs in the remyelinating spinal cord by both
OPCs and to a lesser extent oligodendrocytes, it was hypothesised that CCN3 may be
required for OPC differentiation in the remyelinating spinal cord. To test this
hypothesis, LPC was injected in the ventral WM of WT and CCN3-/- adult mice, tissue
collected at 14 dpl and immunohistochemistry performed to detect and compare the
number of differentiating OPCs within lesions.
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Figure 5.18 CCN3 is not required for OPC proliferation during remyelination in the
ventral spinal cord WM. (A) Representative fluorescence microscopy images of Olig2 and
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Ki-67 staining in ventral spinal cord WM at 5 dpl. Scale bar: 100μm (B) Magnified cropped
images from within lesions in A showing Olig2 and Ki-67 staining. White arrows: Olig2+Ki67+ cells. Scale bar: 25μm. Quantification of (C) Olig2+ and (D) Olig2+Ki-67+ cells within
lesions at 5 dpl. (E) Percentage of OLCs expressing Ki-67 at 5 dpl. n = 4 – 5 animals per group.
Data are mean ± SEM. ns: not significant. Statistical analysis: (C, D) unpaired, two-tailed,
student’s t test or (E) Mann-Whitney U test.

First, spinal cord sections were stained with BGII to ensure demyelination occurred
within lesions. Defined, BGII-free lesions were observed in the sites of injection,
demonstrating efficient demyelination by LPC (Figure 5.19). To quantify the number
of differentiating OPCs within WT and CCN3-/- lesions, immunohistochemistry for
Olig2 and CC1 was performed. The average analysed lesion areas between genotypes
were comparable (Appendix Figure 7.7 B). There was no significant difference in the
densities of OLCs, differentiating OPCs nor in the percentage of differentiated OLCs
within lesions at 14 dpl between genotypes (Figure 5.20 A – E). These findings
suggest that CCN3 is not required for OPC differentiation in the murine remyelinating
spinal cord.
WT

CC N3-/-

BGII
Figure 5.19 LPC injection in the ventral spinal cord induces demyelination.
Representative brightfield microscopy images of BGII staining in ventral spinal cord WM at
14 dpl. Scale bar: 50μm.
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Figure 5.20 CCN3 is not required for OPC differentiation in the remyelinating ventral
spinal cord WM. (A) Representative fluorescence microscopy images of Olig2 and CC1
staining in ventral spinal cord WM at 14 dpl. Scale bar: 100μm (B) Magnified cropped images
from within lesions in A showing Olig2 and CC1 staining. White arrows: Olig2+CC1+ cells.
Scale bar: 25μm. Quantification of (C) Olig2+ and (D) Olig2+CC1+ cells within lesions at 14
dpl. (E) Percentage of OLCs expressing CC1 at 14 dpl. n = 11 animals per group. Data are
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mean ± SEM. ns: not significant. Statistical analysis: (C, D) unpaired, two-tailed, student’s t
test or (E) Mann-Whitney U test.

5.3.6 CCN3 is not required for OPC differentiation in the remyelinating corpus
callosum
Because CCN3 was highly expressed in the healthy adult brain and upregulated during
cuprizone-induced demyelination, it was also studied whether CCN3 was required for
OPC differentiation during corpus callosum remyelination in this model. To test this,
male WT and CCN3-/- mice were fed with 0.2% cuprizone for 6 weeks. This diet was
then replaced for regular rodent chow for an additional 2 weeks. Mice that were fed
regular rodent chow through the duration of the experiment were used as controls.
Tissue was collected and analysed as shown in Figure 5.9 B – C.
First, coronal brain sections were stained with BGII to ensure demyelination occurred
in the corpus callosum. BGII-free regions were observed in the corpus callosum of
mice from both genotypes fed with cuprizone for 6 weeks, demonstrating
demyelination by cuprizone took place (Figure 5.21). Furthermore, an increase in
BGII+ staining was observed in mice who were treated with cuprizone and then
changed to a normal diet, showing remyelination occurred (Figure 5.21). The corpus
callosum of untreated controls had consistent, homogenous BGII staining (Figure
5.21). Animal weights were recorded, and a decline was observed in cuprizone-fed
mice. This was followed by stabilisation and recovery to control levels when diet was
changed to regular chow (Appendix Figure 7.3 B).
To quantify the number of differentiated OPCs within the WT and CCN3-/- controls
and remyelinating corpus callosum, immunohistochemistry for Olig2 and CC1 was
performed. There was no significant difference in the densities of OLCs or
differentiating OPCs between genotypes (Figure 5.22 A – C). Together, these results
indicate that CCN3 is not required for OPC differentiation to occur during WM CNS
demyelination.
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Figure 5.21 Cuprizone induces demyelination in the corpus callosum of WT and CCN3/-

mice. Representative brightfield microscopy images of BGII staining in the corpus callosum

of cuprizone-fed and untreated WT and CCN3-/- mice. 6+2: 6 weeks of cuprizone treatment
and 2 weeks of regular rodent chow. Scale bar: 100μm.

184

Untreated

WT

A
cc

Olig 2

CC1

WT
WT

-/CCN3

Rem yel ination
(6+2)

-/CCN3

Dem yel ination
control
(6wks)

-/CCN3

Olig 2 / CC1 / DAPI

B
Olig2 + cells / mm 2

300 0

ns

ns

ns

WT
CCN3-/-

200 0

100 0

0
Unt rea ted

Olig2 +CC1+ cells / mm 2

C
300 0

Dem yelin atio n
(6 wks)

Rem yelin atio n
(6 +2)

ns

ns

ns

Unt rea ted

Dem yelin atio n
(6 wks)

Rem yelin atio n
(6 +2)

WT
CCN3-/-

200 0

100 0

0

Figure 5.22 CCN3 is not required for OPC differentiation in the corpus callosum during
remyelination. (A) Representative fluorescence microscopy images of Olig2 and CC1
staining in the corpus callosum of untreated and cuprizone-fed mice. cc: corpus callosum; 6+2:
6 weeks of cuprizone treatment and 2 weeks of regular rodent chow. Scale bar: 100μm.
Quantification of (B) Olig2+ and (C) Olig2+CC1+ cells in the corpus callosum of untreated and
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cuprizone-fed mice. n = 3 – 6 animals per group. Data are mean ± SEM. ns: not significant.
Statistical analysis: Kruskal-Wallis with Dunn’s multiple comparison test.

5.3.7 CCN3 is not required for microglia / MDM infiltration in the demyelinated
corpus callosum
To investigate if CCN3 deficiency affects microglia / MDM infiltration during
cuprizone-induced demyelination, immunohistochemistry for Iba1 was performed in
brain coronal sections from WT and CCN3-/- cuprizone-fed and untreated mice. In both
genotypes, there was an increase in the percentage of Iba1+ area after 6 weeks of
cuprizone administration (Figure 5.23 A – B). After 6 weeks of cuprizone
administration followed by 2 weeks of regular rodent chow, Iba1+ area remained high
compared to untreated controls but lower than that of demyelination controls (Figure
5.23 A – B). Finally, there was no significant difference in the percentage of Iba1+ area
in the corpus callosum between genotypes in untreated, cuprizone-fed and
remyelinating mice (Figure 5.23 A – B). These results suggest that CCN3 is not
required for microglia / MDM infiltration in the corpus callosum upon cuprizone
administration.
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Figure 5.23 CCN3 is not required for microglia / MDM infiltration in the corpus
callosum during cuprizone administration. (A) Representative fluorescence microscopy
images of Iba1 staining in the corpus callosum of untreated and cuprizone-fed mice. cc: corpus
callosum; 6+2: 6 weeks of cuprizone treatment and 2 weeks of regular rodent chow. Scale bar:
100μm. (B) Percentage of Iba1+ area in the corpus callosum of untreated and cuprizone-fed
mice. n = 4 – 6 animals per group. Data are mean ± SEM. ns: not significant. Statistical
analysis: Kruskal-Wallis with Dunn’s multiple comparison test.
187

5.3.8 CCN3 deficiency does not overtly alter astrogliosis during demyelination /
remyelination in the corpus callosum
Finally, to study whether CCN3 deficiency causes any overt changes in cuprizone
administration-induced astrogliosis, immunohistochemistry for GFAP was performed
in brain coronal sections from WT and CCN3-/- cuprizone-fed and untreated mice. In
both genotypes, there was an increase in the percentage of GFAP+ area after 6 weeks
of cuprizone administration (Figure 5.24 A – B). Although it was slightly reduced in
the corpus callosum of CCN3-/- mice, this reduction was not statistically significant
(Figure 5.24 B). Astrogliosis persisted in the corpus callosum of mice fed with
cuprizone and then with rodent chow. At this timepoint, there was no significant
difference in GFAP+ area between genotypes (Figure 5.24 A – B). Together, these
results suggest that CCN3 deficiency does not significantly alter cuprizone inducedastrogliosis in the murine corpus callosum.
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Figure 5.24 CCN3 deficiency does not overtly impact astrogliosis in the corpus callosum
of cuprizone-fed mice. (A) Representative fluorescence microscopy images of GFAP staining
in the corpus callosum of untreated and cuprizone-fed mice. cc: corpus callosum; 6+2: 6 weeks
of cuprizone treatment and 2 weeks of regular rodent chow. Scale bar: 100μm. (B) Percentage
of GFAP+ area in the corpus callosum of untreated and cuprizone-fed mice. n = 4 – 6 animals
per group. Data are mean ± SEM. ns: not significant. Statistical analysis: Kruskal-Wallis with
Dunn’s multiple comparison test.

189

5.4 Discussion
CCN3 is a matricellular protein that induces OPC differentiation and myelination in
vitro and ex vivo (Dombrowski et al., 2017). In vivo, CCN3 is expressed primarily by
neurons of specific healthy CNS anatomical regions but is not essential for CNS OPC
differentiation or myelination (see Chapters 3 and 4). However, CCN3 and other CCN
proteins are known to be dynamically regulated during injury, regeneration and
inflammation in non-CNS tissues (Ellis et al., 2000; Lin et al., 2005, 2010; C. C. Chen
and Lau, 2009; Wang et al., 2014). CCN3 expression in the demyelinated and
remyelinating CNS has not yet been studied, therefore CCN3 expression kinetics were
investigated in two models of toxin-induced demyelination: spinal cord LPC injection
and cuprizone diet administration.
CCN3 was transiently upregulated within lesions of the murine spinal cord ventral
WM 5 days after LPC injection. Some CCN3+ cells were also detected at 14 dpl, but
to a lesser extent. Importantly, OLCs were identified to be a source of CCN3
expression. This is the first time that evidence has been generated showing that 1)
OLCs can express CCN3 and 2) CCN3 is upregulated during CNS remyelination. Only
a minority of CCN3-expressing OLCs were differentiated oligodendrocytes, as shown
by CCN3, Olig2 and CC1 immunohistochemistry. GFAP+ glia also upregulated CCN3
during CNS remyelination. Although >90% of astrocytes express GFAP in this model
and context (Zawadzka et al., 2010) and CCN3 was previously reported to be
expressed by rat astrocytes in vitro and in vivo (Fu et al., 2004; Le Dréau, Kular, et al.,
2010), pre-myelinating Schwann cells also express GFAP (Jessen and Mirsky, 1984;
Jessen, Thorpe and Mirsky, 1984; Zawadzka et al., 2010). Therefore, either astrocytes
or Schwann cells are a possible source of CCN3 expression in this model. Additional
immunohistochemical analysis should further clarify the nature of these
CCN3+GFAP+ glia. For instance, co-staining CCN3 and GFAP with aquaporin-4 (an
astrocyte marker) or Octamer-Binding Transcription factor 6 (a Schwann cell marker)
would identify the GFAP+ cell type expressing CCN3 in this model (Nagelhus et al.,
1998; Sim et al., 2002).
Interestingly, at 5 dpl, ~65% of CCN3+ cells were Olig2+ OLCs and ~50% were
GFAP+ glia. This overlap could have different explanations. The simplest explanation
is that there were variations in cell quantification, cell densities examined in different
tissue sections or a combination of both. While astrocytes are known to be able to
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differentiate from OPCs in vitro (Raff, Miller and Noble, 1983), Olig2+ astrocytes
were not detected in spinal cord LPC-induced lesions (Zawadzka et al., 2010). It was
reported that when mice are immunised with MOG to induce experimental
autoimmune encephalomyelitis (which models some aspects of MS) 1 – 2% of
PDGFRα+ precursors in lesioned spinal cords are astrocytes. However, this conclusion
was based on GFAP and S100β immunohistochemistry (Tripathi et al., 2010), both of
which are expressed in other murine glial cells including Schwann cells and OLCs
respectively (Hachem et al., 2005; Zawadzka et al., 2010). Therefore, it is unlikely
that CCN3+ cells in the murine remyelinating spinal cord are Olig2+ astrocytes.
Conversely, at 14 dpl in this model, ~30% of CCN3+ cells were Olig2+ OLCs and
~35% were GFAP+ glia. These results suggest that there may be an additional cellular
source of CCN3 expression at 14 dpl. One possibility is that there are CCN3expressing Treg in the lesion at this timepoint. Treg express and secrete CCN3 in vitro,
and infiltrate LPC-induced spinal cord WM lesions at 3 and 11 dpl (Dombrowski et
al., 2017). Since CCN3 staining did not co-localise with Iba1+CD68+ microglia /
MDMs at 5 or 14 dpl, it remains a possibility that CCN3 was expressed by other CNS
cells (such as myelinating Schwann cells, pericytes or endothelial cells) or peripheral
immune cells. Further immunohistochemical or flow cytometry studies will clarify the
nature of this source.
CCN3 is a known cell growth regulator in other cell types and in cancer, most
commonly having been reported as a negative regulator but also positive in different
contexts (Joliot et al., 1992; Gellhaus et al., 2004; Van Roeyen et al., 2008; Le Dréau,
Nicot, et al., 2010; Wang et al., 2014). On average ~50% of CCN3+ cells detected in
the remyelinating spinal cord WM were in mitosis or interphase at both 5 and 14 dpl,
as demonstrated by Ki-67 co-localisation (Gerdes et al., 1983, 1984). Some of these
CCN3+Ki-67+ cells were also Olig2+, suggesting some proliferating OPCs express
CCN3. It is worth noting that at 14 dpl only a few cells were CCN3+Ki67+Olig2+; these
cells were detected mostly at 5 dpl. Because of known roles of CCN3 as a cell division
regulator and the finding that some proliferating OPCs express CCN3, the role of
CCN3 in OPC proliferation during CNS remyelination was investigated. Surprisingly,
at 5 dpl there was no significant difference in the number or percentage of proliferating
OPCs in LPC-induced lesions of WT and CCN3-/- mice. Since CCN3 expression was
also detected in a few differentiated oligodendrocytes, the role of CCN3 in OPC
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differentiation was further studied. However, at 14 dpl there was no significant
difference in the number or percentage of differentiated oligodendrocytes between
genotypes. These results demonstrate that CCN3 is not required for OPC proliferation
nor differentiation to occur during spinal cord remyelination. Finally, neither at 5 nor
14 dpl there was a significant difference in the density of OLCs in lesions between
genotypes, suggesting OPC recruitment to lesions was likely not impaired.
These results beg the question: what is the role of CCN3 in Olig2+ and GFAP+ glia in
this model and region? A drawback in these experiments is that it remains unknown
whether CCN3 was upregulated as a result of demyelination specifically, or whether
it was a result of injury caused by the injection. Further studies including the addition
of a sham control (in this case, PBS injection) should answer this question. It is worth
noting that only ~5% of OLCs express CCN3 at 5 dpl, and ~1% at 14 dpl. It is possible
that CCN3 may be promoting cell adhesion, survival or death. Additional in vitro OPC
survival and adhesion assays as well as immunohistochemical co-staining with
markers of cell death should further clarify this question.
Because CCN3 was upregulated in the remyelinating spinal cord by OLCs and GFAP+
glia, CCN3 expression kinetics were investigated in a different model of toxin-induced
demyelination and anatomical region: the corpus callosum of cuprizone-fed mice.
CCN3 was detected in the corpus callosum of mice treated with cuprizone for 4 weeks
only. Intriguingly, CCN3 was also detected in a set of subpallial structures known as
the septal nuclei, located immediately below the corpus callosum. CCN3 was detected
particularly in the caudal lateral septum, with increased expression after 3, 4 and 5
weeks of cuprizone administration (peaking at 4 weeks). However, CCN3
immunoreactivity did not co-localise with Olig2+ or GFAP+ glia. CCN3
immunoreactivity morphology was peculiar: small punctae resembling those of
structures known as axonal bulbs or ovoids, pathological structures which occur as a
result of axonal stress or transection in demyelinating disease (Trapp et al., 1998).
Indeed, CCN3+ punctae co-localised with APP in the demyelinated corpus callosum
and lateral septum. These findings raise the possibility that CCN3 (expressed by
neurons in the healthy murine brain), may be transported along axons and 1)
accumulate and 2) become detectable by immunohistochemistry when these are
stressed, and axonal transport is interrupted.
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The lateral septum, or lateral septal complex, is a group of structures that are part of
the limbic system and are involved in the regulation of aggression (Brady and Nauta,
1953; Zeman and King, 1958; Wong et al., 2016; Leroy et al., 2018), anxiety (Menard
and Treit, 1996; Gavioli, Canteras and De Lima, 1999; Degroot and Treit, 2002; Parfitt
et al., 2017), feeding and motivation (Wang and Kotz, 2002; Sweeney and Yang, 2015,
2016; Terrill et al., 2018). Based on anatomical, biochemical (neurotransmitter and
receptor expression) and connective properties, the lateral septum can be divided into
rostral, ventral and caudal nuclei (Risold and Swanson, 1997b, 1997a). CCN3
immunoreactivity is transiently increased in the latter during cuprizone-induced
demyelination. Major regions connecting to and/or from rodent caudal lateral septal
neurons include specific nuclei of the hippocampus, hypothalamus, thalamus,
pallidum and amygdala (Risold and Swanson, 1997b) (Figure 5.25). In the adult
healthy brain, CCN3 is expressed in some of these regions, namely the hippocampal
formation (field CA1 and subiculum) and amygdala (see Chapter 3). While it is
possible that CCN3 may be expressed in neurons of these areas and then transported
towards the lateral septum, it is also feasible that CCN3 is in transit (in axons) between
two different anatomical regions which may not necessarily connect with lateral septal
neurons. These data are, however, additional evidence that CCN3 expression appears
to be associated to limbic structures. It is important to mention that the lateral septum
(like the corpus callosum) becomes demyelinated after cuprizone administration
(Zhang et al., 2019). However, axonal pathology had not been investigated in this
region and model hitherto. The increased presence of APP+ punctae in the lateral
septum compared to controls (where there is no APP immunoreactivity) suggests the
presence of axonal damage after cuprizone administration.
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Figure 5.25 Afferent and efferent connections of the caudal lateral septum in the rodent brain. Sagittal view of the rodent brain showing afferent (blue)
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Increased immunoreactivity of axonal damage markers in the corpus callosum, on the
other hand, was previously reported in this model (Xie et al., 2010; Sachs et al., 2014).
As previously mentioned, CCN3+ punctae were detected in the corpus callosum 4
weeks after cuprizone administration, partially co-localising with APP+ signal. The
corpus callosum is a sub-cortical commissural tract that connects both cerebral
hemispheres. In the neocortex, most of these connections are homotropic (linking
equivalent, symmetric regions), while a minority are heterotropic (Watson, Paxinos
and Puelles, 2012). Most callosal-projecting neurons are in cortex layer 2/3, while the
remaining are found in layer 5 and a few in layer 7 (Wise, 1975; White and Czeiger,
1991; Mitchell and Macklis, 2005; Fame, MacDonald and Macklis, 2011). CCN3
expression in the adult, healthy murine cortex is predominantly restricted to these
layers (see Chapter 3). Given these findings, it is tempting to hypothesise that CCN3
is produced by neurons in layers 2/3, 5 and 7 and transported along callosal axons.
When the latter are stressed (e.g., during cuprizone-induced demyelination), CCN3
transport may halt or slow down and become detectable by histological methods. A
similar paradigm was previously suggested in ISH and immunohistochemical
investigations of CCN3 expression in the kidney (Chevalier et al., 1998). CCN3
mRNA and protein were detected in the soma of kidney neurons, whereas only the
protein counterpart was detected in neuronal processes. The authors suggested that
CCN3 may be synthesised in neurons and transported along axons (Chevalier et al.,
1998). These data also suggest that CCN3 may be expressed in peripheral nervous
tissue and calls for a characterisation of CCN3 expression in the PNS. Finally, another
study found that CCN3 was a negative regulator of neurite outgrowth in a neuro2a cell
line (Park et al., 2015). In vivo, overexpressing CCN3 in the embryonic murine cortex
resulted in callosal projection inhibition in new born pups (Park et al., 2015). These
findings suggest that CCN3 may play a role in callosal projection regulation during
development (or perhaps even shape neuronal projection guidance, for which there is
no evidence yet). Nevertheless, whether this role is maintained throughout adulthood
remains to be determined.
Despite increased CCN3 immunoreactivity in the corpus callosum and lateral septum
during cuprizone-induced demyelination, CCN3 deficiency did not significantly
impair OPC differentiation during remyelination. Despite having a different source of
expression, these data reinforce the findings observed in the spinal cord LPC-injection
195

model. Furthermore, CCN3 deficiency did not appear to significantly impact microglia
/ MDM infiltration or astrogliosis in the corpus callosum of cuprizone-fed mice.
However, to determine this, the percentage of positive Iba1 and GFAP areas were
calculated. This was therefore a gross estimation of microgliosis and astrogliosis,
which comes with caveats. For example, in the hypothetical case there was an increase
in the percentage of GFAP+ area, this could be due to an increase in the number of
GFAP+ cells, in cell arborisation / hypertrophy or both. Therefore, to obtain a more
comprehensive picture, higher magnification images and cell quantification should be
performed. Another drawback was that cuprizone was administered to mice for 6
weeks to induce demyelination, a timepoint where demyelination can be observed via
histological methods but significant OPC differentiation and some remyelination has
occurred concomitantly to demyelination. Nevertheless, no significant difference in
OLC or oligodendrocyte density was observed between genotypes in the corpus
callosum of demyelinated controls either. Finally (but importantly), although no
differences in OPC differentiation were observed between genotypes in neither of the
models used, ultrastructural examination of remyelinated axons within lesions was not
performed. This is a caveat – although OPCs differentiate in the remyelinating CNS
of CCN3-deficient mice to levels comparable to controls, it remains possible that there
may be differences in either 1) the percentage of remyelinated axons or 2) g ratios of
newly generated myelin sheaths. Therefore, these results should be interpreted with
the consideration that quantification of CC1+ cells, as a measure of differentiated
oligodendrocytes, was used as a surrogate indicator of remyelination.
In conclusion, despite extensive CCN3 expression in the healthy brain and transient
upregulation during CNS demyelination and remyelination, CCN3 was not required
for OPC proliferation nor differentiation during myelin regeneration in vivo. These
findings, however, provide a framework for future investigations aiming to unravel the
biological function of CCN3 in the CNS.
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6. General discussion
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system
(CNS), for which there are no clinically approved remyelinating therapies at present.
Understanding the mechanisms that regulate oligodendrocyte progenitor cell (OPC)
migration, proliferation, differentiation and myelin wrapping is critical for the
identification of pro-remyelinating factors and subsequent effective drug design.
Regulatory T cells (Treg) are essential for efficient murine CNS remyelination in vivo
(Dombrowski et al., 2017). Treg secrete cellular communication network factor 3
(CCN3) in vitro, which enhances OPC differentiation and myelination in mixed glia
and organotypic brain slice cultures, respectively (Dombrowski et al., 2017). Thus,
this thesis aimed to elucidate the role of CCN3 in CNS myelination and remyelination.
In general, the role(s) of CCN3 in the CNS remain largely unexplored. However,
several reports indicate that CCN3 is extensively expressed in human and rat CNS
cells and tissues (Joliot et al., 1992; Su et al., 1998, 2001; Kocialkowski et al., 2001;
Fu et al., 2004; Le Dréau, Kular, et al., 2010; Le Dréau, Nicot, et al., 2010; Park et al.,
2015). Therefore, this work also aimed to characterise CCN3 expression in the mouse
CNS, as it appears Treg may not be the main source of CCN3 in this context.
This investigation showed that CCN3 is expressed in the murine cerebral cortex,
hippocampus, amygdala, anterior olfactory nuclei, suprachiasmatic nuclei, spinal cord
grey matter and Bruch’s membrane in the eye. Excluding the eyes, CCN3 expression
was detected in NeuN+ neurons of the CNS parenchyma. This regional-specific
neuronal expression pattern suggests that CCN3 may perform specific functions in the
CNS, which remain unknown. Previous studies showed that CCN3 is upregulated in
rat cerebellar Purkinje neurons during development, reaching full expression in
adulthood (Su et al., 2001; Le Dréau, Nicot, et al., 2010). In this context, CCN3
negatively regulates rat granule neuron precursor (GNP) proliferation (Le Dréau,
Nicot, et al., 2010). In the studies presented here, however, CCN3 was not detected in
mouse cerebella. Furthermore, the CCN3 expression pattern differed from those
reported in the developing and adult rat, as well as developing human CNS (Su et al.,
1998, 2001; Kocialkowski et al., 2001; Le Dréau, Kular, et al., 2010; Le Dréau, Nicot,
et al., 2010). Importantly, CCN3 protein expression was nearly identical to that shown
in an in situ hybridisation (ISH) database of the adult mouse brain (Lein et al., 2007).
Exceptions included two thalamic nuclei and the Purkinje layer in the cerebellum in
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some samples (Lein et al., 2007). This suggests CCN3 mRNA and protein expression
in the mouse CNS do not fully correlate and may imply post-transcriptional regulation
of CCN3 expression. Interestingly, in the developing mouse brain, ccn3 mRNA is first
detected at embryonic day 15.5 (E15.5), from which point expression gradually
increases until postnatal date 21 (P21) (Park et al., 2015). Thus, CCN3 expression may
be differentially regulated during mouse development also. This calls for a
characterisation of CCN3 expression in the developing CNS. While CCN3
immunoreactivity co-localised with NeuN+ neurons in the brain and spinal cord, the
identity of these neurons remains unknown. A single-cell RNA sequencing
(scRNAseq) database suggests CCN3 is primarily expressed in excitatory neurons in
the adolescent mouse (Zeisel et al., 2018). Co-staining for CCN3 and various
neurotransmitters in the adult mouse CNS should identify the type of neurons that
express CCN3. Furthermore, injecting anterograde tracers in regions with neuronal
populations expressing CCN3 would aid elucidate the connectivity of these cells.
Finally, testing the performance of CCN3-/- mice in behavioural experiments may
identify functions of CCN3 in the CNS.
Despite abundant CCN3 expression in the wild type (WT) CNS, the densities of
oligodendrocyte lineage cells (OLCs), OPCs, oligodendrocytes and myelinated axons
are comparable in the CNS of adult CCN3-/- mice and WT controls. This indicates that
CCN3 is not required for murine CNS myelination. Furthermore, OPC proliferation
and differentiation were comparable between genotypes in two in vivo models of toxininduced demyelination. However, CCN3 immunoreactivity is transiently upregulated
during de- and remyelination. In lysophosphatidylcholine (LPC)-injected spinal cord
ventral white matter, OLCs and glial fibrillary acidic protein (GFAP)+ glia transiently
express CCN3. The latter may be astrocytes or Schwann cells (Zawadzka et al., 2010).
The function of CCN3 in these cells during remyelination remains unknown. CCN3 is
expressed in rat GFAP+ astrocytes in vitro and in vivo (Fu et al., 2004; Le Dréau, Kular,
et al., 2010). Treating primary rat astrocytes with CCN3 upregulates chemokine (C-C
motif) ligand 2 (CCL2) and chemokine (C-X-C motif) ligand 1 (CXCL1) expression
(Le Dréau, Kular, et al., 2010). In the demyelinated mouse brain, activated adult OPCs
(aOPCs) upregulate CCL2, which enhances OPC migration (Moyon et al., 2015). In
MS lesions, CCL2 is expressed by mononuclear cells and astrocytes (Mahad and
Ransohoff, 2003). It is a possibility that in LPC-induced lesions, CCN3 may regulate
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chemokine or cytokine expression. Influencing the inflammatory milieu may in turn
affect OPC activation or migration. In the remyelinating spinal cord, there were
comparable densities of OLCs within lesions of WT and CCN3-/- mice. There were
also no significant differences in the densities of proliferating OPCs or
oligodendrocytes. On the other hand, assessing OPC migration in vivo is extremely
challenging. To accurately measure this function, modified Boyden chamber, agarose
drop or live cell recording in vitro assays can be used (Frost, Milner and FfrenchConstant, 2000), with the caveat that these environments lack extracellular matrix and
non-cell autonomous cues. In vivo, intravital imaging is the gold standard to measure
cell migration. Nevertheless, this is extremely difficult to achieve in the mouse spinal
cord due to inaccessibility to the lesioned tissue. Furthermore, a deficiency in OPC
migration may be compensated by an increased rate in proliferation. These
disadvantages may be partially overcome in an experimental set-up in which 1) either
bromodeoxyuridine (BrdU) or 5′-ethynyl-2′-deoxyuridine (EdU) is incorporated in the
drinking water of mice or intraperitoneally injected before the surgeries (BrdU and
EdU integrate into dividing cells) (Keirstead, Levine and Blakemore, 1998; Young et
al., 2013), 2) lesioned tissue is collected at several early experimental end points after
LPC injection (between 3 and 5 days post-lesion), 3) the entire volume of the lesion is
analysed, as opposed to a few non-consecutive sections and 4) because OPC
proliferation largely occurs at the lesion site (Niu et al., 2019), the number of OPCs
that are BrdU- or EdU- are quantified. It is noteworthy that executing this experimental
design would be time consuming and would not account for migration occurring
outside the lesion (unless perilesional areas are also analysed). It also may be important
to analyse OPC-vascular coupling, as abnormalities in this process will likely affect
OPC migration (Tsai et al., 2016; Niu et al., 2019). Therefore, it remains a possibility
that CCN3 plays a role in OPC migration in this model of toxin-induced
demyelination. However, the experimental designs presented in this work are not
suitable to answer this question. Although CCN3 expression was transiently detected
in OLCs and GFAP+ glia of the remyelinating spinal cord, it remains a possibility that
CCN3 is secreted from other cell sources and binds to the cell membranes of these
cells. Performing ISH in this tissue would aid identify the cells where ccn3 is produced.
A transient increase in CCN3 immunoreactivity was also observed in the corpus
callosum and caudal lateral septum of cuprizone-fed mice. This immunoreactivity was
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punctate in morphology and partially co-localised with amyloid precursor protein
(APP). These findings suggest that CCN3 is produced by neurons in specific regions
of the CNS and may be transported along axons. While CCN3 is not normally detected
in callosal or septal tracts, axonal damage or stress may slow down or halt protein
transport, resulting in CCN3 accumulation in axonal ovoids and subsequent
immunohistochemical detection. Interestingly, CCN3 was not detected in OLCs or
GFAP+ glia in this model, suggesting 1) regional differences of CCN3 expression
during de- and remyelination and/or 2) different cellular responses to different
demyelinating toxins. In summary, dynamic CCN3 expression does not confer
essential roles in murine CNS myelination or remyelination, at least in the range of
experimental models used.
Limitations of this study
To appropriately interpret experimental data, it is important to identify the limitations
of the methods and design used in a research study. The main caveats of this work are
summarised in Table 6.1.
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Table 6.1 Disadvantages of the work and models presented in this thesis. Further
experimental work to overcome these caveats is suggested.

Caveats of this work
All work was performed using male
mice
No ultrastructural examination of
myelin was performed in CCN3-/- mice
Myelin wrapping was not examined in
models of toxin-induced demyelination.
OPC differentiation was used as a
surrogate read-out of remyelination

Future work to address these caveats
Include female mice in future
experiments. Stratify data to identify
potential differences between sexes
Use transmission electron microscopy
(TEM) to answer whether 1) CCN3
deficiency affects myelin g ratios and 2)
CCN3 is required for efficient
remyelination
Perform modified Boyden chamber
assay using OPCs derived from WT and

OPC migration was not examined in

CCN3-/- mice. If differences between

CCN3-/- mice

genotypes are observed, perform
detailed in vivo analysis as suggested
above

In the cuprizone model, remyelination
occurs concomitantly during
demyelination
No sham controls were used in LPCinduced spinal cord demyelination.
Therefore, CCN3 upregulation may be a
consequence of either 1) physical injury
or 2) demyelination specifically

Co-administer rapamycin during
cuprizone treatment to inhibit
endogenous remyelination response
(Sachs et al., 2014)
Collect lesioned spinal cords injected
with phosphate buffered saline (PBS,
used as LPC diluent) to investigate if
CCN3 is upregulated in this context too

CCN3-/- mice used in this study
developed without CCN3, which may

Use double knock-out mice or

result in compensatory mechanisms

transgenic animals overexpressing

masking potential role(s) of CCN3 in

CCN3

CNS (re)myelination
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Translational value of this work
Animal research is needed to 1) discover new biology in health and disease and 2) test
drug safety and efficacy before human clinical trials can take place. It is important,
however, to validate animal research findings in human cells and tissue whenever
possible. This is because data produced using these materials translate better to human
biology. This is particularly important for conditions which only affect humans, such
as MS. With this rationale in mind, Dr Naughton (from the Fitzgerald laboratory) led
a characterisation of CCN3 in blood, cerebrospinal fluid (CSF) and CNS tissue from
people with MS (pwMS) and controls (Naughton et al., 2020). These studies identified
that CCN3 is present in human plasma. CCN3 plasma concentrations are comparable
between pwMS and healthy controls (HCs). Two isoforms were detected in both
groups: 54 and 25 kilodalton (kDa). In the plasma of pwMS treated with interferon β,
CCN3 levels are significantly higher than natalizumab-treated and treatment-naïve
patients. Furthermore, CCN3 is upregulated in the plasma of people with progressive
MS (PMS) compared to relapsing remitting MS (RRMS) (Naughton et al., 2020). This
study also confirmed a previously reported positive correlation between body mass
index (BMI) and CCN3 levels in plasma (Pakradouni et al., 2013). However, this
association was lost in pwMS. Finally, ccn3 mRNA is upregulated in peripheral blood
mononuclear cells (PBMCs), CD4+ and CD4- immune cells of pwMS compared to HC
(Naughton et al., 2020). These results suggest that CCN3 is regulated in plasma and
immune cells by treatment and disease state in MS.
CCN3 was also detected in the CSF of pwMS and controls (patients with intracranial
hypertension, IIH). In contrast to plasma, only a 54 kDa CCN3 isoform was detected
in both groups. In pwMS, there is a positive correlation between CCN3 levels in
plasma and CSF, unlike in IIH. On the other hand, there was a positive correlation
between CCN3 and neurofilament light chain (NFL, a marker of neurodegeneration)
levels in the CSF of people with IIH, but not MS (Naughton et al., 2020). In postmortem MS and HC brain tissue, CCN3 was consistently detected in the adluminal
faces of blood vessels. CCN3 was also detected in connective tissue of the meninges
and pia, choroid plexus epithelia, neurons and cells with macroglial morphology
(Naughton et al., 2020). Crucially, the percentage of CCN3+ immunoreactive area was
calculated in normal, demyelinated and remyelinated white and grey matter of MS
brain tissue. There was no difference between groups (Naughton et al., 2020).
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Together, these results suggest that there are no overt CCN3 deficiencies in the CNS
or blood of pwMS. Hence, even though CCN3 enhances OPC differentiation in vitro,
there is no clear rationale to supplement pwMS with CCN3. Nevertheless, it remains
a possibility that molecular interactive partners of CCN3 may be viable therapeutic
targets. Further in vitro experiments should elucidate the signalling pathways through
which CCN3 enhances OPC differentiation and myelination.
It is noteworthy that differences in CCN3 expression are observed between the mouse
and human CNS. While CCN3 expression was only observed in neurons of the mouse
brain parenchyma, CCN3 was detected in neurons, epithelial cells and cells with a
macroglial morphology in humans (in both, pwMS and HCs) (Naughton et al., 2020).
Furthermore, unlike in animal models of remyelination presented in this thesis, CCN3
was not upregulated in remyelinating lesions of pwMS (Naughton et al., 2020). This,
however, does not necessarily pose a discrepancy. In the demyelinated brain and
remyelinating spinal cord, CCN3 was briefly and transiently upregulated. Because
only post-mortem tissue was used in humans, the window of CCN3 upregulation may
either have been missed or may differ from that seen in rodents. In general, however,
these data reflect some differences in CCN3 regulation between species, which 1) is
crucial to interpret future data produced using mice and 2) highlights the importance
of validating animal work using human samples.
Future work
The findings presented in this thesis suggest that CCN3 is not essential for CNS
myelination and remyelination. Nevertheless, important scientific questions emerged
from these findings, which should be addressed in future work. These are summarised
in Table 6.2.
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Table 6.2 Outstanding scientific questions emerging from this work. Further experimental
work to address these questions is suggested.

Rationale
CCN3 expression increases in
the brain during development
(Park et al., 2015). CCN3 is
expressed in specific regions of
the adult mouse CNS (Chapter 3)

Scientific
question

Future experimental work

Is CCN3
differentially

Characterise CCN3

regulated

expression in the developing

during

mouse brain using ISH and

development

immunohistochemistry

in the CNS?

CCN3 is expressed in neurons of
specific CNS nuclei (Chapter 3).

What types of

A scRNAseq database suggests

neurons

ccn3 is expressed by excitatory

express

neurons of the adolescent mouse

CCN3?

brain (Zeisel et al., 2018)

Stain for CCN3 and different
neurotransmitters in adult
mouse brain and spinal cord
sections (starting with
glutamatergic markers)
Perform double fluorescent

CCN3 is expressed in neurons of

Is CCN3

the healthy mouse brain (Chapter

produced by

3). In the demyelinated brain,

neurons and

CCN3 is transiently detected in

transported

APP+ ovoids (Chapter 5)

along axons?

ISH of ccn3 and a neuronal
marker in the adult healthy
mouse brain. Perform
immune TEM of CCN3 in
ultra-thin sections from the
healthy corpus callosum and
cerebral cortex.

CCN3 is expressed in neurons of
specific mouse brain nuclei
(Chapter 3)

Does CCN3
modulate
murine
behaviour?

CCN3 is not required for CNS
myelination in hindbrain slice

Is myelination

cultures (Chapter 4). Adult

delayed in

CCN3-/- mice myelinate to

CCN3-/- mice?

comparable levels to controls

Perform behavioural tests
using CCN3-/- mice and WT
controls
Investigate myelination in
developing CCN3-/- mice and
WT controls (e.g. postnatal
days 7 and 14)
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Does CCN3
deficiency

Investigate CCN expression

dysregulate the

in the mouse CNS of

Other CCN proteins are

expression of

developing and adult CCN3-/-

expressed in the rodent and

other CCN

mice and WT controls using

human CNS (Chapter 1)

proteins in the

real-time PCR, western blot,

developing and

ISH and/or

adult mouse

immunohistochemistry

CNS?
Perform brain slice
experiments with addition of
CCN3 enhances OPC
differentiation and myelination
in vitro and ex vivo indirectly
(Dombrowski et al., 2017; de la
Vega Gallardo et al., 2020)

Through what

CCN3 and inhibitors of

receptor and

known CCN3 receptors. If a

cell type does

target is identified, perform

CCN3 enhance

co-culture experiments of

OPC

OPCs and other CNS cells to

differentiation?

identify indirect promyelinating mechanisms of
CCN3

Conclusion
CCN3 is not required for myelination or remyelination in the mouse CNS. However,
the peculiar expression pattern of CCN3 in the healthy, demyelinated and
remyelinating CNS suggests that it likely plays key roles in health and disease. The
studies presented in this thesis lay a foundation for future investigations of CCN
proteins in the CNS.
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7. Appendix
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Appendix Figure 7.1 R&D systems goat anti-mouse CCN3 polyclonal antibody
specifically detects CCN3 in the remyelinating mouse spinal cord. Staining of CCN3 in
(A) WT and (B) CCN3-/- lesioned thoracic spinal cord vWM at 5dpl. (C) Staining of isotype
control of polyclonal goat immunoglobulin G (IgG) in WT lesioned thoracic spinal cord vWM
at 5dpl. Scale bar: 100 μm.
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Appendix Figure 7.2 Microglia/MDMs do not express CCN3 in the remyelinating spinal
cord. (A) Representative confocal microscopy images of Iba1, CCN3 and CD68 staining in
untreated and LPC-injected WT thoracic spinal cord ventral WM. Scale bar: 100 μm. (B)
Magnified confocal microscopy images of Iba1, CCN3 and CD68 staining in untreated and
LPC-injected WT thoracic spinal cord ventral WM. White arrows: CCN3+ cells Scale bar: 25
μm.
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Appendix Figure 7.3 Cuprizone-fed mice lose weight. 2(A)
Weight loss of cuprizone- and

regular chow-fed
50 WT mice. The vertical dashed line indicates a change from cuprizone to
regular chow. These experimental animals were used to investigate the kinetics of CCN3
Diet ch an ge

expression in the demyelinated and remyelinating mouse brain. Animals were sacrificed at
0

timepoints specified
and regular chow-fed WT
0 in Chapter
205. (B) Weight
40 loss of cuprizone60
Days

and CCN3-/- mice. The vertical dashed line indicates a change from cuprizone to regular chow.
These experimental animals were used to investigate whether CCN3 is required for
remyelination in the brain. Animals were sacrificed at timepoints specified in Chapter 5. N =
(A) 5 – 6 and (B) 3 – 6 animals per group. Data are mean ± SD.
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Appendix Figure 7.4 R&D systems goat anti-mouse CCN3 polyclonal antibody
specifically detects CCN3 in the demyelinated brain. (A) CCN3 or isotype control (goat
immunoglobulin G or IgG) staining in the septal nuclei of mice fed with 0.2% cuprizone for 4
weeks or in untreated mice. Scale bar: 200 μm. (B) CCN3 or isotype control staining in the
corpus callosum of mice fed with 0.2% cuprizone for 4 weeks or in untreated mice. Scale bar:
100 μm.
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Appendix Figure 7.5 CCN3 is not expressed by OLCs in the corpus callosum of
cuprizone-fed mice. Representative confocal microscopy images of CCN3, Olig2 and CC1
staining in the corpus callosum of mice fed with cuprizone for 4 weeks. Scale bar: 25 μm.
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Appendix Figure 7.6 CCN3 is not expressed by GFAP+ glia in the corpus callosum or
lateral septum of cuprizone-fed mice. Representative fluorescence microscopy images of
CCN3 and GFAP staining in the corpus callosum and lateral septum of mice fed with
cuprizone for 4 weeks. Scale bar: 100 μm. Cc: corpus callosum; ls: lateral septum.

Appendix Figure 7.7 Average analysed spinal cord lesion areas are comparable between
genotypes. Quantification of average lysolecithin-induced lesion area analysed at (A) 5 dpl
and (B) 14 dpl. Data are mean ± SEM. ns: not significant. Statistical analysis: (A) Mann210

Whitney U test or (B) unpaired, two-tailed, student’s t test. n = (A) 4 - 5 and (B) 11 animals
per group.
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