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Abstract 

Multiple sclerosis (MS) is a progressive neurodegenerative disorder which occurs 

when autoreactive T-lymphocytes infiltrate the central nervous system (CNS) and 

damage the oligodendrocytes responsible for maintaining the axonal myelin sheath. 

Initially, the damage is repaired through the activation of a repair process called 

remyelination. However, as the disease progresses, remyelination begins to fail 

leaving the denuded axons vulnerable to damage and subsequent degeneration. The 

accumulating loss of chronically demyelinated axons causes a steady decline in 

neuronal activity, resulting in progressive disability. Currently approved therapies 

target the immune component of the disease but do not address the remyelination 

deficits which underlie the disease progression. Thus, there is a vital clinical need for 

the development of therapies which actively encourage remyelination to considerably 

improve treatment outcomes.  

Our group has previously found early evidence to suggest that the nootropic agent 

nefiracetam accelerates remyelination in the in vitro organotypic slice culture model of 

demyelination, which was later confirmed in vivo in the cuprizone model of 

demyelination. Moreover, in the experimental autoimmune encephalomyelitis (EAE) 

model, the gold standard model of MS, nefiracetam treatment reduces the number of 

white matter lesions in the spinal cord and, when used in combination with the 

immunosuppressant dexamethasone, restores normal motor function. Follow-on in 

vitro studies with oligodendrocyte precursor cell (OPC) primary cell cultures, the 

remyelinating cells of the CNS, found that nefiracetam modulates key phases of the 

remyelination process, including OPC migration and differentiation. Following these 

discoveries, the mechanism of action of nefiracetam was explored through microarray 

analysis of corpus callosal tissue taken from mice with cuprizone-induced 

demyelination. The data obtained highlighted several genes and pathways which may 

be central to nefiracetam’s effect on remyelination. In particular, the data strongly 

implicated the regulation of glutamate signalling in the remyelinating action of 

nefiracetam. Indeed, calcium-imaging studies with OPCs found that nefiracetam can 

modulate signalling through glutamate receptors in these cells. 

The aim of this thesis was to further elucidate the mechanism underlying nefiracetam-

mediated acceleration of remyelination. The principal findings of this thesis can be 

separated into three distinct sections. Firstly, we provide further evidence for the 
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modulation of glutamatergic pathways by nefiracetam in OPCs. Notably, we have 

shown that the regulation of glutamatergic signalling is linked to its ability to accelerate 

OPC migration. Furthermore, RNA sequencing analysis of the cortex of mice with 

cuprizone-induced demyelination revealed additional pathways regulated by 

nefiracetam which may be relevant to its mechanism of action, including those related 

to immune cell migration, inflammation, and extracellular matrix (ECM) organisation. 

Secondly, we found that nefiracetam directly modulates monocyte, macrophage and 

microglial signalling. To date, our mechanistic studies exploring the remyelinating 

action of nefiracetam have predominantly focused on OPCs. In addition to OPCs, other 

cells present in the lesion microenvironment, including immune cells, are known to play 

crucial roles in remyelination. As such, another aim of this study was to explore the 

effect of nefiracetam treatment on cells other than OPCs. We found that nefiracetam 

reduces the secretion of the pro-inflammatory cytokine TNF-α from macrophages and 

microglia. Additionally, we found that nefiracetam downregulates the expression of 

CD14, a toll-like receptor (TLR) co-receptor that mediates pro-inflammatory signalling, 

in monocytes and macrophages. Furthermore, nefiracetam was shown to alter the 

expression of several matrix metalloproteinases (MMPs) known to be dysregulated in 

MS in macrophages. Overall, these results suggest that nefiracetam may also alter 

signalling pathways in immune cells within lesions to modulate remyelination. 

Finally, we have identified two serum-based proteins which have the potential to be 

developed as a companion diagnostic for monitoring nefiracetam’s therapeutic effect. 

A major barrier to the development of remyelination therapies is the lack of biomarkers 

which are specific and sensitive for myelin repair. Therefore, the identification of 

biomarkers which reflect changes in myelin would assist in assessing the therapeutic 

efficacy of nefiracetam in any subsequent clinical trials. Mass spectrometry analysis of 

the serum of mice with EAE detected changes in ceruloplasmin and Ig kappa chain V-

II region 17S29.1 in response to nefiracetam treatment. Interestingly, these proteins 

were dysregulated by the model before being normalised by nefiracetam treatment; 

thus, these proteins warrant further investigation as biomarkers of remyelination and/or 

nefiracetam’s therapeutic effect. 

The body of work presented in this thesis has furthered our understanding of the novel 

remyelinating therapeutic nefiracetam. 
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1.1 Multiple Sclerosis 

1.1.1 Overview of Multiple Sclerosis 

Multiple sclerosis (MS) is a progressive, autoimmune neurological disorder that affects 

approximately 2.8 million people worldwide with a global prevalence of 35.9 cases per 

100,000 population (Walton et al., 2020). MS is the leading cause of non-traumatic 

neurological disability in young adults, with a mean age of onset of approximately 30 

years and thus has a significant impact on a patient’s quality of life over many years 

(McGinley et al., 2021). Most cases of MS occur in the United States, western Europe, 

and Australasia where its prevalence increases to more than 100 cases per 100,000 

population. In contrast, there is a significantly lower incidence of less than 30 cases 

per 100,000 population in countries closer to the equator (Hauser and Cree, 2020). 

Women are preferentially affected by the disease, and are approximately three times 

more likely to suffer from MS than males (Harbo et al., 2013). This dichotomy has 

become more apparent over the years, increasing from an estimated female:male ratio 

of 1.4:1 in 1955 (Hunter, 2016). 

MS was originally described by Jean-Martin Charcot in 1868 who termed the disease 

as “la sclerose en plaque” based on the characteristic “plaques” or lesions which are 

observed in the central nervous system (CNS) of affected patients (Ömerhoca et al., 

2018). Lesions in MS are focal regions of immune cell infiltration, inflammation, gliosis, 

demyelination, with varying degrees of axonal loss and are a key pathological hallmark 

of the disease (Wingerchuk et al., 2001). These areas of damage can occur throughout 

the CNS in both white and grey matter; consequently, MS is heterogenous in its clinical 

manifestation, with patients developing differing neurological symptoms depending on 

the precise location of these lesions. Early symptoms of MS can include unilateral loss 

of vision, ataxia, paraesthesia, sensory disturbance, fatigue, bladder dysfunction and 

cognitive deficits (Hauser and Cree, 2020). The onset of symptoms is often gradual in 

MS, and typically evolves over days or weeks. 

The wide array of symptoms that can occur can make the diagnosis of MS challenging. 

Indeed, there are currently no biomarkers which are specific to MS, with the diagnosis 

of the disease relying on medical history and neurological examination (Hunter, 2016). 

Neurological deficits which persist for greater than 24 hours and occur without fever or 

infection are considered a clinical ‘attack’ or ‘relapse’. This definition is critical in order 

for clinicians to identify evidence of disease activity (Ömerhoca et al., 2018). A central 
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component of MS diagnosis is magnetic resonance imaging (MRI); detection of lesions 

by MRI with the contrasting agent gadolinium is highly indicative of MS (Brownlee et 

al., 2017). Further diagnostic support can be obtained by examining cerebrospinal fluid 

(CSF); an increased presence of immunoglobulins and/or oligoclonal bands in the CSF 

is observed in most cases of MS (Deisenhammer et al., 2019). A key principle which 

is used to guide MS diagnosis is showing evidence of dissemination in time (DIT) and 

space (DIS). DIT can be shown by the development of new clinical attacks, new MRI-

detected lesions, and/or oligoclonal bands, while DIS is shown by the emergence of 

MRI-detected lesions in a different location of the CNS, and/or a clinical attack that 

implicates another area of the CNS. Finally, for a definitive diagnosis of MS to be made, 

other neurologically similar diseases which mimic MS, such as neuromyelitis optica, 

must be ruled out. The guidelines for the diagnosis of MS are laid out in the McDonald 

criteria which were most recently updated in 2017 (Thompson et al., 2018).  

MS is also heterogeneous in terms of its clinical progression, with different clinical and 

pathological subtypes of the disease being defined (Klineova and Lublin, 2018). The 

first clinical attack suggestive of MS is referred to as clinically isolated syndrome (CIS) 

(Miller et al., 2005). While not all patients with CIS will go on to develop MS, if CIS is 

accompanied by an incidental detection of lesions by MRI, there is a high probability 

of a second neurological event and an eventual diagnosis with clinically definite MS 

(Fisniku et al., 2008). The most common form of MS is relapsing-remitting MS (RRMS) 

(80-85%), which is characterised by episodes of neurological disability (relapses) 

followed by periods of functional recovery (remission) which can last weeks, months 

or even years. The frequency of relapses varies among patients, but typically does not 

exceed 1-2 relapses per year (Nazareth et al., 2018). In RRMS, relapses can cause 

residual disability approximately 50% of the time, resulting in a gradual, stepwise 

accrual of functional impairment (Lublin et al., 2003). In most cases, the disease 

evolves into secondary progressive MS (SPMS), where the degree of recovery from 

relapses declines steadily over time. This disease shift typically occurs 10-20 years 

after the onset of RRMS, with the greatest predictor of conversion to SPMS being age; 

the older the patient at RRMS diagnosis, the quicker the onset of progressive disease 

(Rovaris et al., 2006). A small subset of patients (15-20%) suffer progressive disability 

from the beginning, which is known as primary progressive MS (PPMS) (Ontaneda, 

2019) (Figure 1.1).  
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Figure 1.1: Multiple sclerosis disease courses. Multiple sclerosis (MS) is clinically 

heterogenous in terms of its progression. 80-85% of patients suffer from relapsing-

remitting MS (RRMS) characterised by episodes of neurological disability (relapse), 

followed by periods of functional recovery (remission). In most cases, the disease 

evolves to secondary progressive MS (SPMS), where the degree of recovery from 

relapses declines steadily over time. 15-20% suffer progressive disability from onset, 

which is known as primary progressive MS (PPMS). 
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1.1.2 Causes and Risk Factors of Multiple Sclerosis 

The exact cause of MS is unknown, but several genetic and environmental risk factors 

have been identified. 

1.1.2.1 Genetic Risk Factors 

There is accumulating evidence for a genetic component to MS. Studies have found 

that the risk of MS within families is dependent on the degree of genetic similarity 

between members; for a monozygotic twin of a patient with MS, there is a 25% risk of 

developing MS. This risk reduces to 2-5% for a dizygotic twin and other first degree 

relatives, and to <1% for a third degree relative (Ghasemi et al., 2017). While no 

causative genes have been identified, genome-wide association studies (GWAS) have 

detected more than 200 genetic risk variants for MS, most of which are associated with 

the immune system (Filippi et al., 2018). In particular, variations of the human leukocyte 

antigen (HLA) gene, which encode major histocompatibility (MHC) class II genes, 

greatly influence the risk of MS; in particular, those carrying the HLA-DRB1*1501 allele 

have a three-fold greater risk of developing MS (Moutsianas et al., 2015). The strong 

association of MHC class II gene variants with MS risk suggests a central role for T-

cells in the pathogenesis of this disease. Furthermore, polymorphisms in interleukin-2 

receptor chain α (IL-2RA) and interleukin-7 receptor chain α (IL-7RA), which are both 

linked to T-cell biology, have been associated with an increased risk of MS, further 

solidifying a key role for T-cells in MS (Buhelt et al., 2019, Gregory et al., 2007). 

1.1.2.2 Environmental Risk Factors 

To date, several environmental risk factors which may contribute to the risk of MS have 

been suggested. Perhaps the greatest indicator of the significant role the environment 

plays in contributing to MS risk lies in the specific geographical distribution of MS. While 

genetics may contribute to the higher disease prevalence observed in certain regions, 

studies have shown that those who move from a country with a low incidence of MS to 

a country with a higher incidence of MS before adolescence acquire the risk the new 

country and vice versa (Ahlgren et al., 2010, Gale and Martyn, 1995, McLeod et al., 

2011). This suggests that environmental exposure to a causal agent, or indeed a lack 

of exposure, is crucial to disease development.  

Due to the greater incidence of MS in higher latitudes, associations have been made 

between vitamin D and sunlight exposure to the risk of MS (Sintzel et al., 2018). Higher 
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levels of vitamin D in serum have been found to correlate with a reduced risk of MS 

(Bettencourt et al., 2018). Notably, low serum levels of vitamin D have also been found 

to correlate with an increased risk of conversion from CIS to clinically definite MS 

(Martinelli et al., 2014). The mechanism by which vitamin D confers protection in MS 

has not been elucidated but it may be linked to the immunomodulatory effects elicited 

by the binding of the active form of vitamin D (1,25-dihydroxyvitamin D3) to the vitamin 

D receptor which is present in several immune cell types including monocytes, 

macrophages, T-cells, and B-cells (Griffin et al., 2003, Harandi et al., 2014). 

Obesity in early adulthood, but not later in life, has been associated with an increased 

risk of MS (Gianfrancesco and Barcellos, 2016). Once again, the mechanism by which 

obesity may contribute to MS risk is not known but it has been suggested that the low 

grade inflammation (Mraz and Haluzik, 2014) and/or the reduced circulating vitamin D 

levels (Pereira-Santos et al., 2015) observed in obesity underlie the increased risk.  

Cigarette smoking also increases the risk of MS (Wingerchuk, 2012) as well as the 

severity of the disease course (Healy et al., 2009). Interestingly, a study found that oral 

tobacco use was correlated with a lower risk of MS (Hedström et al., 2013) which 

indicates that nicotine itself is not a risk factor of MS but rather the lung irritation caused 

by smoke inhalation may contribute to disease development (Filippi et al., 2018). 

Given that MS is considered an autoimmune disease, there has been particular interest 

in identifying an infectious agent which may trigger the inflammatory attack. Exposure 

to the Epstein-Barr virus (EBV) has been found to have the most robust association 

with MS, as patients with MS are more likely to be seropositive for the virus than the 

average population (Houen et al., 2020). This risk is further increased in those whose 

EBV infections developed into clinically infectious mononucleosis (Haahr et al., 2004, 

Thacker et al., 2006). A recent longitudinal study found that the risk of MS is increased 

32-fold after EBV infection, with increased serum levels of neurofilament light chain, a 

marker of axonal damage, being detected following EBV seroconversion (Bjornevik et 

al., 2022).  

1.1.2.3 Interaction of Genetic and Environmental Risk Factors 

Notably, it has been demonstrated that many of these environmental risk factors can 

interact with a genetic risk factor to confer an overall greater risk of MS. For example, 

an increased risk of MS in individuals with obesity who carry the HLA-DRB1*15 allele 
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has been reported (Hedström et al., 2013). Furthermore, an interaction between the 

HLA-DRB1*15 allele and vitamin D levels has also been identified (Handunnetthi et al., 

2010). These observations suggest that the cause of MS is complex and multifactorial, 

with the disease likely developing in a genetically susceptible individual in response to 

an environmental trigger.  

1.1.3 Pathogenesis of Multiple Sclerosis 

The pathological hallmarks of MS are the lesions present in the white and grey matter 

of the CNS, which are characterised by extensive inflammation, gliosis, demyelination, 

oligodendrocyte injury and neuroaxonal damage (Dendrou et al., 2015). Histological 

examination of these lesions have shown the presence of activated glial cells alongside 

peripheral immune cell infiltrates, including macrophages, T-cells and B-cells (Hauser 

et al., 1986). MS lesions can be classified as active, chronic active, or chronic based 

on their immunopathological phenotypes (Garg and Smith, 2015) (Figure 1.2).  

Active lesions are the initial phenotype of MS lesions and are most commonly observed 

in early stage disease or RRMS (Frischer et al., 2015). Active lesions are hypercellular 

and characterised by blood-brain barrier (BBB) disturbances, macrophage infiltration, 

inflammation, gliosis, and degradation of myelin but with relative axonal preservation 

(Kuhlmann et al., 2017). Early active lesions can be further subdivided into four types 

based on their pathological patterns (Lucchinetti et al., 2000); pattern I lesions display 

immune cell involvement, primarily infiltrating macrophages and T-cells, and a parallel 

loss of myelin. Pattern II lesions are distinct from pattern I lesions due to the additional 

deposition of immunoglobulins and complement which suggests the involvement of 

humoral immunity. Pattern III lesions contain immune cell infiltrates but also display 

distal oligodendrogliopathy associated with the preferential loss of myelin-associated 

glycoprotein (MAG) and oligodendrocyte apoptosis (Jarius et al., 2017, Reich et al., 

2018). Pattern IV lesions are exceptionally rare and are only found in a small subset 

of patients with MS; in addition to T-cell and macrophage involvement, these lesions 

exhibit extensive non-apoptotic oligodendrocyte degeneration in the perilesional white 

matter. The identification of differing lesion patterns between patients, but not within 

patients, points to a pathogenic heterogeneity in MS. It has been contended, however, 

that the distinct patterns observed reflect the different temporal stages of active lesion 

development rather than distinct pathological mechanisms (Kuhlmann et al., 2017). 

Active, post-demyelinating lesions have also been described, which are distinguished 
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from active demyelinating lesions by the presence of ‘foamy’ lipid-laden macrophages 

which lack myelin debris (Kuhlmann et al., 2017).  

The classical view is that the pathogenesis of lesions is driven by aberrantly activated 

peripheral immune cells which cross the BBB and initiate an autoimmune attack that 

culminates in inflammatory demyelination and axonal injury (Filippi et al., 2018) (Figure 

1.3). While several immune cell types have been found to be involved, autoreactive T-

cells are thought to be the main contributors to the disease pathology. The exact origin 

of these T-cells is not understood; it has been postulated that they arise following the 

presentation of a CNS antigen to effector T-cells by antigen-presenting cells (APCs), 

or perhaps through inadequate suppression of CNS-specific pro-inflammatory effector 

T-cells by regulatory T-cells (Treg) (Baecher-Allan et al., 2018, Schneider et al., 2013, 

Danikowski et al., 2017). This overall concept has been referred to as the ‘outside-in’ 

hypothesis, where the primary pathogenic component of the disease is a defective 

immune system which leads to a secondary degeneration of myelin. Support for this 

hypothesis, and the key role of T-cells, has primarily come from the gold-standard in 

vivo model of MS – the experimental autoimmune encephalomyelitis (EAE) model – 

wherein an MS-like disease is induced through the peripheral activation and infiltration 

of myelin-reactive T-cells into the CNS (Constantinescu et al., 2011). This is in contrast 

to the ‘inside-out’ hypothesis which suggests that the initial pathological event is the 

degeneration of oligodendrocytes/myelin which promotes a secondary autoimmune 

attack that drives further damage (Titus et al., 2020, Stys et al., 2012). Pattern III and 

IV lesions are thought to reflect this primary degenerative pathology. Notably, a post-

mortem study of a young patient who died 24 hours after the onset of a relapse found 

that the earliest detectable change in their lesions was the widespread apoptosis of 

oligodendrocytes (Barnett and Prineas, 2004); this study supports the hypothesis that 

oligodendrocyte apoptosis may be the primary cause of inflammation in MS (Trapp, 

2004, Trapp and Nave, 2008). 

Irrespective of the initial pathological event, the transmigration of peripheral immune 

cells into the CNS is a key step in MS pathogenesis. Immune cell migration across the 

BBB involves the capture, rolling and tethering of the cells over the endothelial wall, 

followed by chemokine-mediated integrin activation, integrin-mediated cell arrest and 

the extravasation of the immune cells into the CNS (Engelhardt and Ransohoff, 2012). 

Infiltration of T-cells is mediated through the interaction of very late antigen-4 (VLA-4) 

on the T-cell surface with vascular cell adhesion molecule-1 (VCAM-1) present on the 
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endothelial cell surface (Garg and Smith, 2015). While access to the CNS is largely 

restricted by the BBB under normal physiological conditions, there is an increased 

permeability of this structure in MS (Ortiz et al., 2014). The disruption of the BBB, which 

is observed by gadolinium-enhanced imaging, facilitates immune cell infiltration in MS 

(Filippi et al., 2018, Miller et al., 2005). Increased expression of adhesion molecules, 

chemokines, matrix metalloproteinases (MMPs), and pro-inflammatory cytokines can 

contribute to increased BBB permeability in MS (Larochelle et al., 2011, Tsuge et al., 

2010). 

Upon entry into the CNS, infiltrating T-cells are reactivated locally by myelin antigens 

presented by APCs through MHC class II molecules. This triggers pro-inflammatory 

signalling cascades, leading to the persistent activation of CNS resident glial cells and 

the release of cytokines and chemokines which further disrupt BBB integrity and recruit 

additional inflammatory cells, ultimately resulting in the damage of oligodendrocytes 

and the myelin sheath (Dendrou et al., 2015). Inflammatory demyelination leads to an 

axonal conduction block which can manifest as a clinical relapse in patients (Popescu 

et al., 2013). While acute axonal injury and loss can occur within active lesions, overall, 

there is a relative preservation of the demyelinated axons which allows for the 

possibility of a reversal of conduction deficits and a restoration of function; indeed, 

remission has been associated with a resolution of inflammation and/or remyelination, 

which is the investment of a new myelin sheath to an intact denuded axon (Trapp and 

Nave, 2008). For several decades, there has been evidence of remyelination in the 

context of MS (Prineas and Connell, 1979). The presence of lesions which have been 

completely remyelinated, referred to as ‘shadow plaques’, has been noted in patients 

(Popescu et al., 2013). Interestingly, much of MS is clinically silent; MRI studies have 

found that inflammatory lesions in MS can outnumber clinically apparent relapses by 

up to 10 to 1 (Filippi et al., 1998, Miller et al., 1993). This demonstrates that the CNS 

can compensate for axonal injury that occurs early in the disease course. 

While active lesions are often found in RRMS and in early disease course patients, 

they are less common in patients with progressive forms of MS. Chronic active lesions, 

which have been more recently described as smouldering, slowly expanding, or mixed 

active/inactive lesions, are instead increased in these patients (Frischer et al., 2015, 

Kuhlmann et al., 2017). Smouldering lesions have a hypocellular, demyelinated centre 

with a considerably reduced macrophage content compared to active lesions. These 

lesions are surrounded by a thick, expanding rim of activated macrophages/microglia 
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which suggest that active demyelination may be ongoing around the lesion edge. T-

cells are also present in these lesions and are diffusely distributed. A higher presence 

of mixed active/inactive lesions have been shown to correlate with a more severe MS 

disease course (Luchetti et al., 2018). Chronic, or inactive, lesions are also associated 

with progressive forms of MS. These lesions are hypocellular with reduced evidence 

of inflammation, but exhibit extensive demyelination, gliotic scarring and axonal and 

oligodendrocyte loss (Garg and Smith, 2015, Kuhlmann et al., 2017). Although there 

is evidence of remyelination in smouldering and inactive lesions, remyelination has 

generally been found to be reduced in chronic disease (Goldschmidt et al., 2009).  

Inflammation is present in all forms of MS; however, the nature of this inflammation 

evolves over time, with the severity of inflammation decreasing with increased disease 

duration (Frischer et al., 2009). While there is a clear involvement of infiltrating immune 

cells in RRMS, inflammation is largely compartmentalised behind a relatively intact 

BBB in progressive MS (Faissner and Gold, 2019). Although the presence of T-cells is 

reduced in the parenchyma of patients with progressive MS compared to patients with 

RRMS, there is an accumulation of T-cells in the meninges of these patients which has 

been found to positively correlate with axonal loss in the normal appearing white matter 

(Androdias et al., 2010). Similarly, B-cells have been found to contribute to meningeal 

inflammation (Magliozzi et al., 2013).  

CNS damage is more diffuse in progressive MS with increased cortical lesions, normal 

appearing white and grey matter damage, and brain atrophy (Ontaneda, 2019). Axonal 

degeneration is a prominent feature of lesions in progressive MS which supports the 

idea that axonal loss is the pathological substrate of disability and disease progression 

in MS (Tallantyre et al., 2009, Bjartmar et al., 2000). It has been suggested that 

progressive MS occurs when a threshold of axonal loss is exceeded and intrinsic 

compensatory mechanisms have been exhausted (Bjartmar et al., 2003). Contributors 

to axonal damage include reactive oxygen and nitrogen species and pro-inflammatory 

cytokines released from activated microglia and macrophages (Faissner et al., 2019).  

Overall, it is apparent that the pathophysiological mechanisms underlying progressive 

MS are complex and are likely to vary from those involved in RRMS. 
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Figure 1.2: Multiple sclerosis lesion classification. Multiple sclerosis lesions can 

be histologically classified on their immunopathology. Active lesions are hypercellular 

containing large numbers of immune cells including microglia/macrophage and T-cells. 

Active post-demyelinating lesions lack myelin-laden microglia/macrophages. Chronic 

active, smouldering or mixed active/inactive lesions consist of a hypocellular centre 

with a thick rim of microglia/macrophages, while T-cells are diffusely distributed. 

Chronic or inactive lesions are hypercellular with reduced inflammation, but with 

increased evidence of gliosis, and axonal and oligodendrocyte loss. Illustration created 

using Biorender. Adapted from Kuhlmann et al (Kuhlmann et al., 2017). 
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Figure 1.3: Pathogenesis of multiple sclerosis. Multiple sclerosis is considered to 

be an autoimmune disease where auto-reactive immune cells cross a compromised 

blood-brain barrier into the CNS where it drives an inflammatory attack which strips 

axons of the myelin sheath. Multiple immune cell types have been found to be involved 

including activated T-cells, B-cells, peripheral macrophages as well as CNS resident 

glial cells. T-cells are reactivated in lesions sites by antigen presenting cells including 

B-cells, microglia, macrophages and dendritic cells. Activated immune cells release 

pro-inflammatory cytokines which damage the myelin sheath. Illustration created using 

Biorender. 
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1.1.4 Current Treatment of Multiple Sclerosis 
 

1.1.4.1 Treatment of Relapsing-Remitting Multiple Sclerosis 

The large involvement of inflammation and immune cells observed in histological and 

imaging analyses of lesions, in addition to the insights that have been gained from 

animal models of MS, have led to the development of several immunosuppressant and 

immunomodulatory drugs for the treatment of MS. In RRMS, early treatment has been 

shown to effectively slow disability progression; thus, the timely diagnosis and prompt 

initiation of disease modifying therapies is critical for optimal patient outcomes in MS 

(He et al., 2020). Treatment of RRMS must be approached from multiple angles: 

improving the patient’s day-to-day quality of life through the management of symptoms 

such as pain and spasticity (de Sa et al., 2011), accelerating clinical remission following 

relapse through corticosteroid administration (Comi and Radaelli, 2015), and reducing 

relapse rates and slowing disability progression through the use of disease modifying 

therapies (Tintore et al., 2019). Some of the disease modifying therapies currently used 

in the treatment of MS are discussed below. 

Injected Therapies 

Interferon β (IFNβ) therapies are a well-established first-line treatment for MS, with five 

currently approved for the treatment of RRMS; subcutaneously administered IFNβ-1b 

(Betaseron® and Extavia®), intramuscularly administered IFNβ-1a (Avonex®), 

subcutaneously administered IFNβ-1a (Rebif®), and subcutaneously administered 

peginterferon β-1a (Plegridy®) which was most recently approved in 2014 (Filipi and 

Jack, 2020). IFNβ therapies have proven successful in reducing relapse rates, slowing 

disability progression, and reducing the number of MRI-detected CNS lesions in MS 

(Trojano et al., 2009, Lancet, 1998). Their precise mechanism of action is not fully 

understood, but they have been shown to reduce T-cell activation and transmigration, 

disrupt antigen presentation, and downregulate pro-inflammatory cytokine expression 

among other effects (Kieseier, 2011, Kasper and Reder, 2014). While generally safe 

and tolerable, IFNβ therapies are associated with side effects, including fever, chills, 

myalgia and injection-site reactions (Munschauer and Kinkel, 1997).  

Glatiramer acetate (Copaxone®), is a synthetic copolymer that resembles myelin basic 

protein (MBP). Originally developed as a myelin-like molecule which would activate T-

cells and induce EAE in mice, glatiramer acetate was unexpectedly found to be 
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protective against EAE (Arnon, 1996). It has been shown to compete for binding to the 

MHC class II molecules, modulate T-cell function, and possess neuroprotective 

properties (Dhib-Jalbut, 2003). Glatiramer acetate is administered subcutaneously and 

has been found to cause injection site reactions and transient systemic reactions 

(Johnson et al., 1995). It is effective in reducing relapse rates, but does not affect the 

clinical progression of the disease (La Mantia et al., 2010). 

Orally Administered Therapies 

Teriflunomide (Aubagio®) is an immunomodulatory drug which reversibly inhibits the 

mitochondrial enzyme dihydroorotate dehydrogenase involved in de novo pyrimidine 

biosynthesis (Tanasescu et al., 2013). Although it is not known how exactly it exerts its 

therapeutic effect, teriflunomide has been demonstrated to have anti-proliferative and 

anti-inflammatory effects. Phase III trials of teriflunomide found reduced relapse rates 

and slower disability progression (Confavreux et al., 2014, O'Connor et al., 2011), as 

well as increased time to second neurological event in patients with CIS (Miller et al., 

2014). However, teriflunomide is associated with considerable side effects, including 

increased liver enzymes, diarrhoea, nausea, and hair thinning (Comi et al., 2016). 

Dimethyl fumarate (DMF, Tecfidera®) is another immunomodulatory therapy used in 

the treatment of RRMS. Once again, the precise mechanism of action of DMF is not 

fully understood, but its effects are thought to be mediated through the activation of 

nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) pathway and Nrf-2 dependent 

antioxidant genes (Linker and Gold, 2013). DMF has been found to reduce relapse 

rates, slow the rate of disability progression and reduce the number of MRI-detected 

lesions in RRMS (Fox et al., 2012, Gold et al., 2012). Nausea, diarrhoea, and 

abdominal pain have been observed in patients, as well as increased liver enzymes 

(Rosenkranz et al., 2015). 

Fingolimod (Gilenya®) is a sphingosine 1-phosphate receptor (S1PR) modulator which 

indirectly reduces immune cell extravasation into the CNS by inhibiting the egress of 

lymphocytes from secondary lymphoid organs (Chun and Hartung, 2010). Fingolimod 

reduces relapse rates, risk of disability progression and MRI-detected lesions in RRMS 

(Calabresi et al., 2014, Kappos et al., 2010). Common side effects of fingolimod include 

upper respiratory tract infection, headache, cough, diarrhoea, transient bradycardia 

and atrioventricular block (Torkildsen et al., 2016). 
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Cladribine (Mavenclad®), a purine antimetabolite, is also approved for the treatment of 

RRMS and is administered in two short treatment courses one year apart (Deeks, 

2018). Cladribine is an immunosuppressant which preferentially inhibits lymphocytes 

(Cook et al., 2019). In a phase III trial, cladribine reduced relapse rates, risk of disability 

progression and MRI-detected lesions (Giovannoni et al., 2010). Cladribine has been 

found to have an acceptable side effect profile, but can cause transient lymphopenia, 

herpes virus infections (cold sores) and hair loss.    

Infusion Therapies 

Natalizumab (Tysabri®) is a humanised recombinant monoclonal antibody which is 

administered by intravenous (IV) infusion every four weeks. The primary mechanism 

of action of natalizumab is the disruption of peripheral leukocyte migration into the CNS 

through inhibiting the binding of α4β1/VLA-1 to VCAM-1 (Brandstadter and Katz Sand, 

2017). Natalizumab was found to be effective in reducing clinical relapse rates and 

slowing disability progression in phase III trials (Polman et al., 2006). However, there 

is a risk of developing progressive multifocal leukoencephalopathy (PML) with this 

therapy (4.22 in 1,000), a potentially life-threatening CNS infection of oligodendrocytes 

by John Cunningham Virus (JCV) (Schwab et al., 2017). As a result, despite its potent 

therapeutic effect, natalizumab is used as a second-line therapy for the treatment of 

patients who are seronegative for JCV, not responding to first-line treatment, and/or 

fully informed of the risk of PML (Torkildsen et al., 2016). 

Alemtuzumab (Lemtrada®) is another humanised monoclonal antibody used in the 

treatment of RRMS (Havrdova et al., 2015). It is administered by IV infusion over two 

treatment courses spaced 12 months apart. Its primary mechanism of action is the 

depletion of circulating lymphocytes. Alemtuzumab has been shown to reduce relapse 

rates and slow disability accumulation in phase III trials (Coles et al., 2012, Cohen et 

al., 2012). However, it has been associated with significant side effects including 

infusion related reactions (e.g., rash, fever, headaches), increased risk of infections, 

thyroid dysfunction, reduced blood clotting, and nephropathy (Havrdova et al., 2015).  

It has recently emerged that patients who are initially prescribed an early intensive 

treatment course with natalizumab or alemtuzumab show improved disability outcomes 

compared to those who are prescribed an escalation treatment with first-line therapies 

(IFNs, glatiramer acetate, teriflunomide, fingolimod or DMF) (Harding et al., 2019). 
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However, clinicians must consider the risk of severe side effects with these therapies 

before deciding on the best course of treatment.  

1.1.4.2 Treatment of Progressive Multiple Sclerosis 

Compared to RRMS, there are considerably fewer treatment options for patients with 

PPMS or SPMS. Given the inherent differences in the pathological mechanisms which 

underlie progressive MS, notably the difference in the relative involvement of immune 

cells, it is not entirely surprising that the disease modifying therapies for RRMS do not 

show the same efficacy in progressive forms of MS (Ciotti and Cross, 2018). Much like 

RRMS, treatment of progressive disease requires both symptomatic management and 

the use of disease modifying therapies (Ontaneda, 2019). The limited number of 

treatment options currently available for progressive MS reflects the complexity of the 

disease and our poor understanding of the processes which drive progression.  

Ocrelizumab (Ocrevus®) is a B-cell depleting humanised anti-CD20 monoclonal 

antibody given by IV infusion which was approved for the treatment of PPMS in 2017 

(Mancinelli et al., 2021). Ocrelizumab was found to slow disability progression in 

PPMS, the first major clinical trial to achieve this milestone (Montalban et al., 2017). 

However, a notable caveat was identified in this trial, which is that the trial had enrolled 

relatively young patients with a short disease duration, many of whom (26%) showed 

evidence of inflammatory (gadolinium-enhanced) lesions at baseline; indeed, there 

was greater, although not significant, efficacy observed in this subgroup of patients 

(Ontaneda et al., 2017). It has thus been argued that ocrelizumab is more effective in 

patients who are younger and whose disease has a greater inflammatory component. 

The therapy has been found to be well tolerated in patients but some side effects have 

been noted, including infusion site reactions and increased risk of infections (Ng et al., 

2020).  

Siponimod (Mayzent®) is a S1PR modulator which is approved for the treatment of 

SPMS (Scott, 2020). The EXPAND trial found that Siponimod slows disability 

progression in SPMS (Kappos et al., 2018). It is well tolerated in patients, with common 

side effects including headaches, hypertension and diarrhoea (Kappos et al., 2018).  

1.1.4.3 Treatment Considerations 

Overall, while the approval of ocrelizumab is a great step forward for the field, there is 

still a need for improved disease modifying therapies for the treatment of MS. While 
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current therapies are effective in reducing relapse rates in RRMS and slowing disability 

progression, there remains a clinically unmet need for a therapy which can effectively 

halt disease progression and prevent neurological disability. While the immune system 

has been classically viewed as having a pathogenic role in MS, it is now understood 

that the immune system also serves a reparative role in the disease (McMurran et al., 

2016, Nally et al., 2019). Thus, while global suppression of the immune system, or of 

specific subtypes of immune cells, may be beneficial in reducing inflammatory attacks, 

it may also be detrimental through the suppression of key reparative signals and 

mechanisms. Therefore, other therapeutic avenues must be explored to improve the 

treatment of MS. One possible strategy is the development of therapies that directly 

promote repair of CNS damage, rather than solely trying to prevent the damage from 

occurring in the first place, which could theoretically be beneficial in both RRMS and 

progressive MS (Murphy et al., 2013).  
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1.2 Remyelination  
 

1.2.1 The Role of Myelin 

The myelin sheath is a lipid-rich membrane wrapped concentrically around axons that 

facilitates the rapid and energy-efficient transmission of action potentials along the 

axon. Myelin is an extension of the plasma membrane of oligodendrocytes in the CNS, 

and Schwann cells in peripheral nervous system. Each oligodendrocyte can extend 

multiple processes to insulate segments of multiple axons; each myelinated segment, 

called an internode, is separated from the next by a short unmyelinated region known 

as a node of Ranvier. In addition to accelerating signal conduction, the myelin sheath 

also provides vital support to the underlying axon (Simons and Nave, 2015, Kuhn et 

al., 2019). 

1.2.1.1 Saltatory Conduction 

Propagation of action potentials involves the sequential opening of voltage-gated ion 

channels. In an unmyelinated axon, these ion channels are distributed evenly along 

the axonal membrane; when an action potential is initiated at the cell body by cell 

membrane depolarisation, voltage-gated sodium channels open causing an influx of 

sodium ions. This allows the current to move a short distance down the axon, enabling 

the next set of channels to open. As these events are repeated, the signal moves down 

through the axon in a continuous manner in a process referred to as ‘continuous 

conduction’. Much of what we know about this form of signal conduction comes from 

early experiments performed on the unmyelinated giant squid axon (Hodgkin and 

Huxley, 1952). This is a relatively slow and energy-demanding form of signal 

conduction which does not support the higher cognitive functions of the vertebrate 

brain. Two mechanisms have evolved to increase the speed of nerve conduction; 

increased axonal diameter, which is observed in the giant squid axon, and myelination.  

In myelinated nerves, the voltage-gated sodium channels are clustered at the nodes 

of Ranvier. The myelin sheath reduces the capacitance of the internode and ‘insulates’ 

the axon, allowing the current to reach the next set of voltage-gated sodium channels 

clustered at the node of Ranvier at a greater speed. This mode of propagation is known 

as ‘saltatory conduction’ which, depending on the axonal diameter, enables up to 100 

times faster transmission of signals (Lubetzki et al., 2020). Critically, the presence of 

the myelin sheath reduces energy consumption during signal conduction (Nave, 2010). 
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1.2.1.2 Axonal Support 

The myelin sheath and its parent oligodendrocyte also provide crucial support to the 

axon. Evidence that oligodendrocytes and myelin serve a key role in the maintenance 

of axonal health was obtained from studies in mice lacking specific myelin proteins. 

For example, mice lacking the proteolipid protein (Plp) gene, which encodes an integral 

myelin protein, initially display no motor deficits and minimal myelin abnormalities but 

later develop extensive axonal swelling and degeneration (Griffiths et al., 1998). 

Similarly, mice lacking the myelin protein 2′,3′-cyclic nucleotide 3′-phosphodiesterase 

(Cnp1) in oligodendrocytes show normal myelination but later exhibit axonal injury and 

loss (Lappe-Siefke et al., 2003). These models demonstrate that the myelin sheath 

and its proteins are critical to the health of the underlying axon. Interestingly, in shiverer 

mice which possess healthy oligodendrocytes but lack compact myelin sheaths, axonal 

integrity is maintained which demonstrates that oligodendrocytes, independent of the 

myelin sheath, can also provide axonal support (Nave, 2010, Griffiths et al., 1998). 

It has since been found that PLP facilitates fast axonal transport, with an accumulation 

of organelles, particularly mitochondria, being observed in the axons of Plp-null mice 

(Edgar et al., 2004). Furthermore, PLP was found to be essential for the transport of 

sirtuin-2 (SIRT2) into myelin which is thought to be crucial for long-term axonal stability 

(Werner et al., 2007). It has also been shown that oligodendrocytes provide metabolic 

support through the transport of lactate, the key substrate for ATP production, to axons. 

Oligodendrocytes produce lactate via glycolysis and shuttle it to axons through the 

monocarboxylate transporter 1 (MCT1) (Saab et al., 2013). This concept is supported 

by a study which reported that the targeted disruption of MCT1 in oligodendrocytes 

leads to axonal injury (Lee et al., 2012b). Oligodendrocytes are also thought to provide 

trophic support to axons through the secretion of insulin growth factor 1 (IGF-1) which 

is known to promote neuronal survival (Wilkins et al., 2001). Interestingly, it was found 

that oligodendrocytes can release exosomes which are internalised by neurons. The 

uptake of these exosomes improved neuronal viability, which may be a mechanism by 

which oligodendrocytes provide axonal support (Frühbeis et al., 2013).  

1.2.2 Consequences of Demyelination 

Oligodendrocytes and the myelin sheath serve a vital role in axonal function and health. 

In MS, the inflammatory attack of the CNS leads to extensive loss of myelin. Critically, 

this leads to a conduction block due to the loss of myelin internodes and the uneven 
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distribution of sodium channels along the newly demyelinated axon. Denuded axons 

can restore function through the redistribution and upregulation of these sodium 

channels along the membrane to enable continuous conduction (England et al., 1991, 

Black et al., 2007). However, the increase in ion channels causes elevated activity of 

the energy-dependent sodium-potassium pump to manage the greater influx of sodium 

during activity which increases the energy requirements of the axon. If these energy 

demands are not met, high intra-axonal sodium levels resulting from the failure of the 

sodium-potassium pump cause sodium-calcium exchangers to operate in reverse. This 

leads to a toxic increase in intracellular calcium and the activation of proteases (Stys 

et al., 1992, Plemel et al., 2017, Verden and Macklin, 2016) which, coupled with the 

loss of support from oligodendrocytes and myelin, ultimately results in axonal injury 

and degeneration (Figure 1.4). Moreover, demyelinated axons are more vulnerable to 

inflammatory damage; for instance, nitric oxide (NO) released from activated microglia 

has been shown to promote axonal degeneration through inhibiting the production of 

ATP by mitochondria (Smith and Lassmann, 2002). Thus, in MS, chronic demyelination 

can drive subsequent axonal loss. 
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Figure 1.4: Consequences of demyelination. The myelin sheath provides metabolic 

support to the axon and facilitates saltatory conduction to enable swift and energy-

efficient signalling through the axon. However, following demyelination in MS, there is 

a redistribution and upregulation of sodium channels which causes an increase in 

sodium influx during signal conduction resulting in the increased activity of the energy-

demanding sodium-potassium pump to maintain the sodium gradient. If this energy 

demand is not met, the sodium-potassium pump can fail resulting in elevated sodium 

levels which can cause the sodium-calcium exchanger to work in reverse. This leads 

to toxic intra-axonal calcium levels which, coupled with the loss of support of the myelin 

sheath, leads to axonal injury and degradation. Illustration generated using Biorender. 
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1.2.3 Rationale for Remyelination Therapies in Multiple Sclerosis 

Axonal injury and degeneration which occurs as a result of acute inflammatory damage 

in active lesions, as well as from persistent demyelination in chronic lesions, causes 

irreversible disability and underlies disease progression in MS. Thus, the development 

of neuroprotective therapies which facilitate repair and/or preserve axonal integrity may 

help to prevent disability and halt disease progression. Promotion of remyelination will 

theoretically resolve conduction block, re-establish critical axonal support, and prevent 

axonal degeneration. In support of this, a post-mortem study found reduced evidence 

of axonal injury in remyelinated lesions compared to demyelinated lesions (Kornek et 

al., 2000). Similarly, a separate post-mortem study found that remyelinated lesions 

have a lower expression of markers of axonal damage (Schultz et al., 2017). Moreover, 

in vivo studies have demonstrated that remyelination can indeed protect against axonal 

loss. For example, a study using the EAE model found that accelerated remyelination 

preserves axonal density (Mei et al., 2016). Additionally, inhibition of remyelination by 

the irradiation of the cells responsible for remyelination led to increased axonal loss in 

an animal model of demyelination; this study further showed that transplantation of 

neural progenitor cells to the sites of damage could successfully rescue remyelination 

and axonal viability (Irvine and Blakemore, 2008). These studies provide compelling 

evidence that remyelination is in fact neuroprotective and may help to prevent disease 

progression in MS.  

As mentioned, remyelination has been observed in MS with remyelinated lesions being 

referred to as ‘shadow plaques’. The extent of remyelination appears to be extremely 

variable between patients and can be extensive in subsets of patients with RRMS or 

progressive MS (Patrikios et al., 2006). However, in general, remyelination reduces in 

efficiency as the disease progresses. It has been noted that remyelination is greater in 

the earlier stages of the disease, with significantly fewer lesions displaying evidence of 

remyelination in chronic disease (Goldschmidt et al., 2009). Similarly, a recent study 

found that there is a lower proportion of remyelinated lesions observed in patients with 

progressive MS than in RRMS (Luchetti et al., 2018). Thus, developing therapies which 

promote remyelination may be particularly beneficial in the treatment of progressive 

disease courses. A key prerequisite to the development of such therapies, however, is 

a deeper understanding of how remyelination normally proceeds and why there is a 

failure of this process in MS in the first instance. 
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1.2.4 Endogenous Remyelination  

Remyelination is carried out by a population of progenitor cells called oligodendrocyte 

precursor cells (OPCs) which can be identified by their expression of the proteoglycan 

NG2 (Keirstead et al., 1998). Successful remyelination involves the precise execution 

of several processes including the activation, migration, proliferation and differentiation 

of OPCs. In response to demyelination, quiescent OPCs are activated and recruited 

from the subventricular zone (SVZ) or from the perilesional environment to the site of 

injury (Picard-Riera et al., 2002, Zawadzka et al., 2010). OPC activation, which likely 

occurs in response to inflammation-associated factors such as IL-1β and TNF-α (Miron 

et al., 2011), causes a morphological change in these cells (Reynolds et al., 2002) and 

the upregulation of genes associated with OPC development including NK2 homeobox 

2 (Nkx2.2) and oligodendrocyte transcription factor 2 (Olig2) (Fancy et al., 2004). 

Chemotactic and mitogenic factors released by cells in lesion sites, including platelet-

derived growth factor (PDGF) and fibroblast growth factor (FGF) secreted by microglia 

and astrocytes, cause OPCs to proliferate and migrate towards areas of demyelination 

(Murtie et al., 2005, Woodruff et al., 2004).   

OPCs then exit the cell cycle, differentiate into mature oligodendrocytes and extend 

cell membrane processes that enwrap the axon to reinstate a new compact myelin 

sheath. OPC differentiation is a complex process involving the suppression of factors 

which inhibit differentiation as well as the activation of transcription factors which 

promote maturation. For example, the presence of myelin debris within the lesion site 

has an inhibitory effect on differentiation (Robinson and Miller, 1999, Kotter et al., 

2006); clearance of myelin debris by phagocytic cells is thus a key step in differentiation 

and subsequent remyelination. The upregulation of transcription factors such as myelin 

regulatory factor (MRF), SRY-box transcription factor 10 (SOX10), and NKX2.2 drive 

differentiation and the expression of myelin genes (Fancy et al., 2004, Turnescu et al., 

2018, Zhang et al., 2020). The increased expression of myelin proteins, including MBP, 

facilitates the compaction of the new myelin sheath (Kimura et al., 1989). Remyelinated 

axons show ultrastructural differences to myelinated axons, with a shortened distance 

between internodes and a reduced ratio of myelin thickness to axonal diameter, but 

these thinner myelin sheaths are still sufficient to restore axonal function (Brück et al., 

1997, Smith et al., 1979). 
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While it is widely accepted that remyelination is a function of OPCs, recent evidence 

suggests that surviving mature oligodendrocytes also possess a regenerative capacity 

in demyelinated lesions. A study using two in vivo models has provided evidence that 

adult oligodendrocytes which persist following demyelination can initiate remyelination 

(Duncan et al., 2018), demonstrating a reparative role for existing oligodendrocytes. 

However, in contrast, separate studies have shown that mature oligodendrocytes do 

not contribute to remyelination (Crawford et al., 2016, Targett et al., 1996); thus, there 

is still some debate surrounding this area. 

1.2.5 Failure of Remyelination in Multiple Sclerosis 

Successful remyelination requires the activation of OPCs and the precise coordination 

of their migration, proliferation, and differentiation; failure at any of these stages can 

impede remyelination. It has been found that approximately 30% of MS lesions contain 

few or no OPCs, which suggests that for at least a subset of lesions, there is a failure 

of OPC recruitment (Lucchinetti et al., 1999, Boyd et al., 2013). However, in ~70% of 

lesions, there is an identifiable OPC population present, which indicates that in many 

cases, failure of remyelination occurs at a stage after recruitment. It has been posited 

that a failure of differentiation is the main contributor to remyelination deficits in MS, 

with studies showing that chronic lesions contain quiescent OPCs that have failed to 

differentiate (Wolswijk, 1998, Kuhlmann et al., 2008). As such, there has been a 

concerted effort to identify factors which inhibit differentiation, with several pathways 

and signals having since been discovered. Leucine rich repeat and immunoglobin-like 

domain-containing protein 1 (LINGO-1) is a membrane-bound protein which is known 

to inhibit OPC differentiation and myelination (Mi et al., 2005). Critically, inhibiting 

LINGO-1 was found to promote remyelination and preserve axonal integrity in the EAE 

model (Mi et al., 2007). However, subsequent clinical trials in LINGO-1 have failed to 

show translation of efficacy to patients (Plemel et al., 2017). Notch signalling (Mathieu 

et al., 2019), Wnt signalling (Fancy et al., 2009), as well as the dysregulated expression 

extracellular matrix (ECM) components such as hyaluronan (Lau et al., 2013), have 

also been found to inhibit OPC maturation and remyelination, and therefore represent 

potential therapeutic targets (Wheeler and Fuss, 2016). Interestingly, a study found the 

presence of ‘pre-myelinating’ oligodendrocytes in lesions which had formed contacts 

with demyelinated axons but had failed to remyelinate them (Chang et al., 2002). This 

suggests that pathological changes to demyelinated axons may reduce their receptivity 
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to remyelination. Notably, it has been found that axons in demyelinated lesions express 

polysialylated neural cell adhesion molecule (PSA-NCAM) on their surface which is a 

negative regulator of remyelination (Charles et al., 2002).  

Overall, while a number of pathways and signals which may contribute to the failure of 

remyelination have been identified, there is no consensus on the exact reason for its 

failure in MS, but it is likely to be multifactorial; indeed, the ‘dysregulation hypothesis’ 

suggests that the breakdown of remyelination is not due to the presence or absence 

of a specific factor, or a failure of one particular step, but rather occurs due to an overall 

disruption of the remyelination process which is caused by an accumulation of several 

disturbances in the system (Franklin, 2002). It is also likely that the reason for its failure 

varies between patients. Therefore, a therapy which addresses a single factor (e.g., 

inhibition of Wnt signalling, clearance of myelin debris) may be insufficient to promote 

remyelination in all patients. Instead, a therapy, or perhaps a combination of therapies, 

which can modulate several factors in the lesion microenvironment may be required to 

overcome remyelination failure in MS. Furthermore, it will be necessary to pinpoint the 

precise pathology underlying each patient’s disease course to determine which patient 

may benefit from a specific therapy.  

1.2.6 The Development of Remyelination Therapies  

Our limited understanding of the remyelination process and why it ultimately fails in MS 

is reflected in the complete lack of approved therapies which directly promote 

remyelination. However, great strides are being made in the development of such 

therapies. A key step in the identification and development of remyelination therapies 

is their preclinical evaluation in models of demyelination (Murphy et al., 2013).  

1.2.6.1 Preclinical Models 

In Vitro Models 

Cell lines or primary cell cultures can be used to assess the effects of a therapy on key 

processes which are central to remyelination such as OPC migration, proliferation and 

differentiation; scratch wound assays and transwells can be used in the assessment 

of migration, while proliferation can be examined by labelling with markers of cell 

division (e.g., Ki67), and differentiation can be evaluated though the assessment of 

myelin protein expression (e.g., MBP). Oligodendrocyte and neuronal cell co-cultures 

are commonly used to study axon-oligodendrocyte interactions and the effect of a 
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potential therapy on the ability of oligodendrocytes to myelinate neurons (Kipp et al., 

2012). More complex cell-cell interactions can be modelled using ex vivo organotypic 

slice culture systems which maintain the three-dimensional structure and multicellular 

environment of brain tissue. This system is frequently used for electrophysiological 

studies but is also used in the study of demyelination (Tan et al., 2018). A commonly 

utilised in vitro model of demyelination involves the administration of lysolecithin (LPC) 

to organotypic slices to induce a demyelinating insult. Demyelination in this model is 

observed through the reduced expression of myelin proteins such as MBP and myelin 

oligodendrocyte glycoprotein (MOG). These slices exhibit spontaneous remyelination 

upon removal of the toxin and thus can also be used in the study of remyelination in 

vitro (Birgbauer et al., 2004). 

In Vivo Models 

Demyelination can be induced in vivo through the administration of toxins; in particular, 

lysolecithin and the copper chelator cuprizone are commonly used in the in vivo study 

of demyelination. While cuprizone is administered in the diet to induce widespread 

CNS demyelination, lysolecithin is injected into specific locations including the spinal 

cord and corpus callosum to induce focal demyelinated lesions (Merrill, 2009). In both 

models, spontaneous recovery occurs following the administration of the toxin; thus, 

both are used to evaluate the effect of a therapy on remyelination, which can be 

assessed by immunohistochemical analysis, staining with myelin-specific stains such 

as luxol fast blue, and/or electron microscopy.  

While both the cuprizone and lysolecithin models are valuable tools in the evaluation 

of remyelination therapies, demyelination in these models, for the most part, occurs 

independently of inflammation; given that MS is generally considered an autoimmune 

disease, it is therefore of interest to examine remyelination therapies in animal models 

that are more clinically and pathologically relevant to MS, where demyelination occurs 

in response to an immune-mediated insult. Preclinical testing of MS therapies has 

traditionally been performed in animal models which better capture the immunological 

component of MS, such as the EAE model. EAE is induced in animals through the co-

administration of a myelin antigen with an adjuvant to induce a T-cell-mediated immune 

system attack (Constantinescu et al., 2011). Depending on the species of animal and 

antigen used, different pathologies which mimic different aspects of MS can be 

induced. Thus, when using this model for the study of remyelination, care must be 
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taken to ensure that the version of the EAE model chosen causes robust 

demyelination. Induction of EAE using MBP in the Lewis rat, for example, produces 

severe CNS inflammation with little or no demyelination (Pender et al., 1995), while 

inoculation of C57/Bl6j mice against MOG induces prominent CNS demyelination, 

notably in the spinal cord (Crocker et al., 2006), and can therefore be used to assess 

remyelination.  

1.2.6.2 Remyelination Therapies in the Pipeline 

Research using these preclinical models has led to the identification of many potential 

remyelination-enhancing therapies, several of which have been or are currently being 

investigated in clinical trials; some of these are highlighted in Table1.1 (Gingele and 

Stangel, 2020). A key consideration when designing clinical trials for such therapies is 

selecting appropriate outcome measures to assess their clinical efficacy as there are 

currently no biomarkers which are sufficiently specific and sensitive for remyelination. 

While changes in relapse rates, disability progression and MRI-detected lesions are 

classically used for the assessment of MS therapies in clinical trials, these measures 

do not directly relate to an effect on remyelination as functional recovery and lesional 

changes can occur for reasons other than remyelination including the redistribution of 

ion channels or resolution of inflammation. Thus, there is a need for the development 

of biomarkers for remyelination. Remyelination is currently assessed in trials indirectly 

through various imaging and electrophysiological measures which are predominantly 

focused on the optic nerve and visual pathway (Baldassari et al., 2019). 

Overall, while several potential therapies are currently being assessed in clinical trial, 

there are no remyelination therapies clinically approved for the treatment of MS; thus, 

there remains a vital need for the development of such therapies. As mentioned, it is 

very likely that the cause of remyelination failure varies among patients; although a 

therapy which promotes OPC differentiation may be beneficial in patients where there 

is a failure of OPCs to differentiate, such a therapy would be ineffective in a patient 

where there is an initial failure of OPC recruitment to lesion sites. Therefore, it is 

essential that therapies which target different aspects of remyelination continue to be 

researched and developed so that a greater array of treatment options are available to 

clinicians. This will allow for a more personalised treatment plan to be curated for each 

patient based on their response to a specific therapy. 
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Table 1.1: Remyelination therapies in the pipeline. Adapted from Gingele and 

Stangel (Gingele and Stangel, 2020). 

Therapeutic  
Proposed mechanism 

of action 
In vitro data In vivo data Clinical Studies 

Clemastine 

Promotion of OPC 
differentiation and 

myelination  
(Mei et al., 2014) 

Primary rat OPC 
(Mei et al., 

2014) 

Lysolecithin model 
(Mei et al., 2014, 

Jensen et al., 2018) 
 

Cuprizone model 
(Li et al., 2015) 

Phase II 
(NCT02040298) 
Optic neuritis in 

patients with 
relapsing MS 

 
Phase II 

(NCT02521311) 
Optic Neuritis 

Erythropoietin 

Promotion of 
oligodendrocyte lineage 

cells differentiation 
(Sugawa et al., 2002) 

Primary rat 
oligodendroglia 
(Sugawa et al., 

2002) 
 

Lysolecithin-
treated spinal 

cord slice 
cultures (Cho et 

al., 2012) 

EAE model 
(Cho et al., 2012, 

Zhang et al., 2005) 

Phase II 
(NCT00355095) 

Optic neuritis 
 

Phase III 
(NCT01962571) 

Optic neuritis 

Olesoxime 

Enhancement of OPC 
maturation and myelin 

formation  
(Magalon et al., 2012) 

Primary rat OPC 
(Magalon et al., 

2012) 

Lysolecithin model 
(Magalon et al., 

2012) 

Phase Ib 
(NCT01808885) 

Safe and well 
tolerated in RRMS 

Anti-
Semaphorin 4D 

antibody 
(VX15/2503) 

Prevention of apoptosis 
and reduced 

differentiation induced 
by semaphorin 4D in 

OPCs 
 (Smith et al., 2015) 

Primary rat OPC 
(Smith et al., 

2015) 

Lysolecithin model  
(Smith et al., 2015) 

Phase I 
(NCT01764737)- 

Safe and well 
tolerated-MS 

patients 

Thyroid 
hormones and 
thyromimetic 
sobetirome 

Inhibition of OPC 
proliferation & 

promotion of OPC 
differentiation  

(Baas et al., 1997, Shultz 
et al., 2017) 

Primary rat OPC 
(Baas et al., 

1997, Shultz et 
al., 2017) 

Cuprizone model  
(Harsan et al., 

2008, Zendedel et 
al., 2016, Hartley et 

al., 2019) 
 

Lysolecithin model  
(Hartley et al., 

2019) 

Phase I 
(NCT02760056) 

No serious adverse 
effects in patients 

with MS 

Quetiapine 

Enhancement of OPC 
differentiation and 

myelination  
(Mei et al., 2014) 

Primary rat OPC 
 (Mei et al., 

2014, Gonzalez 
Cardona et al., 

2019) 

Cuprizone model  
(Zhang et al., 2012, 
Wang et al., 2015) 

Phase I 
(NCT02087631) 

No results to date 
 

rHIgM22- 
recombinant 

serum-derived 
human 

monoclonal IgM 
antibody 

(sHIgM22) from 
a patient with 

Waldenstrom’s 
macroglobuline

mia 

Protection of OPC from 
apoptosis  

(Watzlawik et al., 2010) 

Primary rat 
oligodendroglia 
(Watzlawik et 

al., 2010) 

Cuprizone model 
 (Mullin et al., 2017) 

Phase I 
(NCT01803867) 

Safe and tolerable 
in patients with 

clinically stable MS 
 

Phase I 
(NCT02398461) 

No results to date 

Gold 
nanocrystals 
(CNM-Au8) 

Promotion of OPC 
differentiation  

(Robinson et al., 2020) 

Primary mouse 
OPC  

(Robinson et al., 
2020) 

Cuprizone model 
(Robinson et al., 

2020) 

Phase I 
(NCT02755870) 

No results to date 
 

Phase II 
(NCT03536559) 

Ongoing in patients 
with stable RRMS 
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Therapeutic  
Proposed mechanism 

of action 
In vitro data In vivo data Clinical Studies 

Anti-LINGO-1 
(Opicinumab, 

BIIB033) 

Increase in 
oligodendrocyte 
differentiation  

(Mi et al., 2005) 

Primary 
oligodendroglia 

 (Mi et al., 
2005), 

 
Lysolecithin-

treated mouse 
forebrain slice 

cultures  
(Mi et al., 2009) 

 

Lysolecithin and 
Cuprizone model 
 (Mi et al., 2009) 

 
 

Phase I  (x2) 
(NCT01052506, 
NCT01244139) 
Safe and well 

tolerated 
 

Phase II 
(NCT01721161)  

No effect 
 

Phase II 
(NCT02657915) 

No results to date 
 

Phase II 
(NCT01864148) 

Favourable 
response 

 
Phase II 

(NCT03222973) 
Terminated 

Histamine H3 
receptor 

antagonists/inve
rse 

agonists 
(GSK239512, 
GSK247246) 

Promotion of OPC 
differentiation  

(Chen et al., 2017) 

Primary rat 
OPCs 

 (Chen et al., 
2017) 

Cuprizone model 
 (Chen et al., 2017) 

 

Phase II 
(NCT01772199) 

Patients with RRMS 
- Sleep related 

adverse effects, 
small positive effect 

on remyelination 

Bazedoxifene 

Enhancement of OPC 
differentiation and 

myelination  
(Rankin et al., 2019) 

Primary rat and 
human OPC 

(Rankin et al., 
2019) 

Lysolecithin model  
(Rankin et al., 2019) 

Phase II 
NCT04002934 

Recruiting/Ongoing 

Testosterone 

Promotion of OPC 
recruitment and 

myelination  
(Hussain et al., 2013) 

Rat cerebellar 
slice cultures 

 (Hussain et al., 
2013) 

 

Cuprizone model 
(Hussain et al., 

2013) 

Phase II 
(NCT00405353) 

Safe and well 
tolerated in patients 

with RRMS 
 

Phase II 
(NCT03910738)  
40 male patients 

with RRMS-
Ongoing 

Bexarotene 

Enhancement of myelin 
debris phagocytosis by 

macrophages  
(Natrajan et al., 2015) 

 
Promotion of Treg 

induction and 
suppression of Th17 

differentiation  
(Gaunt et al., 2021) 

Human PBMC-
derived 

macrophages 
(Natrajan et al., 

2015)  
and T-cells 

(Gaunt et al., 
2021) 

Lysolecithin model 
(Natrajan et al., 

2015) 

Phase II 
(ISRCTN14265371) 
Patients with RRMS 
– Not well tolerated 

and negative 
primary efficacy 

outcome 
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1.3 Nefiracetam 
 

1.3.1 Background to Nefiracetam 

Piracetam and piracetam-like compounds, collectively referred to as ‘racetams’, are 

known modulators of cerebral function (Malykh and Sadaie, 2010). These compounds 

belong to a unique class of drugs termed ‘nootropics’ due to their cognition-enhancing 

abilities (Shorvon, 2001). Since their discovery, nootropics have been proposed as 

possible treatments for cognitive deficits in various CNS disorders. Nefiracetam, first 

synthesised in the 1980s, is a member of this nootropic class of drugs (Gouliaev and 

Senning, 1994). To date, studies with nefiracetam have primarily been focused on its 

effects on learning and memory. In vivo studies have found that nefiracetam can revert 

amnesia that has been induced by hypoxia (Hiramatsu et al., 1997), and by drugs such 

as scopolamine and apomorphine (Doyle et al., 1993, Doyle et al., 1996, Shiotani et 

al., 1992, Nabeshima et al., 1990, Yamada et al., 1994, Nabeshima et al., 1994). 

Furthermore, nefiracetam has demonstrated anti-epileptic and neuroprotective effects 

in a kainic acid-induced model of epilepsy (Kitano et al., 2005, Hashizume et al., 2000).  

1.3.1.1 The Known Mechanism of Action of Nefiracetam 

Nefiracetam has been found to enhance neuroplasticity in vivo (Murphy et al., 2006), 

the fundamental process underpinning information storage which, in turn, facilitates 

higher cognitive functions (O’Sullivan et al., 2012). Long-term potentiation (LTP), the 

enduring enhancement of synaptic strength, and long-term depression (LTD), the 

persisting decrement, are the cellular events which underlie learning and memory that 

can both be induced by glutamate signalling. It is thought that learning induces the 

release of glutamate from pre-synaptic neurons at excitatory synapses which activates 

post-synaptic AMPA receptors, depolarises the post-synaptic membrane, and 

activates NMDA receptors through the attenuation of the Mg2+ block. The resulting 

influx of calcium ions and activation of calmodulin triggers downstream signalling 

molecules such as calcium-calmodulin kinase II (CaMKII), protein kinase C (PKC), and 

cAMP response element binding protein (CREB), leading to the transcription of several 

memory-associated genes. 

Due to its known effects on learning and memory, molecular studies have explored the 

effect of nefiracetam on glutamate signalling in neurons. A study in primary rat cortical 

neurons reported that nefiracetam potentiates NMDA-evoked currents through an 
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interaction with the glycine binding site of the receptor (Moriguchi et al., 2003). AMPA-

evoked currents were also found to be potentiated by nefiracetam, although this effect 

was comparatively modest. This study found that the minimum effective dose was 1nM. 

Notably, nefiracetam displayed a bell-shaped dose response curve; the greatest 

potentiation of NMDA-evoked currents was observed at 10nM while a reduced effect 

was observed at higher and lower doses. Follow-on studies found that the effect of 

nefiracetam on NMDA-evoked currents was abolished following the blockade of PKC 

(Moriguchi et al., 2007). Autophosphorylation of PKC was increased, as well as 

increased phosphorylation of the NR1 subunit of the NMDA receptor, in response to 

nefiracetam; these effects once again followed a bell-shaped dose response curve. A 

molecular dynamics-based study established that nefiracetam potentiates NMDA 

receptor signalling by competing with glycine for its binding site in a multi-step process; 

nefiracetam initially binds to a novel location on the receptor to disrupt glycine binding 

dynamics and the resulting dissociation of glycine allows nefiracetam to occupy its 

binding site (Omotuyi and Ueda, 2015). Electrophysiology studies in rodent 

hippocampal slices found that nefiracetam enhances NMDA receptor-dependent LTP 

(Moriguchi et al., 2008). Protein analysis of these slices demonstrated increased 

activation of CaMKII and a parallel increase in the phosphorylation of AMPA receptor 

subunit 1 (GluR1). A separate study found that nefiracetam ameliorates learning and 

memory deficits in olfactory bulbectomized mice and that this effect was mediated by 

enhanced signalling through both the NMDA receptor and metabotropic glutamate 

receptor 5 (mGluR5) (Moriguchi et al., 2009). 

Nefiracetam is also known to modulate cholinergic signalling. Nefiracetam treatment 

was found to elevate extracellular acetylcholine levels in the frontal cortex of rats 

(Sakurai et al., 1998, Hiramatsu et al., 1997). It has also been shown to induce an LTP-

like facilitation of synaptic transmission in murine hippocampal slices, an effect which 

was attenuated upon inhibition of nicotinic acetylcholine receptors (Nishizaki et al., 

1999). Nefiracetam also acts on N/L-type voltage-gated calcium channels (Hiramatsu 

et al., 1997). Interestingly, nefiracetam inhibited necrosis and apoptosis in an in vitro 

model of retinal ischemia; this protective effect was lost in the presence of inhibitors of 

N/L-type voltage-gated calcium channels (Ueda et al., 2004). It was further found that 

the reversal of scopolamine-induced amnesia by nefiracetam in rats could be 

abolished by N/L-type voltage-gated calcium channel blockers (Yamada et al., 1994). 

These studies suggest that calcium flux may be central to its mechanism.  
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Overall, it is evident from the aforementioned studies that nefiracetam has a complex 

pharmacology, eliciting an effect on several different receptors and signalling 

pathways. 

1.3.1.2 Clinical Trials of Nefiracetam 

Nefiracetam has consistently been found to improve learning and memory in vivo, as 

well as exhibiting neuroprotective properties. Notably, nefiracetam treatment was 

found to ameliorate learning and memory deficits that had been induced in mice by the 

infusion of β-amyloid peptide derived from the plaques of patients with Alzheimer’s 

disease (Yamada et al., 1999). The multitude of in vivo studies demonstrating 

nefiracetam’s cognition enhancing effects, together with its noted effects on NMDA and 

cholinergic signalling, both of which are known to be dysfunctional in Alzheimer’s 

disease (Lombardero et al., 2020), led to the pharmaceutical company Daiichi Seiyaku 

assessing the effects of nefiracetam in clinical trial for the treatment of dementia which 

occurs as a result of cerebrovascular disorders or Alzheimer’s disease. 

Initial pharmacokinetic and dose finding studies found that nefiracetam administered 

as an oral drug is rapidly absorbed, showing peak serum levels within two hours, and 

reaching a steady state serum concentration in seven days. It has a half-life of three 

to five hours, and is heavily metabolised, with <10% of the dose being recovered 

unchanged in urine after 24 hours. The kinetics of the drug were not impacted by food 

intake. Nefiracetam was found to be well tolerated, with no reports of severe adverse 

side effects (Fujimaki et al., 1992, Fujimaki et al., 1993). While nefiracetam displayed 

initially promising results in phase II trials, it showed insufficient efficacy in subsequent 

phase III trials in Alzheimer’s disease and cerebrovascular disorder-related dementia 

which halted the clinical development of nefiracetam (Goa and Benfield, 1996, Crespi, 

2002). The potential therapeutic effects of nefiracetam have also been more recently 

explored in the context of post-stroke depression and apathy; however, these clinical 

trials ultimately found no therapeutic benefit (Robinson et al., 2009, Starkstein et al., 

2016, Robinson et al., 2008). The mentioned clinical trials have been summarised in 

Table 1.2; it must be noted that this is not a complete list of the clinical trials which 

have been conducted with nefiracetam due to a lack of published results. 
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Table 1.2: Summary of clinical trials with nefiracetam. 

 

Trial Phase 
No. of 

subjects 
Treatment 

Endpoint/Efficacy 
Measures 

Outcome(s) 

Single- and multiple-dose 
pharmacokinetics of nefiracetam 
in healthy volunteers 
 
(Fujimaki et al., 1992) 
 

I 42 

Randomised to: 
 

- Single dose: 10-1200mg nef 
(n=39) 

- Multiple dose: 200mg nef 
three times daily for 7 days 
(n=6) 

Kinetics of nefiracetam in 
humans 

- Peak serum concentrations within 2 hours for 
all dosages (Cmax) 

- Half-life (t1/2) of 3-5 hours  
- No change in renal clearance with dose 
- No clinically significant accumulation with 

multiple doses 
- Steady state achieved after 3 days 
- No obvious toxicity or significant changes in 

standard laboratory tests noted at any dose 

Pharmacokinetics of nefiracetam 
and three metabolites in humans 
and stereoselective hydroxylation 
of its pyrrolidine ring 
 
(Fujimaki et al., 1993) 
 
 

I 16 

Randomised to: 
 

- Single dose: 200mg nef 
(n=5), 1200mg nef (n=5) 

- Multiple dose: 200 mg three 
times daily for 7 days (n=6) 
 

Kinetics of nefiracetam and 
its metabolites in humans 

- Three major metabolites: 5-hydroxy-
nefiracetam, 4-hydroxy-nefiracetam, N-[(2,6-
dimethylphenylcarbonyl)methyl]-succinamic 
acid 

- Nefiracetam plus these metabolites account 
for 43.4% of the dose recovered in urine 

- t1 ⁄2=3.5 hours for nefiracetam, 8-22 hours for 
metabolites 

- No toxicity reported 

Clinical utility of nefiracetam in 
the treatment of cerebrovascular 
disorders: dose-finding study by 
double-blind method 
 
(Ohtomo et al., 1994b) 
[ORIGINAL, in Japanese] 
 
(Goa and Benfield, 1996) 
[REVIEW] 
 

II 289 

Randomised to: 
 

- 150mg/day nef 
- 300mg/day nef 
- 450mg/day nef 

 
(8 weeks) 

Global improvement rating 
(GIR) 

- 450 mg/day significantly more effective 
(p<0.05) than a dosage of 150mg/day 

- GIR of ‘moderately improved or greater’ 
reported in 24.5%, 28.4% and 41.7% of 
patients receiving, respectively, the 150, 300 
and 450mg/day dosages (dose-dependent) 

- Psychiatric symptoms responded best: 
‘moderately improved or greater’ in 32% of 
patients given 450mg/day 

- Rated ‘safe’ or ‘almost safe’ in 98-99% of 
patients 

- Adverse events, mainly gastrointestinal, 
occurred in 1% given 150 or 300mg/day and 
5.1% receiving 450mg/day 
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Trial Phase 
No. of 

subjects 
Treatment 

Endpoint/Efficacy 
Measures 

Outcome(s) 

Investigation of nefiracetam in a 
long-term treatment of patients 
with after-effect of 
cerebrovascular disorders 
 
(Kobayashi, 1994) 
[ORIGINAL, in Japanese] 
 
(Goa and Benfield, 1996) 
[REVIEW] 

II 50 

450mg/day nef (titrated to a max of 
900mg/day) 
 
 
(Min 8 weeks; max 12 months) 

Hasegawa Dementia Rating 
Scale (HADRS) Score 

 
- Significant improvement in mean HADRS 

score in patients with baseline scores >10 
and ≤30 (p<0.0005, pre-treatment vs post-
treatment) 

- Symptom improvement according to final 
GIRs was ‘moderate or greater’ in 42% of 
patients 

- Psychiatric symptoms ‘moderately improved 
or greater’ in 34% 

- Nefiracetam was rated 'moderately useful or 
greater' in 43.6% 

- Side effects included mild to moderately 
severe epigastric pain (1 patient), skin rash (4 
patients) and dizziness (1 patient) with 450-
900mg/day dose for up to 1 year 

- 5 patients discontinued therapy 
 
 

Clinical evaluation of nefiracetam 
in a long-term treatment of 
patients with sequela of 
cerebrovascular disorders 
 
(Hasegawa et al., 1994) 
[ORIGINAL, in Japanese] 
 
(Goa and Benfield, 1996) 
[REVIEW] 

II 65 

450mg/day nef (titrated to a max of 
900mg/day) 
 
(Min 6 months; max 12 months) 

Hasegawa Dementia Rating 
Scale (HADRS) Score 

 
 
- Significant improvement in mean HADRS 

score in patients with baseline scores >10 
and ≤30 (p<0.0005, pre-treatment vs post-
treatment) 

- Symptom improvement according to final 
GIRs was ‘moderate or greater’ in 46.2% of 
patients 

- Psychiatric symptoms ‘moderately improved 
or greater’ in 47.4% 

- Nefiracetam was rated 'moderately useful or 
greater' in 44.6% 

- HADRS scores worsened in 12.9% 
- Rated 'undesirable' in 3.1% 
- Side effects included skin rash (1 patient) and 

diarrhoea (1 patient) 
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Trial Phase 
No. of 

subjects 
Treatment 

Endpoint/Efficacy 
Measures 

Outcome(s) 

Clinical efficacy and safety of 
nefiracetam against after-effects 
following cerebrovascular 
disease: a placebo-controlled 
double-blind comparative study 
 
(Goa and Benfield, 1996) 
[REVIEW] 

III 259 

Randomised to: 
 

- 450mg/day nef (n=130) 
- Placebo (n=129) 

 
(8 weeks) 

Global improvement rating 
(GIR) 

 
- Significant improvement in final GIR vs 

placebo 
- GIR results of ‘moderate or greater’ in 32.3% 

vs 10.1% for placebo (p<0.001) 
- Global usefulness results of ‘useful’ for drug in 

32.1% vs 10.9% for placebo (p<0.001) 
- Overall improvement in psychiatric symptoms 

of ‘moderate or greater’ in 30.8% vs 10.1% for 
placebo (p<0.001) 

- Mild to moderately severe adverse events 
reported in 3.8% vs 3% in placebo 

 

Clinical utility of nefiracetam in 
patients with after-effect 
following cerebrovascular 
disorders: a comparative double-
blind study with idebenone 
 
(Ohtomo et al., 1994a) 
[ORIGINAL, in Japanese] 
 
(Goa and Benfield, 1996) 
[REVIEW] 
 

III 258 

Randomised to: 
 

- 450mg/day nef 
- 90mg/day idebenone 

 
(8 weeks) 

Global improvement rating 
(GIR) 

 
- No significant improvement in final GIR vs 

idebenone 
- GIR results of ‘moderate or greater’ in 37.6% 

vs 26.9% for idebenone (p=0.068) 
- Nefiracetam rated 'useful' in 39.7% vs 26.9% 

for idebenone (p<0.05) 
- Mild to moderately severe adverse events 

reported in 6.3% vs 2.3% in idebenone 
- Side effects reported included dizziness, 

floating sensation, perspiration, anorexia, 
blepharoedema, nausea and tinnitus 

 

Nefiracetam in the treatment of 
Alzheimer’s disease 
 
NCT00001933 
 

II 
50 

(approx.) 
Not reported 

Not reported; efficacy was to 
be measured using 
standardised neuro-
psychological tests 

Completed 2002; results unpublished 
 
Note: Development ceased for this indication 

Double-blind randomized 
treatment of post-stroke 
depression using nefiracetam 
 
(Robinson et al., 2008) 

II 
137 

 
 

Randomised to: 

- 900mg/day nef (n=35) 
- 600mg/day nef (n=54) 

- Placebo (n=48) 

 
(Min 4 weeks) 

Hamilton Depression Rating 
Scale (Ham-D) score 

- No significant improvement in post-stroke 
apathy between treatment groups 

- Significant improvement in most severely 
depressed patients (Ham-D score ≥25) 

- No significant differences between the groups 
in the frequency of adverse events, mainly 
gastrointestinal 
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Trial Phase 
No. of 

subjects 
Treatment 

Endpoint/Efficacy 
Measures 

Outcome(s) 

Double-blind treatment of apathy 
in patients with post-stroke 
depression using nefiracetam 
 
(Robinson et al., 2009) 

II 70 

Randomised to: 

- 900mg nef (n=22) 
- 600mg nef (n=26) 
- Placebo (n=22) 

 
(Min 4 weeks) 

Modified Apathy Scale score 
(based on Marin Scale) 

- Significant reduction in apathy scale score 
in 900mg group compared to placebo and 
600mg groups 

- No significant differences between the groups 
in the frequency of adverse events, mainly 
gastrointestinal 

 
Note: Study was a secondary analysis, powered for the 
assessment of depression, not for apathy. 

Randomized, placebo-controlled, 
double-blind efficacy study of 
nefiracetam to treat post-stroke 
apathy 

(Starkstein et al., 2016) 
 

II 13 

Randomised to: 

- 900mg nef (n=6) 
- Placebo (n=7) 

 
(12 weeks) 

Apathy Scale score 
 
 

- No significant improvement in post-stroke 
apathy between treatment groups 

- No significant between-group differences in 
any side effects measured 

- Most common side effects included nausea, 
headache, dizziness, fatigue, irritability and 
agitation 
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1.3.2 Discovery of Nefiracetam as a Remyelination Therapy 

There is a vital need for a therapy which can address cognitive deficits in MS; cognitive 

impairments can occur throughout the disease course and in all subtypes of MS, but it 

is more pronounced in the progressive forms of the disease, occurring in up to 79% of 

patients with SPMS and more than 90% of patients with PPMS (Ruano et al., 2016). 

However, there are currently no therapies available which can effectively treat these 

deficits. Given the well-established cognition-enhancing effects of nefiracetam in vivo, 

our research group was initially interested in exploring whether nefiracetam could have 

a therapeutic effect in MS-associated cognitive dysfunction. However, our early studies 

indicated that this drug had a direct effect on the remyelination process (Keogh et al., 

unpublished data).  

1.3.2.1 The Effect of Nefiracetam on Remyelination 

Studies using the organotypic hippocampal slice culture model showed early evidence 

that nefiracetam may accelerate remyelination. In this study, hippocampal slices were 

treated with LPC and allowed to recover in the presence or absence of nefiracetam. 

Immunohistochemical analysis of MBP staining of these slices found that LPC 

abolishes MBP expression and that nefiracetam could restore MBP expression back 

to control levels at an accelerated rate when compared to vehicle-treated time-

matched control slices (Figure 1.5). Interestingly, pre-treatment with nefiracetam did 

not have a protective effect against LPC-induced MBP loss and did not impact on 

subsequent MBP recovery upon removal of the toxin. Thus, the effects of nefiracetam 

on the expression of MBP were only apparent when nefiracetam was administered to 

the slices following the LPC insult. Administration of nefiracetam to the slices not 

treated with LPC showed no overt effects on MBP expression. 

Following this discovery, our group was interested in determining whether these 

findings would translate to an in vivo model of demyelination. Our studies using the 

gold standard animal model of demyelination, the dietary cuprizone model, consistently 

found that nefiracetam accelerates remyelination, restoring myelin levels in the corpus 

callosum back to control levels at a significantly faster rate than time-matched saline-

treated controls as assessed by luxol fast blue staining. Once again, naïve mice that 

received nefiracetam showed no effect of the drug on basal myelin expression (Figure 

1.6). 
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While showing efficacy in the cuprizone model is a promising result, as mentioned, 

demyelination in this model occurs, for the most part, independent of inflammation; 

thus, we next sought to explore whether nefiracetam’s therapeutic effect would persist 

in a model where there is a greater inflammatory component and thus better reflects 

the clinical pathology of MS. To explore this, EAE was induced by inoculation of 

C57/Bl6j mice against MOG (EAE-MOG), a version of the EAE model which induces 

widespread inflammation and demyelination of the spinal cord (Crocker et al., 2006). 

While treatment with nefiracetam showed no effect on the severity of the motor deficits 

which occur in these mice, when nefiracetam was administered in combination with 

the corticosteroid dexamethasone, there was a significant reduction in the severity of 

motor deficits which was greater than when dexamethasone was administered alone 

(Figure 1.7A and B). Interestingly, although there were no observable behavioural 

changes with nefiracetam treatment, micro-CT imaging of the spinal cord found there 

was a significant reduction in the number of spinal cord white matter lesions in 

response to high-dose nefiracetam, as well as the combination treatments (Figure 

1.7C). This suggests that nefiracetam may enhance remyelination in this model which, 

together with the powerful anti-inflammatory effect of dexamethasone, culminates in a 

synergistic improvement of motor dysfunction in mice with EAE.   

1.3.2.2 How Does Nefiracetam Accelerate Remyelination? 

After showing repeated proof of principle that nefiracetam accelerates remyelination 

both in vitro and in vivo, focus turned to uncovering the molecular mechanism by which 

nefiracetam drives enhanced remyelination. Further in vitro studies were conducted to 

explore whether nefiracetam’s effect on remyelination is due to a direct effect on OPCs. 

Purified primary OPCs derived from neonatal rat pups were used to investigate this 

possibility. The effect of nefiracetam on OPC migration, proliferation and differentiation, 

the key steps of remyelination, were investigated. Scratch assay studies found that 

nefiracetam accelerates OPC migration at all doses tested (Figure 1.8), while no robust 

effect on proliferation was observed (Figure 1.9). A low dose of nefiracetam (1nM) was 

found to modestly increase differentiation with a significant increase in the proportion 

of cells positive for MBP being noted following 4 days of nefiracetam treatment (Figure 

1.10). These studies suggested that nefiracetam may enhance remyelination through 

a direct modulatory action on OPCs.  
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RNA microarray analysis was carried out on the corpus callosum of mice with 

cuprizone-induced demyelination to identify genes which are differentially regulated by 

nefiracetam. Among the genes identified, the upregulation of Gria1, which encodes the 

AMPA receptor subunit GluR1, and Grm5, which encodes mGluR5, were of particular 

interest given the studies which found that nefiracetam’s mechanism of action in 

neuronal cells may involve an effect on these targets. To explore whether nefiracetam 

also modulates glutamate signalling in OPCs, a live cell imaging platform was utilised 

to monitor intracellular calcium flux in response to glutamate in primary oligodendroglial 

cells. These calcium imaging studies found that OPCs produce a robust, biphasic 

response to glutamate mediated by AMPA and mGluR5 receptors. Interestingly, the 

initial rapid and transient peak was found to be mediated by mGluR5, while the slower 

and more sustained secondary response was found to be caused by the activation of 

AMPA receptors; this was a surprising result given the more rapid kinetics associated 

with ionotropic glutamate receptors compared to metabotropic glutamate receptors. 

Another interesting finding from these studies was that calcium permeable NMDA 

receptors were not detected in OPCs but could be detected in fully differentiated 

oligodendrocytes. Both acute (Figure 1.11) and chronic (24 hour) (Figure 1.12) 

nefiracetam treatment significantly increased calcium flux in OPCs, with an increase in 

both the primary and secondary responses to glutamate being observed. This 

indicated that nefiracetam has an acute modulatory effect on AMPA and mGluR5 

receptors, as well as a more enduring effect. 

In summary, our studies to date have found that nefiracetam accelerates remyelination 

both in vitro and in vivo, an effect which may be mediated, at least in part, through a 

direct action on OPCs, perhaps through an effect on glutamate signalling.  
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Figure 1.5: Effect of nefiracetam on LPC-induced demyelination in organotypic 

hippocampal culture (OHC) model. A. Images of an OHC slice depicting (i, ii) the 

typical anatomical pattern of these cultures and (iii) the high degree of myelination as 

demonstrated by the large amount of myelin basic protein (MBP) staining in green. (iv) 

A high magnification image showing the MBP expression pattern in the CA3 region of 

the OHC. B. Quantification of MBP expression following LPC-induced demyelination 

(250µg/mL; 18 hours) and 24 or 72 hour recovery period in the presence of either 

vehicle or 10μM nefiracetam. C. Representative images showing the levels of MBP in 

OHC slices ± LPC/nefiracetam. All data represents mean±SEM MBP expression as a 

percent of the untreated control, unpaired Student’s t-test, *=p<0.05 (16≤n≤24 slices). 
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Figure 1.6: Nefiracetam accelerates myelin repair in the cuprizone animal model. 

A. (i) Representative image showing the corpus callosum (cc) visualised with the 

myelin stain luxol fast blue. The box indicates the typical region where images were 

taken for the analysis. Representative images showing myelin as stained by luxol fast 

blue (dark staining) in the corpus callosum of the adult C57Bl/6j mice on (iii) day 1 

following cessation of 6 weeks on a cuprizone diet and (iv) the effect of nefiracetam 

treatment on myelin status. B. Quantification of the effect of cuprizone ± 30kg/mg 

nefiracetam on myelin expression 1, 3 and 7 days following return to normal diet. Data 

represents mean ± SEM myelin density expressed as a percentage of control, one-

way ANOVA, Dunnett’s post-test, *=p<0.05, (7≤n≤10 animals per group). 
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Figure 1.7: Effect of nefiracetam alone and in combination with dexamethasone 

in EAE-MOG. Effect of A. 0.1 mg/kg nefiracetam and B. 15mg/kg nefiracetam with and 

without 0.4 mg/kg dexamethasone on clinical score in EAE-MOG mice. Mice received 

intraperitoneal injections of nefiracetam and/or dexamethasone from day 14 until the 

end of the study. Nefiracetam alone did not significantly alter the disease severity. 

Dexamethasone alone showed a modest reduction in disease severity. The 

nefiracetam-dexamethasone combination revealed a synergistic action reducing the 

symptoms significantly compared to saline control. Data represents the mean±SEM 

clinical score, two-way ANOVA, Bonferroni post-test, *=p<0.05 vs. saline control 

(9≤n≤12 animals per group). C. Paraformaldehyde fixed tissue from EAE-MOG mice 

was soaked in a non-ionic iodinated contrast agent for 4 weeks and CT images 

acquired. Sample images correspond to the same saline-treated animal and are 

inverted to clarify grey and white matter. White circles highlight visible lesions in the 

spinal cord in sequential planes (from left to right) along the x, y and z axes. Scale 

bar=1mm. B. Lesion quantification was conducted by three independent observers 

blinded to the treatment group. Graph depicts the averaged analysis of all three 

observers. Data represents the mean±SEM number of lesions, one-way ANOVA, 

Dunnett’s post-test, *=p<0.05 vs. saline control (5≤n≤6 animals per group). 
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Figure 1.8:  Effect of nefiracetam on OPC migration. Purified OPCs generated from 

rat postnatal day 2 cortex were maintained in vitro in basally defined medium (BDM) 

supplemented with PDGF-AA and FGF. At 6 days in vitro (DIV) OPCs were scratched 

using a 200 µl pipette tip and subsequently treated with nefiracetam for 24 hours before 

being stained for NG2 (red) and DAPI (blue). A. Data represents the mean ± SEM 

distance invaded (µm) into a 250 µm wide central area, shown in B. Kruskal-Wallis 

one-way ANOVA with Dunn’s post-test, *=p<0.05 vs. control (2363≤n≤4115 cells). C. 

Representative images of each treatment group 
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Figure 1.9: Effect of nefiracetam on OPC proliferation. Purified OPCs from rat 

postnatal day 2 cortex were maintained for 4 DIV in were maintained in vitro in BDM 

supplemented with PDGF-AA and FGF. At 4 DIV cultures were treated with 

nefiracetam for 24 hours following which cultures were fixed and immunolabelled for 

Ki67 (green). Nuclei were stained with DAPI (blue). Cells with mean nuclear Ki67 

expression above a manually determined intensity threshold in control coverslips were 

considered Ki67 positive. Data represents the percent Ki67-positive cells per group, 

error bars represent 95% confidence intervals. *=p<0.01 vs control, chi-squared test 

(20597≤n≤24331 cells, N=2 independent experiments). B. Representative images of 

cultures: (a) OPC control, (b) nefiracetam 1nM, (c) 10nM, (d) 100nM, (e) 1µM and (f) 

10µM. Scale bar = 200 µm. 

 



45 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10:  Effect of nefiracetam on OPC differentiation. Purified OPCs 

generated from rat postnatal day 2 cortex were maintained in vitro in BDM 

supplemented with PDGF-AA and FGF. At 2 DIV, PDGF-AA and FGF were removed 

from the culture medium and OPCs were treated with nefiracetam for 4 days. BDM-

treated OPCs acted as controls (BDM Ctrl), cultures supplemented with T3, CNTF and 

NAC acted as positive differentiation controls (T3 Ctrl) and cultures remaining in 

PDGF-AA and FGF acted as OPC controls. A. Cultures were fixed at 6 DIV and stained 

for NG2 (red), MBP (green) and DAPI (blue). Data represents the mean percentage 

MBP-positive cells per group, error bars represent 95% confidence intervals. Chi-

squared test, *=p<0.001 vs. BDM control, (11799≤n≤14165 cells). B. Representative 

images of each treatment group. Scale bar = 200µm. 
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Figure 1.11: Characterisation of glutamate response in pre-oligodendrocytes in 

the presence of nefiracetam. Pre-oligodendrocytes were incubated with fluo4-AM to 

allow for the fluorescent detection of calcium and mounted onto a specially designed 

live cell imaging chamber. The calcium intensity (f) in each cell was monitored for 200s. 

A. The averaged normalised intensity (f/f0) over time, B. the maximum response in the 

primary phase of the response and C. the total response in the secondary phase was 

calculated for 1nm, 10nm, 100nm, 1µM and 10µM nefiracetam in the presence of 30µM 

glutamate. Data represents the mean ± SEM, one way ANOVA, Dunnett's post-test 

*=p<0.001  (2938≤n≤4331 cells, N=3 independent experiments). 
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Figure 1.12: Characterisation of glutamate response in pre-oligodendrocytes 

after 24 hour treatment with nefiracetam. Pre-oligodendrocytes were incubated with 

fluo4-AM to allow for the fluorescent detection of calcium and mounted onto a specially 

designed live cell imaging chamber. The calcium intensity (f) in each cell was 

monitored for 200s. A. The averaged normalised intensity (f/f0) over time, B. the 

maximum response in the primary phase of the response and C. the total response in 

the secondary phase was calculated for cells that had been treated with 1nm, 10nm, 

100nm, 1µM or 10µM nefiracetam for 24 hours. Data represents the mean ± SEM, one 

way ANOVA, Dunnett's post-test, *=p<0.05 (481≤n≤1358 cells, 1≤N≤2 independent 

experiments). 
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1.4 Thesis Aims 

Our research to date has provided consistent evidence that nefiracetam accelerates 

remyelination. However, the mechanism by which nefiracetam achieves this enhanced 

repair has yet to be fully elucidated. As such, the overall objective of this thesis was to 

further explore the molecular mechanism of action of nefiracetam, and to understand 

how it modulates signalling in cell types which are central to remyelination.  

Given the strong preliminary data which points to the regulation of glutamate signalling 

by nefiracetam in OPCs, a specific focus was placed on exploring the nature of this 

modulation and how it might contribute to nefiracetam-mediated acceleration of 

remyelination. RNA sequencing analysis was conducted on cortical samples harvested 

from a previous cuprizone study to further elucidate the genes and pathways regulated 

by nefiracetam which could be relevant to its effect on remyelination. To date, our 

studies investigating the cellular effect of nefiracetam have been focused on OPCs, 

the key remyelinating cells of the CNS. However, it has been well established that other 

cell types in the lesion microenvironment, including macrophages and microglia, are 

crucial to repair; therefore, another aim was to explore whether nefiracetam elicits an 

effect on these cells which may contribute to its facilitation of remyelination.  

Finally, as previously mentioned, clinical trials for remyelination therapies have been 

challenging due to the lack of biomarkers which are specific for remyelination. Our 

ultimate goal is to bring nefiracetam into clinical trials for MS; thus, to facilitate any 

subsequent clinical trial of nefiracetam, the final aim of this thesis was to identify serum-

based protein biomarkers, which could have potential as biomarkers of remyelination 

and/or could be used to monitor therapeutic response to nefiracetam in patients. 
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Chapter 2 

Materials and Methods 
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2.1 Materials 

Table 2.1: List of materials used and corresponding suppliers. 

MATERIALS SUPPLIER 

Cell Culture 

B27 Supplement (50X) GibcoTM by Life Technologies 

BV2 Cells AcceGen 

Ciliary Neurotrophic Factor (CNTF) PeproTech 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Dulbecco’s Modified Eagle’s Medium (DMEM) Lonza 

Fetal Bovine Serum (FBS) GibcoTM by Life Technologies 

Hank’s Balanced Salt Solution (HBSS) Sigma-Aldrich 

Human Serum Sigma-Aldrich 

Interferon Gamma (IFN-γ) R&D Systems 

Interleukin-4 (IL-4) R&D Systems 

L-glutamine Sigma-Aldrich 

Lipopolysaccharide (LPS) Invitrogen 

L-thyroxine-free Acid Sigma-Aldrich 

Lymphoprep Alere Ltd 

Medium 199 Analab 

MTEP Hydrochloride Abcam 

NBQX Disodium Salt Abcam 

Nefiracetam Chemos GmbH 

Neurobasal™ Medium GibcoTM by Life Technologies 

Penicillin-Streptomycin GibcoTM by Life Technologies 

Phorbol 12-myristate 13-acetate (PMA)  Sigma-Aldrich 

Phosphatase inhibitor cocktail II Sigma-Aldrich 

Phosphatase inhibitor cocktail III Sigma-Aldrich 

Phosphate Buffered Saline (PBS) GibcoTM by Life Technologies 

Poly-D-Lysine Hydrobromide Sigma-Aldrich 

Polyinosinic:polycytidylic acid (Poly (I:C)) Sigma-Aldrich 

Protease inhibitor cocktail Thermo Fisher Scientific 

Radioimmunoprecipitation Assay Buffer (RIPA) Sigma-Aldrich 

RAW264.7 Cells ATCC 

Recombinant Human Fibroblast Growth Factor 

(FGF)-basic (146 a.a.) 
PeproTech 

Recombinant Human Platelet Derived Growth 

Factor (PDGF)-AA 
PeproTech 

Rosewell Park Memorial Institute 1640 (RPMI) 

Medium + GlutaMAX 
GibcoTM by Life Technologies  

THP-1 Cells ATCC 

Triiodothyronine (T3) Sigma-Aldrich 

Trypan Blue Stain GibcoTM by Life Technologies 

Trypsin GibcoTM by Life Technologies 



51 
 

RNA Isolation  

Chloroform Thermo Fisher Scientific 

Ethanol Thermo Fisher Scientific 

GlycoBlue™ Co-precipitant Invitrogen 

Isopropanol Thermo Fisher Scientific 

RNase-free Water Thermo Fisher Scientific 

TRIzol (TRI Reagent) Invitrogen 

 

cDNA Synthesis and RT-PCR  

5X First Strand Buffer Invitrogen 

Dithiothretiol (DTT) Invitrogen 

MicroAmp Optical 384-well Reaction Plate Applied Biosystems 

Nucleotides Invitrogen 

Optical Adhesive Cover Applied Biosystems 

Random Primers Invitrogen 

RNase-free Water Qiagen 

Superscript™ III Reverse Transcriptase Invitrogen 

SYBR® Green PCR Mix Applied Biosystems 

TaqMan™ MicroRNA Reverse Transcription Kit Thermo Fisher Scientific 

TaqMan™ Universal PCR Master Mix Applied Biosystems 

 

Immunocytochemistry  

4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) Molecular Probes 

Alexa Fluor® 488 Goat Anti-Mouse (IgG) Invitrogen 

Alexa Fluor® 568 Donkey Anti-Rabbit (IgG) Invitrogen 

Anti-Mouse NG2 Primary Antibody Abcam 

Anti-Rabbit MBP Primary Antibody Abcam 

Bovine Serum Albumin Sigma-Aldrich 

Ethanol Sigma-Aldrich 

Mowiol® 4-88 Sigma-Aldrich 

Normal Goat Serum Daco 

Triton-X 100 Sigma-Aldrich 

 

Western Blot  

Acrylamide Sigma-Aldrich 

Ammonium Persulfate Sigma-Aldrich 

Anti-Mouse IgG HRP-conjugated Secondary Antibody Cell Signalling 

Anti-Rabbit IgG HRP-conjugated Secondary Antibody Cell Signalling 

Beta-Mercaptoethanol Sigma-Aldrich 

Bovine Serum Albumin (BSA) Sigma-Aldrich 

Bradford Reagent Bio-Rad 

Dithiothretiol (DTT) Thermo Fisher Scientific 
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Glycine Sigma-Aldrich 

N,N,N’,N’-Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

Nitrocellulose Membrane Amersham 

Precision Plus Protein Dual Colour Standards Bio-Rad 

SDS Blue Loading Buffer Cell Signalling Technology 

Skim Milk Powder Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich 

StrataClean Resin Agilent 

Supersignal™ West Pico PLUS Chemiluminescence 

Substrate 
Thermo Fisher Scientific 

Trizma® Base Sigma-Aldrich 

Tween® 20 Sigma-Aldrich 

 

ELISA  

Capture Antibody Thermo Fisher Scientific 

Detection Antibody Thermo Fisher Scientific 

Enhanced Chemiluminescence (ECL) Thermo Fisher Scientific 

Horseradish Peroxidase (HRP) Thermo Fisher Scientific 

Nunc MaxiSorp™ Flat-Bottom 96 Well Plates Thermo Fisher Scientific 

Sulfuric Acid Thermo Fisher Scientific 

Tetramethylbenzidine (TMB) Thermo Fisher Scientific 

 

Flow Cytometry  

APC Anti-Human CD14 Antibody Miltenyi Biotec 

FITC Anti-Human HLA-DR Antibody Biolegend 

Human BD Fc Block BD Biosciences 

 

Mass Spectrometry  

PreOmics iST Kit PreOmics GmbH 

 

Machines  

Agilent 2100 Bioanalyzer  Agilent 

Eppendorf Centrifuge 5417R Eppendorf 

CLARIOstar Microplate Reader BMG Labtech 

CytoFLEX LX Flow Cytometer Beckman Coulter 

DeNovix DS-11 FX Spectrophotometer DeNovix 

NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific 

PTC-200 Peltier Thermal Cycler MJ Research 

Q-Exactive Mass Spectrometer Thermo Fisher Scientific 

QuantStudio™ 7 Flex Real-Time PCR System Applied Biosystems 

Vilber Fusion FX Vilber 
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2.2 Cell Culture and Cell Treatments 

2.2.1 Oligodendrocyte Precursor Cell Primary Cell Culture 

2.2.1.1 Preparation of Culture Plates and Flasks 

75cm2 tissue culture flasks (T75) and 12 well plates, some containing sterile 18mm 

glass coverslips for imaging studies, were coated with 0.1mg/mL poly-D-lysine (Sigma-

Aldrich) dissolved in phosphate buffered saline (PBS) (Gibco) and incubated at 37°C 

for 1 hour. The flasks and plates were washed once in sterile PBS and allowed to dry 

in a tissue culture hood prior to the seeding of cells.  

2.2.1.2 Mixed Glial Cell Culture 

Wistar rat pups used for in vitro work were bred and supplied by the UCD Biomedical 

Facility (BMF). Primary oligodendrocyte precursor cells (OPCs) were derived from the 

brains of post-natal day 2-4 (P2-4) Wistar rat pups, as described previously (Chen et 

al., 2007). Briefly, the brains were removed from the skull and placed in a 100mm petri 

dish containing ice-cold Hank’s Balanced Salt Solution (HBSS) (Sigma-Aldrich) which 

was kept on ice for the duration of the dissection. The cerebellum and olfactory bulbs 

were then removed, and the two cerebral hemispheres were separated by a sagittal 

incision. Next, under a stereotactic microscope, the basal ganglia and hippocampus 

were dissected from each hemisphere and the meninges were carefully removed using 

a fine-tip forceps.  

The isolated cerebral cortices were transferred to a sterile 100mm petri dish in a tissue 

culture hood, minced into approximately 1mm3 cubes using a sterile single edge razor 

blade, and digested in 0.05% Trypsin (Gibco) in HBSS for 15 minutes at 37°C. The 

trypsinisation reaction was stopped by the addition of 20% Fetal Bovine Serum (FBS) 

(Gibco) in pre-warmed Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco). The 

solution containing the minced cortical tissue was transferred to a 50mL Falcon tube 

and centrifuged at 2,000g for 5 minutes in a swinging bucket. The supernatant was 

removed and replaced with pre-warmed DMEM. The tissue was then mechanically 

dissociated by trituration and strained through a 70μm cell strainer.  

The cells were placed in a poly-D-lysine coated T75 flask (1 rat pup per flask) and were 

cultured in DMEM containing 20% (v/v) FBS, 4mM L-glutamine (Sigma-Aldrich), 

50U/mL penicillin, and 50mg/mL streptomycin (Gibco) (DMEM20S). The OPCs were 
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incubated at 37°C in 5% CO2 for 10 days. Complete medium changes using DMEM20S 

were performed at 3, 5 and 7 days in vitro (DIV).  

2.2.1.3 OPC Purification, Plating and Maintenance 

At 10 DIV, the mixed glial cultures were confluent with phase-dark, process bearing 

OPCs appearing on top of a phase-grey bed layer of astrocytes. The flasks were 

sealed with parafilm and shaken on an orbital shaker for 60 minutes at 250 rpm at 37°C 

to remove the top layer of loosely adhered microglial cells. A complete medium change 

with DMEM20S was performed, and the floating microglial cells were discarded. The 

flasks were then re-sealed and shaken for a further 18-20 hours at 250 rpm at 37°C to 

detach the OPCs. The low O2 environment created by sealing the flask vents is thought 

to promote the detachment of OPCs from the astrocyte layer. The medium containing 

the detached cells was transferred to an untreated 100mm petri dish and incubated at 

37°C for 60 minutes to allow for the differential adhesion of contaminating astrocytes.  

The non-adherent cells (OPCs) were collected and centrifuged at 2,000g for 10 

minutes at 37°C in a swinging bucket. The supernatant was removed and replaced 

with warmed Neurobasal Medium (Gibco). The cells were mechanically resuspended 

by trituration before being filtered through a 20μm nylon membrane, counted by a 

Trypan Blue exclusion assay, and seeded at a density of 2.5x104 cells/mL on poly-D-

lysine coated 12 well plates. The OPCs were incubated at 37°C in 5% CO2 and 

maintained in Neurobasal Medium containing 2% (v/v) B27 supplement (Gibco), 

0.5mM L-glutamine, 100U/mL penicillin, and 100mg/mL streptomycin (OPC medium). 

To promote cell growth and proliferation, the OPC medium was supplemented further 

with 10ng/mL platelet-derived growth factor (PDGF)-AA (PeproTech) and 10ng/mL 

basic fibroblast growth factor (bFGF) (PeproTech). Half medium changes containing 

2X concentrations of the growth factors were performed every second day. Using this 

methodology, an OPC purity of 90-95% was routinely obtained. To push the OPCs to 

mature oligodendrocytes, PDGF-AA and bFGF were removed from the cell culture 

medium at 3 DIV and replaced with 40ng/mL triiodothyronine (T3) (Sigma-Aldrich), 

40ng/mL L-thyroxine free acid (T4) (Sigma-Aldrich) and 10ng/mL ciliary neurotrophic 

factor (CNTF) (PeproTech) to promote the differentiation of the OPCs. The cells were 

maintained in these growth factors for a further 4 days.  

A graphical summary of the OPC cell culture procedure is shown in Figure 2.1, and the 

characterisation of the culture is shown in Figure 2.2. 
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Figure 2.1: Oligodendrocyte precursor cell (OPC) culture protocol. Mixed glial 

cells were isolated from the cortices of P2-4 Wistar rat pups and grown for 10 DIV. 

OPCs were then obtained through differential adhesion, and the purified OPCs were 

grown in 12 well plates.  



56 
 

A 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Primary oligodendrocyte precursor cell culture. Primary OPCs were 

derived from P2-4 Wistar rat pup cortices. Cells were given various supplements and 

allowed to grow for 3-6 DIV before being stained for the OPC marker NG2 (red), mature 

oligodendrocyte marker MBP (green) and the nuclear marker DAPI (blue). A. Isolated 

OPCs were grown in PDGF-AA and bFGF for 3-6 DIV. OPCs and pre-oligodendrocytes 

are positive for NG2 but negative for MBP. To generate oligodendrocytes, OPCs were 

given 40ng/mL T3, 40ng/mL T4 and 10ng/mL CNTF. Oligodendrocytes are positive for 

MBP and negative for NG2. Scale bar = 50μm. B. Transmitted light and fluorescent 

microscopy images of the OPCs maintained in PDGF-AA and bFGF (left) and 

oligodendrocytes maintained in T3, T4 and CNTF (right). Scale bar = 200μm. 
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2.2.2 THP-1 Human Monocytic Cell Line 

2.2.2.1 Growing and Passaging THP-1 Monocytes  

THP-1 monocytes (ATCC® TIB-202™) are a human monocytic cell line derived from 

the peripheral blood of a 1-year-old male with acute monocytic leukaemia. THP-1 

monocytes were grown in suspension in T75 flasks and maintained in RPMI medium 

with GlutaMAX (Gibco), supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-

streptomycin antibiotic (complete RPMI). The cells were incubated at 37°C in 5% CO2 

and passaged once a week in complete RPMI medium at a ratio of 1:5. THP-1 cells 

over passage 30 were not used and discarded. 

2.2.2.2 THP-1 Monocytes 

For monocyte experiments, cells from confluent flasks were centrifuged at 2,000g for 

5 minutes. The supernatant was removed and replaced with fresh, pre-warmed RPMI. 

The cells were resuspended by trituration, counted by Trypan Blue exclusion assay, 

and seeded at a density of 1x106 cells/mL in an untreated 12 well plate in RPMI 

medium containing 1% (v/v) penicillin-streptomycin antibiotic (serum-free RPMI).  

2.2.2.3 THP-1 M0 Macrophages 

To differentiate monocytes into M0 macrophages, THP-1 monocytes were centrifuged 

and counted as described above. The monocytes were seeded at a density of 1x106 

cells/mL in an untreated 12 well plate in complete RPMI supplemented with 320nmol/L 

phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) for 72 hours. Stimulation with 

PMA, a protein kinase C (PKC) activator, is a well-accepted in vitro method of inducing 

monocyte-to-macrophage differentiation (Fitzsimons et al., 2020). Following this, the 

PMA was removed, and the cells were rested in complete RPMI for 24 hours prior to 

treatment with nefiracetam.  

2.2.2.4 Polarised THP-1 Macrophages 

The predominant macrophage phenotypes are generally regarded as M1 ‘classically’ 

activated and M2 ‘alternatively’ activated. To generate these polarised macrophages, 

M0 macrophages were treated with 100ng/mL lipopolysaccharide (LPS) (Invitrogen) 

and 20ng/mL interferon gamma (IFN-γ) (R&D Systems) or 20ng/mL interleukin-4 (IL-

4) (R&D Systems) in complete RPMI for 48 hours to induce M1 and M2 macrophage 

polarization, respectively (Figure 2.3) (Fitzsimons et al., 2020).  
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Figure 2.3: THP-1 monocyte and macrophage cell culture. THP-1 monocytes were 

cultured and differentiated into M0 macrophages following stimulation with 320nmol/L 

PMA for 72 hours. To polarise the M0 macrophages into classically (M1) and non-

classically (M2) activated macrophages, M0 macrophages were treated with 100ng/mL 

LPS and 20ng/mL IFN-γ, or 20ng/mL IL-4 for a further 48 hours, respectively. Images 

were captured by transmission light microscope under a 10X objective lens. 
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2.2.3 BV2 Mouse Microglia Cell Line 

2.2.3.1 Growing and Passaging BV2 Microglia  

BV2 microglia (ABC-TC212S) are a murine cell line derived from C57/BL6 murine 

microglia which have been immortalized by transduction with the v-raf/v-myc carrying 

J2 retrovirus. BV2 microglia were grown in T75 flasks and maintained in DMEM 

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin antibiotic 

(complete DMEM). The cells were incubated at 37°C in 5% CO2 and passaged once a 

week at a ratio of 1:10. BV2 cells over passage 20 were not used and discarded. 

2.2.3.2 Seeding of BV2 Microglia  

Cells from confluent flasks were scraped with a cell scraper and centrifuged at 2,000g 

for 5 minutes. The supernatant was removed and replaced with warmed DMEM. The 

cell pellet was mechanically resuspended by trituration, counted by Trypan Blue 

exclusion assay, and seeded at a density of 5x105 cells/mL in an untreated 12 well 

plate in complete DMEM. The cells were grown and maintained at 37°C in 5% CO2. 

 

2.2.4 RAW264.7 Mouse Macrophage Cell Line 

2.2.4.1 Growing and Passaging RAW264.7 Macrophages  

RAW264.7 macrophages (ATCC® TIB-71™) are a murine cell line established from a 

tumour induced by the Abelson murine leukaemia virus. RAW264.7 macrophages 

were grown in T75 flasks and maintained in complete DMEM. The cells were incubated 

at 37°C in 5% CO2 and passaged once a week at a ratio of 1:6. RAW264.7 cells over 

passage 20 were not used and discarded. 

2.2.4.2 Seeding of RAW264.7 Macrophages  

Cells from confluent flasks were scraped with a cell scraper and centrifuged at 2,000g 

for 5 minutes. The supernatant was removed and replaced with pre-warmed DMEM. 

The cell pellet was mechanically resuspended by trituration, counted by Trypan Blue 

exclusion assay, and seeded at a density of 5x105 cells/mL in an untreated 12 well 

plate in complete DMEM. The cells were grown and maintained at 37°C in 5% CO2. 
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2.2.5 Human Peripheral Blood Monocyte Cell Isolation and Differentiation  

2.2.5.1 Peripheral Venous Blood Collection 

Peripheral venous blood donated by healthy volunteers to the Irish Blood Transfusion 

Service, National Blood Bank, St. James’s Hospital, for transfusion and research 

purposes was used to obtain peripheral blood mononuclear cells (PBMCs). Blood 

products to be discarded or technically unusable blood was used for this research. 

Written informed consent was obtained from all volunteers at the time of collection.  

2.2.5.2 PBMC Monocyte Isolation 

PBMCs were isolated from whole blood as previously described (de Gaetano et al., 

2015). Briefly, whole blood was centrifuged at 190g for 15 minutes, after which the 

overlying platelet rich plasma layer was removed. The remaining blood was diluted 1:1 

in PBS and slowly layered onto Lymphoprep™ (Alere Ltd) before being centrifuged at 

450g for 30 minutes. The upper layer was discarded and the PBMC layer was carefully 

removed and washed in PBS three times. The PBMCs were re-suspended in Medium 

199 (M199) (Analab) and incubated on multiple untreated 140mm petri dishes for 2 

hours at 37°C in 5% CO2. The adherent cells (monocytes) were washed twice with pre-

warmed PBS. Pre-warmed M199 was then added to the petri dishes, and the cells 

were gently scraped into suspension and centrifuged at 2,000g for 5 minutes. The cell 

pellet was mechanically resuspended by trituration, counted by Trypan Blue exclusion 

assay, and re-seeded at a density of 1x106 cells/mL in M199 supplemented with 10% 

(v/v) human serum (Sigma-Aldrich), 2mM L-glutamine and 100U/mL penicillin and 

100µg/mL streptomycin (complete M199) in untreated 12 well plates (Day 0). The cells 

were maintained at 37°C in 5% CO2. 

2.2.5.3 Generating Macrophages from PBMC Monocytes 

At 4 DIV, 1mL of complete M199 was added to each well. At 7 DIV, a full medium 

change with 1mL of complete M199 was performed to allow for further macrophage 

differentiation. At 10 DIV, the complete M199 was changed to serum-free M199 

containing the cell treatments. Using this methodology, a macrophage purity of >95% 

was routinely obtained.  

Figure 2.4 shows the characterisation of the PBMC macrophages. 
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Figure 2.4: Characterisation of PBMC macrophages. PBMC monocytes were 

isolated from whole blood and differentiated into M0 macrophages for 10 DIV. A. 

Transmitted light images of the PBMC monocytes in suspension at day 0 and the 

differentiated macrophages at day 10 which are adherent with a larger cell body and 

pseudopodia. Scale bar = 200μm. B. Fluorescent microscopy images of the PBMC 

macrophages at 10 DIV. The cells are immuno-stained for the pan-macrophage marker 

CD68 (red) and the nuclear marker DAPI (blue).  
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2.3 OPC Migration Assay 

2.3.1 Scratch Assay 

OPCs were grown on 18mm diameter glass coverslips coated in 0.1mg/mL poly-D-

lysine for 6 DIV until the cells were fully covering the surface of the coverslip. A pipette 

tip was used to scratch a 450μm central exclusion zone through the confluent 

monolayer of OPCs. The medium containing the de-adhered cells was removed, and 

the coverslips were washed once with pre-warmed PBS to remove any remaining 

detached cells before the treatments were added. Cells were treated with 100µM of 

the mGluR5 receptor antagonist MTEP (Abcam) ± 1nM nefiracetam (Chemos), or 

100µM of the AMPA receptor antagonist NBQX (Abcam) ± 1nM nefiracetam for 24 

hours. The antagonists MTEP and NBQX were used at a dose of 100µM to inhibit the 

mGluR5 and AMPA receptors, respectively, as calcium imaging studies previously 

conducted by the group show that this dose of these compounds effectively abolishes 

calcium influx through these receptors in OPCs (Supplementary Figure S1.1). After 24 

hours, the coverslips were fixed, stained, imaged and analysed as described below. A 

graphical summary of the scratch assay experimental design is shown in Figure 2.4.  

2.3.2 Immunocytochemistry 

The coverslips were washed once in PBS before being fixed in 70% ethanol for 15 

minutes. The cells were then washed twice in PBS, permeabilised in 0.01% Triton X-

100 (Sigma-Aldrich) for 20 minutes, washed twice in PBS, and blocked in 1% Bovine 

Serum Albumin (BSA) (Sigma-Aldrich) for 45 minutes. The cells were incubated with 

1:500 mouse anti-NG2 (Abcam) in 5% BSA and 5% Normal Goat Serum (NGS) (Daco) 

overnight at 4°C. The cells were washed twice in PBS and incubated in 1:500 donkey 

anti-mouse IgG Alexa Fluor® 568 conjugated secondary antibody (Invitrogen) in 5% 

BSA and 5% NGS overnight at 4°C. The cells were washed twice in PBS and incubated 

in 1µg/ml 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) (Molecular Probes) 

for 7 minutes at room temperature on an orbital shaker. The coverslips were washed 

twice in PBS before being mounted on slides using Mowiol® 4-88 (Sigma-Aldrich). The 

coverslips were allowed to dry before being stored in the dark at 4°C. The coverslips 

were imaged within 7 days of mounting. 
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2.3.3 Image Acquisition and Analysis 

Images were captured on a Zeiss AxioImager M1 Fluorescence Microscope using a 

10X objective lens. 3 images were taken per coverslip, with each image capturing a 

distinct region of the scratch. The scratches were then manually centred and vertically 

aligned using Adobe Photoshop® Software before being analysed by a customised 

script (Appendix 1) on R Studio using the EBImage plugin. Briefly, the script identified 

each cell in the image using the DAPI staining as a nuclear reference. For each cell 

identified, the script reported the x-coordinate and the intensity of the NG2 staining for 

the cell. Using Excel, the cells were filtered such that only cells with an NG2 intensity 

over a specific threshold, and thus considered to be an OPC, were included in the 

analysis. Using the x-coordinates generated by the script, the distance migrated by 

each OPC into the scratched area and the total number of migrated OPCs was 

calculated. 
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Figure 2.5: Oligodendrocyte precursor cell migration assay experiment design. 

Oligodendrocyte precursor cells (OPCs) were grown for 6 DIV until the cells were fully 

confluent. The cells were then scratched with a pipette tip and treated with nefiracetam 

± antagonists for 24 hours. The cells were fixed and stained for the OPC marker NG2 

(red) and the nuclear marker DAPI (blue) and imaged by fluorescence microscopy. 

The migration of the OPCs into the central scratch area was then analysed using a 

customised script on R Studio. Scale bar = 200μm.  
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2.4 Analysis of Gene Expression 

2.4.1 RNA Extraction 

Cells were washed once in ice-cold PBS. 500μL/well of TRIzol (Invitrogen) was added 

to the OPCs, THP-1 macrophages, and PBMC-derived macrophages. The cells were 

scraped, transferred to a 1.5mL Eppendorf, vortexed and left on ice for 5 minutes to 

lyse the cells and extract the RNA. 100μL of chloroform: isoamyl alcohol (49:1) (Sigma-

Aldrich) was added to the samples, vortexed for 15 seconds and then incubated on ice 

for 8 minutes followed by centrifugation at 18,600g for 15 minutes at 4°C. The upper 

aqueous phase containing the RNA was transferred to a new Eppendorf tube and 

500μL of ice-cold isopropyl alcohol (Thermo Fisher Scientific) was added to each 

sample. The tubes were inverted 10 times and left overnight at -20°C to precipitate the 

RNA. Samples were then centrifuged at 18,600g for 30 minutes at 4°C and the 

supernatant was discarded. The RNA pellets were washed in 1mL of 75% Ethanol 

(Sigma-Aldrich) and centrifuged again at 18,600g for 15 minutes at 4°C. The 

supernatants were discarded, and the samples were briefly centrifuged again to pull 

down excess liquid which was removed with a pipette. The RNA pellets were left to air 

dry in a fume hood for 10 minutes before being resuspended in 20µl of RNAse-free 

molecular grade water (Qiagen). RNA was analysed using the NanoDrop™ 2000 (Life 

Technologies) to determine the RNA quality and quantity. The 260/280nm ratio is an 

indication of the purity of the RNA and a reading range between 1.5-2 was deemed as 

acceptable for reverse transcription. 

2.4.2 cDNA Synthesis 

Reverse transcription of messenger RNA (mRNA) to complementary DNA (cDNA) was 

performed on the isolated RNA. 150ng (tissue), 400ng (OPCs, PBMC macrophages) 

or 1000ng (THP-1 macrophage) of RNA sample was added to 1µL of 10mM dNTPs 

and 1µL of random primers. RNAse free molecular grade water was added to make up 

to a final volume of 13µL per sample. The tubes were transferred to the Peltier Thermal 

Cycler-200 (MJ Research) and heated to 65°C for 5 minutes. 4µL of 5X first strand 

buffer, 1µL of 0.1M Dithiothreitol (DTT), 1µL of RNase-free molecular grade water and 

1µL of Superscript III reverse transcriptase were added to each tube. The tubes were 

replaced in the Thermal Cycler to undergo a series of heating processes; 25°C for 5 

minutes, 50°C for 45 minutes and 70°C for 15 minutes, to generate cDNA. If 1000ng 

of total RNA was reverse transcribed, the cDNA was diluted 1:2 in RNase-free 
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molecular grade water prior to qRT-PCR analysis. All reagents used for the cDNA 

synthesis were from Invitrogen. 

2.4.3 Quantitative Real Time-Polymerase Chain Reaction 

Quantitative real-time polymerase chain reaction (qRT-PCR) was used to determine 

the mRNA expression of the gene of interest. qRT-PCR was carried out with the 

Applied Biosystems QuantStudio™ 7 Flex System (Applied Biosystems). 

A 384-well clear microplate was used. For analysis of genes of interest for which the 

probes were based on TaqMan Chemistry, the following master mix formula was added 

per well; 0.5µL Taqman hydrolysis probe (FAM) (Table 2.2), 0.5µL 18S or GAPDH 

probe (VIC), 5µL Universal Taqman PCR mix and 3µL RNAse-free molecular grade 

water. 1µL of cDNA was added per well and technical replicates, biological replicates, 

and no template controls (NTCs) were used.  

For analysis of genes of interest for which probes were based on SYBR® Green I Dye 

Chemistry, the following master mix was added per well; forward primer (0.3µL), 

reverse primer (0.3µL) (Table 2.3), SYBR® Green PCR mix (5µL) and RNAse free 

molecular grade water (3.4µL). 1µL of cDNA was added per well and technical 

replicates, biological replicates and NTCs were used. To assess the quality of the 

SYBR® primer design before use, the efficiency of primer binding was determined by 

running a 5 point standard curve, in duplicate, using 5-fold dilutions of cDNA from the 

sample of interest. The efficiencies were calculated from the generated standard curve, 

with efficiencies between 90-110% being accepted. A melt curve was also generated 

for each RT-PCR run. 

The PCR cycle parameters included an incubation of 2 minutes at 50°C for Amperase 

UNG activation, 10 minutes at 95°C for DNA polymerase activation, followed by 40 

cycles of 15 seconds at 95°C for denaturation and 1 minute at 60°C for combined 

annealing and extension. The data was analysed using QuantStudio™ Software 

version 1.3. Relative RNA quantification was carried out using the comparative CT 

method, using the mean of the control group as a calibrator, and normalising to the 

amount of GAPDH or 18S rRNA. 

 

 

 



67 
 

Table 2.2: Summary of mRNA Taqman probes and Endogenous Controls used 

in qRT-PCR. 

Gene Name Species HGNC ID TaqMan® Assay ID 

Target Genes    

Acvrl1 Mouse 175 Mm00437432_m1 

Adrb1 Mouse 285 Mm00431701_s1 

Bag4 Mouse 940 Mm00518146_m1 

Cacna2d2 Mouse 1400 Mm00457825_m1 

Cd206 Human 7228 Rn01456616_m1 

Ctgf Mouse 2500 Mm01192933_g1 

Gabra2 Mouse 4076 Mm00433435_m1 

Gria1 Mouse 4571 Mm00433753_m1 

Gria1  Rat 4571 Rn00709588_m1 

Grm5  Mouse 4597 Mm00690332_m1 

Grm5  Rat 4597 Rn00566628_m1 

Htt Rat 4851 Rn00577462_m1 

Irf3 Mouse 6118 Mm00516784_m1 

Lingo3 Mouse 21206 Mm01178145_m1 

Mkl1 Mouse 14334 Mm00461840_m1 

Mycn Rat 7559 Rn01473353_m1 

Nfatc2 Rat 7776 Rn01750321_m1 

Nkx2.2 Rat 7835 Rn04244749_m1 

P2rx7 Mouse 8537 Mm01199500_m1 

Slc1a2 Rat 10940 Rn00691548_m1 

House Keeping Genes    

18S rRNA Eukaryotic  Hs99999901_s1 

Gapdh Human 4141 Hs99999905_m1 

Gapdh Mouse 4141 Mm99999915_g1 
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Table 2.3: Summary of SYBR® Green forward and reverse primer sequences 

used for qRT-PCR. 

Gene Name Species Sequence 

Cd14 Forward 

Cd14 Reverse 
Human 

5’-CGCTCCGAGATGCATGTG-3’ 

5’-AACGACAGATTGAGGGAGTTCAG-3’ 

   

Il10 Forward 

Il10 Reverse 
Human 

5’-GCCTAACATGCTTCGAGATC-3’ 

5’-TGATGTCTGGGTCTTGGTTC-3’ 

   

Il1β Forward 

Il1β Reverse 
Human 

5’-CCACGGCCACATTTGGTT-3’ 

5’-AGGGAAGCGGTTGCTCATC-3’ 

   

Mmp2 Forward 

Mmp2 Reverse 
Human 

5’-CGCTACGATGGAGGCGCTAAT-3’ 

5’-GAAGGTGTTCAGGTATTGCACTG-3’ 

   

Mmp7 Forward 

Mmp7 Reverse 
Human 

5’-AAGTGGTCACCTACAGGATCG-3’ 

5’-CCTCGCGCAAAGCCAATCAT-3’ 

   

Mmp9 Forward 

Mmp9 Reverse 
Human 

5’-ATCCAGTTTGGTGTCGCGGA-3’ 

5’-ACCGAGTTGGAACCACGACG-3’ 

   

Mmp12 Forward 

Mmp12 Reverse 
Human 

5’-TTGGTGGTTTTTGCCCGTGG-3’ 

5’-GGAACAAGTTTGTGCCTCCTGA-3’ 

   

Tnfα Forward 

Tnfα Reverse 
Human 

5’-GCTGCCCCTCAGCTTGAG- 3’ 

5’-CTCGAACCCCGAGTGACA-3’ 
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2.5 Analysis of Protein Expression 

2.5.1 Protein Isolation 

Once the cell treatments were complete, the cells were washed once in ice-cold PBS. 

70μL/well of the protein lysis buffer master mix – composed of 70μL RIPA, 1μL 

phosphatase inhibitor cocktail II, 1μL phosphatase inhibitor cocktail III, and 2μL 

protease inhibitor cocktail per sample – was added to extract the protein. The cells 

were kept on ice and scraped using a cell scraper. The cells were then transferred to 

a 1.5mL Eppendorf and allowed to lyse on a roller for 1 hour at 4°C before being 

centrifuged at 18,600g for 12 minutes at 4°C. The supernatant was transferred to a 

fresh tube. All reagents for the protein extraction were from Sigma-Aldrich.  

2.5.2 Protein Quantification 

Protein content was quantified using a Bradford Assay with BSA standards ranging 

from 2µg/mL-20µg/mL, according to the manufacturer’s instructions. Briefly, 2-4μL of 

sample was mixed with 800μL of ultra-pure water in a 1.5mL Eppendorf. 200µL of 5X 

Bradford Reagent (Bio-Rad) was then added to each tube and vortexed. 200μL/well of 

the protein sample was added in duplicate to a 96 well plate. Plates were read at 

595nm using a CLARIOStar Microplate Reader and the data was analysed using the 

MARS Analysis Software.  

2.5.3 Preparation of Cell Lysate for SDS-PAGE 

All samples were standardised to the lowest protein concentration using ultra-pure 

water. The samples were then mixed with the appropriate amount of Sodium Dodecyl 

Sulfate (SDS) blue loading buffer containing 1X Dithiothretiol (DTT) (Cell Signalling 

Technology) and 3% (v/v) β-mercaptoethanol (Sigma-Aldrich) was added to each 

sample before being boiled for 5 minutes at 100°C to denature the protein. The 

samples were pulse centrifuged and stored at -20°C until required. 

2.5.4 Preparation of Supernatant Protein for SDS-PAGE 

20μL of StrataClean resin (Agilent) was added to approximately 800μL of cell culture 

supernatant. The sample was vortexed for 4 minutes before being spun at 10,000g for 

5 minutes to pellet the resin. The supernatant was removed, and the resin was 

resuspended in 40μL of SDS blue loading buffer containing 1X DTT and 3% (v/v) β-

mercaptoethanol was added and the samples were boiled for 5 minutes at 100°C to 
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denature the protein. Samples were centrifuged at 10,000g for 4 minutes to pellet the 

resin and were used immediately.  

2.5.5 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Polyacrylamide gels (Acrylamide, Tris-HCl, SDS, H20, Ammonium persulfate, TEMED) 

were made and the proteins were separated from each other based on their size using 

SDS polyacrylamide gel electrophoresis (SDS-PAGE). The percentage of acrylamide 

used was based on the size of the protein of interest. 15-20μg of protein was loaded 

into the gel and the gels were run in running buffer (Trizma base, Glycine, SDS and 

H2O) at 90 volts (V) for approximately 20 minutes until the samples had migrated into 

the resolving gel. The voltage was then increased to 120V and left to run until the 

samples had migrated sufficiently down the gel (approximately 90 minutes). 

2.5.6 Protein Transfer and Western Blot 

The separated proteins were then transferred to a 0.2μm nitrocellulose membrane 

(Amersham) using a transfer cassette at 110V for 80 minutes in ice-cold transfer buffer 

(Trizma Base, Glycine and H2O). The nitrocellulose membranes were blocked in 5% 

skim milk (Sigma-Aldrich) for 1 hour on a roller at room temperature. Membranes were 

incubated with primary antibody, diluted in 5% skim milk, overnight at 4°C (Table 2.4). 

Membranes were washed 5 times for 5 minutes in tris-buffered saline (Trizma base, 

NaCl, H20) containing 0.1% Tween-20 (TBS-T) before being probed with either an anti-

rabbit or anti-mouse IgG HRP-conjugated secondary antibody (Cell Signalling 

Technology), diluted in 5% skim milk, for 1 hour on a roller at room temperature. 

Membranes were washed as before in TBS-T before being developed in Pierce™ ECL 

Western blotting substrate (Thermo Fisher Scientific) using the Vilber Fusion FX 

Developer. Semi-quantitative densitometry was conducted using Image J (Version 

1.53c) with the expression intensities being normalised to a house keeping protein. 
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Table 2.4: Primary antibodies and dilutions used for Western blotting.  

Antibody Company Dilution 

CD3 Santa Cruz 1:500 

CD14 Cell Signalling Technology 1:1,000 

CD20 Santa Cruz 1:500 

CD68 Santa Cruz 1:500 

Ceruloplasmin Santa Cruz 1:500 

GAPDH Sigma-Aldrich 1:2,000 

Iba1 Abcam 1:1,000 

iNOS eBiosciences 1:750 

Ly6c Santa Cruz 1:500 

Mannose Receptor  Cell Signalling Technology 1:500 

MMP-2 Santa Cruz 1:500 

MMP-9 Santa Cruz 1:100 

MMP-12 Santa Cruz 1:500 

Phosphorylated STAT-1 Cell Signalling Technology 1:1,000 

Phosphorylated STAT-3 Cell Signalling Technology 1:1,000 

Pro IL-1β Cell Signalling Technology 1:1,000 

STAT-1 Cell Signalling Technology 1:2,000 

STAT-3 Cell Signalling Technology 1:2,000 

β-Actin Santa Cruz 1:2,000 
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2.6 Analysis of Supernatants 

2.6.1 Enzyme Linked Immunosorbent Assay (ELISA) 

Cell supernatants were analysed by Enzyme Linked Immunosorbent Assay (ELISA) 

for IL-1β, IL-6, TNF-α and MCP-1 (Thermo Fisher Scientific). Nunc MaxiSorp™ flat-

bottom 96 well plates (Thermo Fisher Scientific) were coated with 50μL/well capture 

antibody of interest diluted in 1X coating buffer and incubated overnight at 4°C. Plates 

were then washed five times with PBS containing 0.05% Tween-20 (PBS-T). Plates 

were blocked for 1 hour on an orbital shaker at room temperature using 100µL/well of 

ELISA diluent. The plates were washed five times in PBS-T. 50μL/well of samples and 

standards were then added to the plates in duplicate and incubated overnight at 4°C. 

The plates were washed five times and 50µL/well of detection antibody diluted in 1X 

ELISA/ELISPOT Diluent was added to each well and incubated on an orbital shaker 

for 1 hour at room temperature. The plates were washed five times and 50µL/well of 

avidin-horseradish peroxidase (HRP) enzyme diluted in 1X ELISA/ELISPOT Diluent 

was added to all wells and incubated on the orbital shaker for 30 minutes at room 

temperature. Following another five washes, 50μL/well of Tetramethylbenzidine (TMB) 

substrate solution was added to each well. After approximately 10 minutes, 25μL/well 

of sulfuric acid was added to each well to stop the reaction. Plates were read at 450nm 

using a CLARIOStar Microplate Reader and the data was analysed using the MARS 

Analysis Software. 

 

2.7 Flow Cytometry 

2.7.1 Cell Staining 

Supernatants were removed from the PBMC-derived macrophages and replaced with 

1mL ice-cold PBS supplemented with 0.02% BSA (FACS buffer). The cells were then 

gently detached with a cell scraper, transferred to pre-cooled 1.5mL Eppendorfs and 

centrifuged at 2,000g for 4 minutes. The cell pellet was resuspended in FACS buffer 

and counted by Trypan Blue exclusion assay. To guarantee equal staining, one 

hundred thousand cells per sample were resuspended in 100μL of FACS buffer and 

blocked using 5μg/mL Human BD Fc Block™ (BD Biosciences) at room temperature 

for 10 minutes. The cells were then double stained for 40 minutes at 4°C in the dark 

with 1:100 FITC-conjugated human leukocyte antigen-DR isotype (HLA-DR) antibody 
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(Biolegend) and 1:100 APC-conjugated CD14 antibody (Miltenyi Biotec). The staining 

was stopped by adding 150μL of FACS buffer and centrifuging at 2,000g for 5 minutes. 

The supernatant was discarded, and the cell pellet was washed once in 200μL of FACS 

buffer and centrifuged at 2,500g for 5 minutes. Finally, the pellet was resuspended in 

200μL of FACS buffer. 

2.7.2 Flow Cytometry 

Surface marker analysis of the macrophages was carried out using the CytoFLEX LX 

(Beckman Coulter) at a “slow” flow rate (14μL/minute, 10μm core size). The FL-9 

(R660-APC), FL-1a (B525-FITC), forward scatter, and side scatter laser channels were 

used during the acquisition of events. Three independent experiments were performed 

with biological duplicates. 

2.7.3 Fluorescent Minus One Controls 

Single stained antibodies, consisting of a single antibody mixed with the macrophages, 

were used to establish the fluorescence minus one (FMO) controls. For example, to 

establish an FMO for CD14-APC, macrophages were stained with HLA-DR-FITC only. 

The FL-9 channel which is set to detect APC (CD14) was assessed and a CD14+ gate 

was drawn include all except for the population detected. Gates for CD14 and HLA-

DR were drawn based on their respective FMOs and unstained controls (Figure 2.6). 

2.7.3 Gating Strategy 

Gates were established to selectively gate on, firstly, the cell population, followed by 

the single cell population. 10,000 to 20,000 gated events were recorded per sample. 

FMOs and unstained controls were analysed, and gates were established to gate on 

CD14+ and HLA-DR+ cells (Figure 2.6). Analysis of flow cytometry data was performed 

using the FlowJo™ software (BD Biosciences).  
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Figure 2.6: Fluorescent minus one controls and flow cytometry gating strategy. 

Each sample was stained with the antibodies CD14-APC and HLA-DR-FITC. The 

macrophages were then analysed using CytoFLEX LX. All dot plots show forward 

scatter on the y-axis and fluorescent intensity on the x-axis, while histograms show 

median fluorescent intensity (MFI) on the y-axis and fluorescent intensity on the x-axis. 

Gates for CD14 and HLA-DR were drawn based on their respective FMOs and 

unstained controls.  
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2.8 Animal Studies 

In accordance with the 3Rs (Replacement, Reduction and Refinement) as laid out in 

Article 4 of EU Directive 2010/63/EU, tissue samples which were banked from previous 

animal studies carried out by the group were used for this thesis project. The cortical 

tissue used for RNA sequencing analysis, the serum samples used for mass 

spectrometry analysis, and the spinal cord samples used for Western blotting analysis 

were obtained from previous animal studies conducted by Dr Elaine Keogh. The 

experimental design for each animal study is outlined briefly below.  

2.8.1 Animal Care and Maintenance 

All in vivo studies were conducted in the UCD BMF. The C57Bl/6j mice used were 

sourced from Envigo (formerly Harlan Laboratories). All mice were housed in groups 

in individually ventilated cages within a controlled specific pathogen free barrier 

environment, with a 12-hour light/dark cycle at 22±2°C and ad libitum access to food 

and water. All experimental procedures were approved by the Animal Research Ethics 

Committee (AREC) in UCD and the Health Products Regulatory Agency (HPRA) and 

were conducted in compliance with institutional and international guidelines. 

2.8.2 Dietary Cuprizone Induced Demyelination in C57/Bl6j Mice 

2.8.2.1 Cuprizone Diet  

10-week-old male C57Bl/6j mice were given a 0.2% (w/w) cuprizone diet for 6 weeks 

to induce demyelination. Powdered cuprizone (Sigma-Aldrich) thoroughly mixed with 

Teklad 2018 powdered diet (Envigo) was supplied ad libitum in open containers placed 

on the cage floor. Control animals received powdered food only.  

2.8.2.2 Dosing Schedule  

Drug treatments were administered at the same time every day via an intraperitoneal 

(i.p.) injection beginning on day 37. All drugs were made up in sterile 0.9% (w/v) saline 

and delivered in a 1mL/kg dosing volume. Control groups (powdered diet ± cuprizone) 

received 0.9% (w/v) saline only. The treatment group received 15mg/kg nefiracetam. 

The corpus callosum and cortical tissue were taken 3 days post-treatment on day 40 

for analysis of differential gene expression. The final drug treatment was administered 

approximately 1 hour prior to euthanasia, which was carried out by cervical dislocation 
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and decapitation. The graphical summary of the cuprizone model study is shown in 

Figure 2.5. 

2.8.2.3 Sample Collection 

Animals were rapidly decapitated, and the brains removed. The same region of the 

medial body and splenium of the corpus callosum was isolated from every sample. 

This was carried out with the use of a coronal 2mm acrylic brain matrix (Harvard 

Apparatus). The brain was placed in the matrix and two sterile single edge blades 

(Thermo Fisher Scientific) inserted into the fourth and sixth channel. Under a 

stereotactic microscope the overlying cortex was peeled back to expose the corpus 

callosum which, along with a section of the overlying cortex, was dissected out and 

collected for subsequent transcriptomic analysis. All samples were snap frozen in liquid 

nitrogen and stored at -80°C. 

2.8.3 Experimental Autoimmune Encephalomyelitis (EAE) in C57Bl6j mice 

2.8.3.1 EAE Induction 

EAE was induced in 12-week-old female C57Bl/6j mice using the EK-0114 kit (Hooke 

Laboratories) according to the manufacturers’ protocol. On day 0, all mice were given 

subcutaneous injections of 200µg MOG35-55 peptide in complete Freund’s adjuvant 

(CFA) containing 4mg/mL of the H37RA attenuated type strain of Mycobacterium 

tuberculosis in two locations: the upper back and the base of the tail. Pertussis toxin, 

which was used as a co-adjuvant, was given by i.p. injection within 2 hours (~375ng 

per mouse) and again within 24 hours (~375ng per mouse). 

2.8.2.2 Dosing Schedules  

All drugs were made up in sterile 0.9% (w/v) saline and delivered in a 1mL/kg dosing 

volume. Both control groups (EAE and non-EAE) received 0.9% (w/v) saline only. The 

treatment groups received 15mg/kg nefiracetam, 0.4mg/kg dexamethasone, or a 

combination of 15mg/kg nefiracetam and 0.4mg/kg dexamethasone. On day 14, once 

the majority of the animals began to exhibit motor deficits, the animals were randomly 

allocated and evenly distributed into blinded treatment groups based on their clinical 

scores at that time. All animals received daily i.p. injections from day 14 until the 

completion of the study (Day 35). A graphical summary of the EAE-MOG study is 

shown in Figure 2.6. 
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2.8.3.3 Sample Collection 

On day 35, following 21 days of treatment, animals were rapidly decapitated and trunk 

blood was collected from each animal and allowed to clot for 30 minutes at room 

temperature before centrifuging at 2,000g for 30 minutes to allow for separation of the 

serum and clotted blood. The upper aqueous layer of serum was then aliquoted and 

stored at -20°C.  

The spinal column was removed by severing an intervertebral disc in the caudal lumbar 

region and cutting along the ribs parallel and close to the spinal column on either side. 

Viscera connected to the anterior side were removed to completely isolate the spinal 

column. A 10mL syringe attached to a butterfly needle was filled with PBS and inserted 

into the spinal canal at the lumbar end. Short, rapid pulses on the plunger of the syringe 

resulted in the spinal cord being flushed out the cervical end in one piece. Whole intact 

spinal cord was flash frozen in liquid nitrogen and stored at -80°C until protein 

extraction.  
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Figure 2.7: Cuprizone toxin model of demyelination study design. The animals 

were given a diet of powdered food ± 0.2% cuprizone on day 0 for 6 weeks to induce 

demyelination. On day 37, the animals were given daily i.p. injections of 15mg/kg 

nefiracetam for 3 days. On day 39, one hour following the last injection, the animals 

were euthanised and samples of the cortex and corpus callosum were taken for 

transcriptomic analysis. In previous studies, the animals were returned to a normal diet 

on day 42, and sections of the corpus callosum on day 43 showed myelin levels 

restored to normal by nefiracetam. 
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Figure 2.8: EAE-MOG nefiracetam-dexamethasone combination study design. 

The animals were given two subcutaneous injections of MOG35-55/CFA on day 0. The 

animals were then given i.p. injections of the co-adjuvant pertussis toxin within two 

hours and 24 hours of immunisation within MOG35-55/CFA. Daily clinical scoring was 

carried out from day 1 until the end of the study. Treatment with 15mg/kg nefiracetam, 

0.4mg/kg dexamethasone, or a combination of 15mg/kg nefiracetam and 0.4mg/kg 

dexamethasone began on day 14, when the majority of the animals were exhibiting 

motor deficits. Treatment continued daily until the end of the study. On day 35, serum 

samples and spinal cord samples were taken for protein analysis. 
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2.9 Transcriptomic Analysis of Cuprizone Model Tissue Samples 

2.9.1 Re-analysis of Previous Microarray Data  

The RNA microarray data from the cuprizone model previously conducted by Dr Elaine 

Keogh was re-analysed to identify potential pathways of interest which may be relevant 

to the mechanism of action of nefiracetam. An R script was used to extract normalised 

intensity values (appendix II) which could then be used for the statistical analysis of 

differentially expressed genes.  

The R script, which was run using the Bioconductor package affy for R, extracted 

Affymetrix Microarray Suite 5 (MAS5.0) normalised data values from the CEL files 

containing the probe intensities generated by the GeneChip® scanner 3000. MAS5.0 

is a series of algorithms that calculates background, normalisation, and probe 

summarisation of the raw data file. It combines the signals from the perfect match (PM) 

and mismatch (MM) probes that target each transcript into a single expression value 

which is a sensitive and accurate representation of its expression level. It does this by 

calculating a robust average of the log PM-MM values based on Tukey’s bi-weight 

function.  

The output data was further analysed on Excel, with the relevant fold changes and p-

values being calculated. Student’s t-tests were used to test for significance. To correct 

for multiple testing empirical Bayes methods were applied to generate adjusted p-

values. To visualise the gene changes, hierarchal clustering was carried out with 

Cluster 3.0, using Euclidean distance measures and average linkage. The output file 

was then used to generate a heatmap using Java TreeView. The lists of differentially 

expressed genes were further analysed using PANTHER pathway analysis and the 

Ingenuity Pathway Analysis (IPA) suite as described in section 2.11.   

2.9.2 Next Generation Sequencing 

2.9.2.1 Preparation and Shipment of Cortical RNA Samples 

For this thesis project, RNA extracted from the cortices of the cuprizone model animals 

were analysed by transcriptome sequencing. Before shipping, the samples were 

assessed for quality using the Agilent 2100 Bioanalyzer Instrument. Microfluidic chips 

specific for RNA (Agilent) were used according to the manufacturer’s protocol. 

Samples which met the minimum quality criteria of an RNA integrity number (RIN) 

value of greater than or equal to 7 and a 28S/18S ratio of greater than or equal to 1 
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were standardised to a total quantity of 800ng of RNA at a concentration of 32ng/μL. 

The RNA samples were then shipped on dry ice to Beijing Genomic Institute (BGI) 

Global Genomic Services in Hong Kong for transcriptome sequencing.  

2.9.2.2 RNA Sequencing 

Transcriptome sequencing is used to reveal the presence, quantity, and structure of 

RNA in a biological sample under specific conditions. The RNA preparation, library 

construction and sequencing were performed by BGI with their DNBSEQ™ technology 

platform. 100 base pair paired-end RNA sequencing was conducted, with each library 

being sequenced at a depth of at least 40M clean reads. After sequencing, the raw 

reads were filtered using the SOAPnuke software developed by BGI, which involves 

the removal of adaptor sequences, contamination, and low-quality reads from the raw 

reads. The cleaned data was saved as FASTQ files, which are text files that store both 

reads sequences and their corresponding quality scores. The FASTQ files were then 

downloaded from their server for bioinformatic analysis. 

2.9.2.3 Bioinformatic Analysis of RNA Sequencing Data 

The bioinformatic analysis of the RNA sequencing data was conducted in house at 

UCD using the web-based GALAXY interface.  

Quality control was first carried out for the sequenced samples. The FastQC tool was 

used to evaluate the quality of the reads. During sequencing, errors can be introduced, 

such as incorrect nucleotides being called, which might bias the analysis and lead to a 

misinterpretation of the data. Every base sequence gets a quality score, or Phred 

score, from the sequencer and this information is present in the FASTQ file. A Phred 

score of 30 corresponds to a 1 in 1000 chance of an incorrect base call. FastQC looks 

at the overall distribution of quality scores across the reads. All reads were determined 

to have a Phred score of greater than 30 (Figure 2.8A) which was deemed acceptable, 

so no further preparation of the reads was required before mapping. 

Once quality control was complete, the clean reads were mapped against a reference 

mouse genome using the ultra-fast, universal RNA Spliced Transcripts Alignment to a 

Reference (RNA-STAR) aligner. Following this, a quality control step was carried out 

to determine the percentage of reads which were successfully mapped to the reference 

genome (Figure 2.8B). More than 80% of the reads mapped uniquely, and there was 

a low percentage of multi-mapped (<10%) and unmapped reads (<2%). 
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Next, using the alignment output data, the number of reads per annotated gene were 

counted with the FeatureCounts tool. Another quality control step was then carried out 

to assess the numbers of reads assigned to genes. Approximately 70% of the reads 

were assigned to exons which is considered typical for an RNA sequencing analysis 

(Figure 2.8C). 

For differential gene expression analysis, the DESeq2 and Limma-Voom tools were 

used. DESeq2 takes the read count files generated by FeatureCounts, combines them, 

and applies normalization for sequencing depth and library composition. It performs an 

internal normalization where the geometric mean is calculated for each gene across 

all samples. It can then estimate the biological variance (log2 fold change) and the 

significance of expression differences (p-value and adjusted p-value) between any two 

conditions. DESeq2 was used to determine the model-associated changes (naïve 

control mice vs. saline-treated or nefiracetam-treated mice with cuprizone-induced 

demyelination).  

Limma-voom performs differential expression using the limma Bioconductor package. 

It takes read count files from FeatureCounts and converts them to log2 counts per 

million (CPM) and the mean-variance relationship is modelled with precision weights. 

Trimmed Mean of M values (TMM) normalisation was performed by limma, where a 

weighted trimmed mean of the log expression ratios is used to scale the counts for the 

samples. Limma was used to identify the genes that may be regulated by nefiracetam 

treatment (saline-treated mice with cuprizone-induced demyelination vs. nefiracetam-

treated mice with cuprizone-induced demyelination).  

The resulting files were exported and filtered to identify genes which were significantly 

differentially regulated between the treatment conditions. The lists of differentially 

regulated genes were further analysed using the PANTHER software and IPA as 

described in section 2.11. 
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Figure 2.9: Quality control summaries for RNA sequencing analysis. 
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2.10 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) 

2.10.1 Sample Preparation 

The PreOmics iST kit was used for the preparation of the mouse serum samples for 

mass spectrometry-based protein analysis according to the manufacturer’s protocol. 

Briefly, 50μL of Lysis Buffer was added to 4μL of serum in a 1.5mL Eppendorf and 

placed in a thermomixer at 95°C for 10 minutes at 1,000 rpm to denature, reduce, and 

alkylate the proteins. The samples were then allowed to cool before being transferred 

to a cartridge containing a peptide retention column. The cartridge was placed into a 

fresh 1.5mL Eppendorf and 50μL of Digest Enzyme (combined LysC and trypsin) was 

added to each sample. The tubes were placed back into the thermomixer at 37°C for 

90 minutes at 500 rpm to enzymatically digest the proteins. 100μL of Stop Solution 

was added to stop the digestion and the cartridges were centrifuged at 3,800g for 3 

minutes to allow the peptides to bind to the peptide retention material. For peptide 

clean-up, 200μL of Wash Buffer 1 (organic wash buffer) was added to the cartridges 

and centrifuged at 3,800g for 3 minutes to remove hydrophobic contaminants from the 

peptides. 200μL of Wash Buffer 2 (aqueous wash buffer) was added to the cartridges 

and centrifuged at 3,800g for 3 minutes to remove hydrophilic contaminants. The 

combined flow-through was discarded. The cartridges were then transferred to fresh 

1.5mL Eppendorfs and 100μL of Elute Buffer was added. The cartridges were 

centrifuged at 3,800g for 3 minutes to elute the peptides. This step was repeated, and 

the flow-through containing the eluted peptides was then concentrated in a SpeedVac 

vacuum concentrator at 45°C for 30 minutes or until the samples were completely dry. 

20μL of LC-LOAD Buffer, compatible with downstream LC-MS/MS, was used to 

resuspend the peptides. The peptides were quantified using the DeNovix DS-11 Fx 

Spectrophotometer. The samples were diluted to 0.4μg/μL with LC-LOAD Buffer and 

stored at -20°C before analysis by LC-MS/MS. A graphical summary of the sample 

preparation procedure is shown in Figure 2.7.  

2.10.2 Mass Spectrometry  

The prepared peptides were given to the UCD Conway Mass Spectrometry Core 

Facility for further analysis. The peptides were analysed on a Q-Exactive Mass 

Spectrometer (Thermo Fisher Scientific) fitted with a reversed-phase NanoLC UltiMate 

3000 high performance liquid chromatography (HPLC) system (Thermo Fisher 

Scientific). Peptides were separated on a reverse-phase column (10cm x 75μm inner 
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diameter) packed in-house with 3μm C18 particles (Dr. Maisch, Germany) using a 1-

hour gradient at a flow rate of 250nL/minute. Mobile phases were 0.5% (v/v) acetic 

acid with 2.5% acetonitrile (ACN) in water (phase A) and 0.5% (v/v) acetic acid in 97% 

ACN (phase B). The peptides were separated by a gradient starting from 1% of mobile 

phase B and increased linearly to 28% for 50 minutes. This was stepped up to 95% of 

mobile phase B where it was maintained for 10 minutes. The injection volume was 5μL. 

The Orbitrap, operating in data dependent mode, automatically altered between MS 

and MS2 acquisition. Survey full scan MS spectra (m/z 350-1600) had a resolution of 

70,000. MS2 spectra had a resolution of 17,500. The twelve most intense ions were 

sequentially isolated and fragmented via higher energy C-trap dissociation.  

To identify peptides and proteins, MS/MS spectra were searched against the mouse 

Uniprot database. The database searches were performed with carbamidomethylation 

(C) as a fixed modification and acetylation (protein N terminus) and oxidation (M) as 

variable modifications. Filtering by false discovery rate (FDR) was applied for peptides 

(0.01) and proteins (0.01). For the generation of label-free quantitative (LFQ) ion 

intensities for protein profiles, signals of corresponding peptides in different LC-MS/MS 

runs were matched by MaxQuant. 

2.10.3 Perseus Statistical Software Analysis  

The Perseus statistical software (version 1.6.15.0) contained in the MaxQuant package 

was used to analyse ion intensities (LFQ intensity). Protein identifications were filtered 

to eliminate the identifications from the reverse database, only identified by site and 

common contaminants. The data was then log2 transformed and filtered based on valid 

values such that proteins which were not present in a minimum of 4 samples in at least 

one treatment group were eliminated. Missing values were replaced by imputation of 

values from the normal distribution. Two sample t-tests were applied to determine if 

the mean LFQ intensity values of the treatment groups were significantly different 

(p<0.05) from one another. For heat map visualisation, the values were first z-score 

normalised before hierarchical clustering of differentially expressed proteins was 

carried out using Euclidean distance measures and average linkage.  
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Figure 2.10: Sample preparation for mass spectrometry-based protein analysis. 

Serum samples were processed for LC-MS/MS using the PreOmics iST kit as per the 

manufacturer’s protocol.  

 

 

 



87 
 

2.11 In silico Analysis of Differentially Regulated Genes and Proteins 

2.11.1 Protein analysis through evolutionary relationships (PANTHER) Analysis 

The lists of differentially regulated genes or proteins generated by the microarray, RNA 

sequencing and mass spectrometry-based experiments were analysed using the 

PANTHER classification system (version 16.0, released December 2020), which was 

designed to classify proteins and their genes to facilitate high-throughput analysis. The 

gene list analysis tool was used to perform statistical overrepresentation tests which 

compares the input protein list to a reference list (Mus musculus) in order to statistically 

determine over- or under-representation. 

2.11.2 Ingenuity Pathway Analysis (IPA) Suite 

IPA is a web-based software application developed by Qiagen that enables analysis 

of data sets from large scale omics studies, including mass spectrometry and RNA-

sequencing. This software allows for the visualisation of signalling pathways, upstream 

regulators, disease states and networks that might be impacted by different treatments. 

Additionally, IPA considers the directionality of fold change and therefore can predict 

if a pathway or target is suppressed or activated. The IPA was used to analyse the list 

of differentially expressed proteins and genes identified in the serum of mice with EAE, 

and in the corpus callosum or cortex of mice with cuprizone-induced demyelination. 

 

2.12 Statistical Analysis  

Results generated were analysed and graphed using GraphPad Prism 9.0 (GraphPad 

Software Inc).  Data were presented on graphs as mean ± standard error of the mean 

(SEM) which is represented on each graph with an error bar. Statistical analysis was 

performed using GraphPad Prism 9.0. A normality test was performed to determine 

whether the data was parametric or non-parametric. Where appropriate, a ROUT test 

or a Grubb’s test was performed to identify and eliminate outliers from downstream 

statistical analysis. Data were then compared using the appropriate statistical test. 

Statistical significance was accepted as a p-value of less than 0.05, which was further 

stratified using asterisk values; a p-value<0.05 was represented as *, a p-value<0.01 

was represented as **, a p-value<0.001 was represented as ***, and a p-value<0.0001 

was represented as ****. A non-statistically significant p-value was represented as ‘ns’ 

where appropriate. 
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Exploring the mechanism of action of  

nefiracetam: How does it facilitate remyelination? 
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3.1 Introduction 

Previous studies by our group have provided consistent evidence that nefiracetam 

enhances myelin repair both in vitro and in vivo (Keogh et al., 2022, manuscript in 

preparation). However, the exact mechanisms by which nefiracetam achieves this 

accelerated repair remain to be elucidated. The discovery of nefiracetam as a myelin 

repair agent has provided us with a unique opportunity; by investigating the molecular 

fingerprint left by nefiracetam during its modulation of repair, not only can we decipher 

its mechanism of action, but we may also be able to use it as an investigational tool to 

identify key cellular pathways that are activated during normal remyelination. In doing 

so, we can improve our understanding of how remyelination normally proceeds, and 

thereby uncover potential novel targets that can be therapeutically exploited. The 

molecular changes elicited by nefiracetam were therefore explored through the use of 

a well-established model of demyelination – the cuprizone toxin model. 

The cuprizone toxin model is a commonly utilised model in the study of demyelination 

and remyelination. Cuprizone is a copper chelating agent which triggers widespread 

oligodendrocyte apoptosis and demyelination in the brain (Mason et al., 2000). The 

exact mechanism by which cuprizone causes this damage is not fully understood, but 

it has been thought to induce mitochondrial dysfunction (Suzuki, 1969) and oxidative 

stress (Kashani et al., 2017) in particularly susceptible mature oligodendrocytes. In this 

model, mice are typically fed a 0.2% (w/w) powdered cuprizone diet for 6 weeks. 

Oligodendrocyte apoptosis occurs within days of cuprizone administration which is 

closely followed by microglia and astrocyte activation (Gudi et al., 2014), and ultimately 

results in the demyelination of distinct brain regions, including the corpus callosum and 

cortex (Skripuletz et al., 2008). Since the BBB remains largely intact (Kondo et al., 

1987, Bakker and Ludwin, 1987), peripheral immune cells are not believed to play a 

major role in the pathogenesis of this model. Cuprizone has thus been used in the 

study of de- and re-myelination, and the contribution of resident glial cells to these 

processes.  

Studies have found that demyelination is complete after 5 weeks on the cuprizone diet, 

with spontaneous remyelination being initiated immediately following demyelination, 

irrespective of the continued presence of cuprizone in the diet (Gudi et al., 2009, 

Hiremath et al., 2008, Matsushima and Morell, 2001). However, if cuprizone 

administration continues beyond 6 weeks, the newly differentiated oligodendrocytes 
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are damaged, resulting in remyelination being abortive. As such, most studies which 

explore acute demyelination remove cuprizone after 6 weeks to allow for successful 

and lasting remyelination to occur. It is important to note the approximate time in the 

model when remyelination is initiated, as this influences the timing in which a therapy 

should be given. Commencing treatment once cuprizone is withdrawn, when the 

remyelination process has been ongoing for days, could result in a critical time window 

being missed. Accordingly, in our previous studies, nefiracetam administration was 

started 5 days prior to the removal of cuprizone when remyelination was estimated to 

have begun and could thus be positively modulated by the drug (Figure 2.7).  

Demyelination and remyelination are most commonly studied in the corpus callosum 

of cuprizone-fed mice, mainly due to the fact that it is a large white matter tract that is 

relatively easy to identify and histologically examine for myelin integrity (Murphy et al., 

2013). Indeed, previous studies by our group have focused on the effect of nefiracetam 

in the corpus callosum, where 6 days of nefiracetam treatment was found to restore 

myelin back to control levels compared to time-matched saline-treated controls which 

still displayed significant myelin loss (Figure 1.6). Therefore, a molecular analysis was 

performed on the corpus callosum to identify the signalling pathways activated by 

nefiracetam during accelerated repair. Microarray analysis of the corpus callosum was 

carried out following 3 days of nefiracetam treatment in order to capture a timepoint 

where the drug was actively affecting the remyelination process. The data identified a 

number of signalling pathways of interest; in particular, the modulation of glutamatergic 

signalling was implicated in the mechanism of action of nefiracetam. Follow on calcium 

imaging studies in OPCs found that nefiracetam enhances glutamate signalling 

through AMPA and mGluR5 receptors (Figure 1.11 and 1.12). 

The involvement of glutamate signalling in myelin biology is not a novel concept. 

Oligodendrocyte lineage cells are known to express glutamate receptors during all 

stages of their development, with the composition of their glutamate receptor profile 

changing depending on their maturity. For example, AMPA receptors are abundantly 

expressed in the early stages of oligodendrocyte development with lower numbers 

being found in pre-myelinating and myelinating oligodendrocytes (De Biase et al., 

2010). Similarly, group I and III metabotropic glutamate receptors (mGluRs) have been 

shown to be highly expressed in OPCs but downregulated in mature oligodendrocytes 

(Deng et al., 2004, Luyt et al., 2003). In contrast, the expression of NMDA receptors 

appears to be increased at a later time point in oligodendrocyte development; our 
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calcium imaging studies found that while there was no appreciable NMDA receptor 

signal detected in OPCs, a signal was detected in fully differentiated oligodendrocytes. 

Furthermore, oligodendroglial cells are known to express glutamate transporters, 

including excitatory amino acid transporter 2 and 3 (EAAT2, EAAT3) (DeSilva et al., 

2009, Suárez-Pozos et al., 2020, Werner et al., 2001). 

Glutamate signalling is thought to be involved in all stages of the myelination process. 

AMPA receptor signalling has been found to play a role in the proliferation of OPCs, 

with studies showing that AMPA receptor activation inhibits proliferation (Gallo et al., 

1996, Fannon et al., 2015). AMPA receptor activation has also been linked to the 

migration of OPCs; AMPA receptor stimulation leads to the association of an αv-integrin 

and proteolipid protein (PLP) complex with the calcium impermeable AMPA subunit 

GluR2, resulting in the internalisation of this subunit. The reduction in the membrane-

expression of GluR2 allows for increased calcium influx through AMPA receptors which 

weakens the integrin binding of OPCs to the extracellular matrix (ECM) (Gudz et al., 

2006). Activation of mGluRs in OPCs has been found to promote differentiation (Wake 

et al., 2011) and regulate AMPA receptor expression, increasing the proportion of 

calcium-permeable AMPA receptors on the OPC surface (Zonouzi et al., 2011). 

Interestingly, the activation of mGluRs has also been shown to be cytoprotective for 

optic nerve oligodendroglia in excitotoxic and ischemic conditions (Butt et al., 2017). 

NMDA receptor signalling has been shown to promote the differentiation of OPCs into 

mature oligodendrocytes (Li et al., 2013) and to play a role in glutamate-mediated 

myelination (Lundgaard et al., 2013). 

However, there is some discrepancy in the literature surrounding the contribution of 

glutamate receptors to myelination. For instance, some studies have found that AMPA 

receptor signalling has no effect on the proliferation of OPCs (Hamilton et al., 2017, 

Kougioumtzidou et al., 2017), while NMDA receptors have been found to have no 

impact on OPC functionality (Fannon et al., 2015). A separate study found glutamate 

signalling to be essential only in the stabilisation of newly formed myelin sheaths, but 

not in other phases of the myelination process (Hines et al., 2015). As such, there is 

no consensus on the role of glutamate signalling in oligodendroglial biology, with 

conflicting evidence often emerging regarding its precise involvement in each stage of 

oligodendrocyte development and myelination. Despite these inconsistencies, what is 

clear is that glutamate signalling does play a role in myelination, even if the exact 

mechanisms by which it does so remain elusive.  
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Several studies have shown that neuronal activity, in the form of glutamate release, 

underpins myelination. OPCs have been found to form synapses with unmyelinated 

axons (Hughes and Appel, 2019). OPC-axon synapses are believed to be pivotal to 

the concept of ‘activity-dependent’ myelination, wherein neuronal activity regulates 

myelination through the vesicular release of glutamate from axons which activate the 

AMPA receptors on OPCs (Wake et al., 2011). In addition to the synaptic release of 

glutamate, axo-glial communication has also been found to occur through non-synaptic 

release of glutamate. The source of non-synaptic glutamate is unclear but may occur 

from the reversal of glutamate transporters (Káradóttir and Attwell, 2007, Li et al., 

1999). It has been speculated that non-synaptic glutamate may act as a long range 

cue for OPC migration. It must also be noted that, while neuronal activity is important 

to myelination, myelination does not always require neuronal signals, with OPCs being 

found to myelinate inert fibres and fixed axons (Lee et al., 2012a, Rosenberg et al., 

2008). As such, certain axonal features, such as its diameter, may be sufficient cues 

for OPCs to initiate myelination (Friede, 1972). While neuronal activity may not be an 

essential requirement for myelination, neuronal activity has been found to be critical 

for the maintenance of newly formed myelin sheaths, as sheaths enwrapping silenced 

axons retract more frequently than those surrounding active axons (Hines et al., 2015). 

It has been suggested that OPC-axon synapses later evolve into ‘myelinic synapses’ 

once myelination is complete, where there is continued axon-myelin communication in 

the mature system, mediated by glutamate signalling, which allows oligodendrocytes 

to monitor the activity of an axon (Micu et al., 2018, Micu et al., 2016). This synapse is 

thought to provide metabolic support to the axon through the release of lactate into the 

synapse which is taken up by the axon and used as a building block for pyruvate, the 

critical substrate for the TCA cycle which facilitates oxidative phosphorylation and ATP 

production (Fünfschilling et al., 2012). The presence of such ‘myelinic synapses’ may 

also be supported by the observation of ‘white matter plasticity’, where researchers 

have noted that activities such as piano playing (Bengtsson et al., 2005), juggling 

(Scholz et al., 2009), and language learning (Luk et al., 2011) cause an increase in 

white matter volume in associated brain regions as analysed by MRI. It is thought that 

developmental myelination is initially carried out by intrinsic and environmental cues 

but is later fine-tuned depending on the level of activity of neurons. Thus, myelination 

is a very plastic process which can be altered in response to training and learning.  
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Furthermore, several studies have demonstrated the regenerative role of glutamate in 

remyelination. For example, it has been shown that in lesions containing electrically 

active demyelinated axons, OPCs are recruited to the site of damage through the 

sensing of neuronal activity via AMPA receptors and form de novo synapses with the 

denuded axons before initiating remyelination (Gautier et al., 2015). A separate study, 

which looked at lysolecithin-induced demyelination in the corpus callosum of mice, 

found that axons in the demyelinated lesions upregulate presynaptic proteins and form 

AMPA-regulated synapses with recruited OPCs during the remyelination process 

(Sahel et al., 2015). As such, there is a wealth of research demonstrating the critical 

role of glutamate signalling in both the myelination and remyelination processes. 

MS has historically been considered a disease of the white matter, with the widespread 

demyelinated lesions of the white matter, the classical hallmarks of the disease, being 

extensively studied. Thus, investigating the molecular changes induced by nefiracetam 

in the corpus callosum will help elucidate its mechanism of action in a tissue type that 

is particularly relevant to MS. However, there has been an increased appreciation for 

the involvement of the grey matter in structures such as the cortex in MS. Studies have 

shown that patients with MS have significantly higher rates of brain volume loss per 

year than age- and gender-matched healthy controls (Kalkers et al., 2002, Vollmer et 

al., 2015). Grey matter atrophy has been found to be a bigger contributor to brain 

volume loss than white matter atrophy in MS. Interestingly, the rate of grey matter 

atrophy increases in the progressive phases of the disease, while white matter atrophy 

remains consistent throughout the disease course (Fisher et al., 2008). Notably, grey 

matter abnormalities have been linked to fatigue (Nygaard et al., 2015) and depression 

(Pravatà et al., 2017) in patients with MS, which are commonly neglected in the 

management of the disease. 

The presence of cortical lesions has long been recognised in MS but have been 

previously overlooked due to difficulties in visualising these lesions, both by MRI and 

by histological staining. Interest in cortical lesions has since been rekindled with the 

advent of improved imaging technologies and they are now acknowledged as a major 

aspect of MS pathology. Imaging studies show that cortical lesions are present from 

the disease onset and occur in all subtypes but are more frequent in progressive MS. 

An increase in the number of lesions is observed with longer disease duration, with the 

increased lesion load correlating with an increase in Expanded Disability Status Scale 

(EDSS) score (Calabrese et al., 2007, Calabrese et al., 2010). In fact, cortical grey 
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matter damage has been found to correlate more closely with the level of physical 

disability and cognitive dysfunction in patients than white matter lesion loads (De 

Stefano et al., 2003, Calabrese et al., 2012).  

Due to the clinical relevance of cortical lesions in MS pathology, there is a need to 

deepen our understanding of how this damage occurs. The pathology of demyelination 

in the cortex appears to depend on the stage of MS. In autopsy studies, which are 

generally conducted in patients with chronic disease, cortical lesions lack substantial 

evidence of inflammation (Bø et al., 2003, Peterson et al., 2001). In contrast, there is 

evidence of a greater role for inflammation in cortical lesions in the earlier stages of 

MS; a study of biopsy material from a patient with early MS found cortical demyelination 

with clear signs of inflammation, including the presence of T-cells and B-cells as well 

as macrophages containing products of degraded myelin. Additionally, neuronal and 

axonal damage were observed (Popescu et al., 2011). Similarly, a study examining 

tissue biopsies taken from cortical lesions of patients with early-stage disease found 

substantial evidence of inflammation (Lucchinetti et al., 2011). Cortical pathology has 

been associated with meningeal inflammation which is greater in progressive MS 

(Howell et al., 2011, Magliozzi et al., 2007, Popescu and Lucchinetti, 2012, Lucchinetti 

et al., 2011). It has also been suggested that cortical grey matter damage may occur 

secondary to white matter damage, where demyelination of axons in the white matter 

results in damage to the functionally connected grey matter areas through retrograde 

degeneration (Bodini et al., 2016). 

Given the significant role that grey matter lesions play in the pathology of MS, there is 

a clinical need for the development of neuroprotective therapies which can help reduce 

grey matter damage and atrophy. Currently approved therapies for MS have shown 

varying degrees of effectiveness in slowing the rate of grey matter atrophy, which 

supports the potential of therapies which target grey matter damage (Favaretto et al., 

2018). As such, it would be remiss of us to limit the scope of our study to the white 

matter. Cuprizone is known to induce demyelination in the cortex of mice in a similar 

manner as the corpus callosum (Skripuletz et al., 2008); as such, cortical samples from 

nefiracetam-treated cuprizone animals were also taken for molecular analysis. The 

effect of nefiracetam in the cortex, which contains a greater proportion of neurons, may 

also highlight a molecular response that is more associated with neurons. Originally 

developed as a cognition-enhancing therapy, nefiracetam is known to have a direct 



95 
 

effect on neurons and has been shown to be neuroprotective (Fujita et al., 2002, Ueda 

et al., 2004). 

Based on the preliminary data gathered from the microarray and the calcium imaging 

studies which implicates the modulation of glutamate signalling by nefiracetam, as well 

as the abundance of evidence supporting the role of glutamate signalling in myelination 

and remyelination in the literature, a primary aim of this chapter was to explore the 

relative contribution of glutamate signalling to nefiracetam-mediated acceleration of 

remyelination. Specifically, the effect of nefiracetam on glutamate signalling in OPCs 

was investigated. The second aim was to conduct a transcriptomic-based analysis of 

the cortex of cuprizone-fed animals to investigate the effect of nefiracetam in this brain 

region.  
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3.2 Methods 

Cuprizone Model 

10-week-old male C57Bl/6j mice were given a cuprizone diet for 6 weeks (42 days) to 

induce demyelination. From day 37, animals received daily i.p. injections of saline or 

15mg/kg nefiracetam. Control animals received a normal diet and saline injections 

only. Tissue samples were taken on day 39 after 3 daily treatments with either saline 

or nefiracetam for analysis of differential gene expression. The cuprizone model study 

is described in detail in section 2.8.2.  

Microarray Re-analysis 

Existing microarray data from the corpus callosum of the mice with cuprizone-induced 

demyelination, generated in 2015, was reanalysed using more up-to-date software and 

databases. An R script was used to extract MAS5.0 normalised intensity values which 

were used to identify differentially expressed genes (DEGs) as described in section 

2.9.1. Mice with cuprizone-induced demyelination treated with saline and nefiracetam 

were compared to identify genes differentially regulated by nefiracetam. Statistical cut-

offs of a fold change of ≥1.2 or ≤-1.2, and an unadjusted p<0.05 were applied to identify 

DEGs which were then analysed on the PANTHER gene list analysis software using 

the ‘PANTHER GO cellular component complete’ tool. The IPA software was used to 

identify predicted upstream regulators and gene networks. 

Microarray Validation by qRT-PCR 

130ng of total RNA from each corpus callosum sample was reverse transcribed and 

analysed by qRT-PCR as described in section 2.4. The expression of the following 

genes was analysed: Adrb1, Bag4, Cacna2d2, Gria1, Grm5 and Mkl1 using Gapdh as 

the endogenous control. 

OPC Gene Expression Studies 

OPCs were isolated and grown for 3 DIV as described in section 2.2.1. To investigate 

the effect of nefiracetam on the expression of glutamate associated genes, OPCs were 

treated at 3 DIV with 1nM, 100nM or 1μM nefiracetam or vehicle control (OPC medium) 

for 24 hours. RNA was extracted, reverse transcribed and analysed by qRT-PCR as 

described in section 2.4. The expression of Gria1, Grm5, Slc1a2, Nkx2.2, Nfatc2, Mycn 

and Htt was analysed using 18S rRNA as the endogenous control (Table 2.2).  
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Scratch Assay, Immunocytochemistry, and Image Acquisition 

OPCs were isolated and grown for 6 DIV as described in section 2.2.1. To investigate 

the role of the mGluR5 and AMPA receptors in nefiracetam-mediated acceleration of 

OPC migration, the OPCs were treated with 100µM MTEP (mGluR5 antagonist) ± 1nM 

nefiracetam, or 100µM NBQX (AMPA antagonist) ± 1nM nefiracetam for 24 hours. The 

antagonist was added 15 minutes prior to treatment with nefiracetam. Control cells 

were treated with OPC medium only. The cells were fixed, stained for the OPC marker 

NG2 and the nuclear marker DAPI, imaged by fluorescence microscopy, and analysed 

using R Studio as described in section 2.3. 

RNA Sequencing Analysis 

RNA from the cortices of mice with cuprizone-induced demyelination were analysed 

by RNA sequencing as described in section 2.9.2. Naïve control mice and saline-

treated mice with cuprizone-induced demyelination were compared to identify model-

related gene changes. Statistical cut-offs of a fold change ≥2 or ≤-2, with an adjusted 

p<0.01 were applied to identify DEGs. To identify the genes regulated by nefiracetam, 

saline-treated and nefiracetam-treated mice with cuprizone-induced demyelination 

were compared. Statistical cut-offs of a fold change ≥1.2 or ≤-1.2, with an unadjusted 

p<0.05 were applied to identify DEGs. The lists of DEGs were analysed on the 

PANTHER gene list analysis software using the ‘PANTHER GO-Slim biological 

pathways’ tool. The IPA software was used to identify predicted upstream regulators 

and gene networks of interest. 

400ng of total RNA from the cortex samples was reverse transcribed and analysed by 

qRT-PCR as described in section 2.4. The relative expression of the Gria1 and Grm5 

genes were analysed using Gapdh as the endogenous control. 
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3.3 Results 

3.3.1 Re-analysis of the microarray data 

The corpus callosum is the main white matter tract in the brain composed of axons and 

glial cells, with oligodendroglial lineage cells accounting for a large proportion of the 

glial cell population. Our previous studies have shown that nefiracetam can repair the 

demyelination caused by cuprizone in the corpus callosum of mice at an accelerated 

rate. Transcriptomic analysis of the corpus callosum would thus help to uncover gene 

changes elicited by nefiracetam that are particularly relevant to remyelination and the 

glial cells which are involved in this process. To identify signalling pathways and gene 

targets central to nefiracetam’s remyelinating effect, we first reanalysed an available 

microarray dataset generated from a previous cuprizone toxin model to identify the 

molecular changes induced by nefiracetam during the early stages of remyelination in 

the corpus callosum. 

Nefiracetam-treated mice with cuprizone-induced demyelination were compared to 

saline-treated mice with cuprizone-induced demyelination to establish DEGs that may 

be regulated by the drug. These comparisons were made using an unadjusted p<0.05 

coupled with a fold change of ≥1.2 or ≤-1.2. 238 DEGs were identified, with 201 genes 

being upregulated and 37 genes being downregulated (Figure 3.1). To identify gene 

targets and signalling pathways of interest, the list of DEGs was uploaded to the open 

access, web-based PANTHER gene list analysis software and the proprietary IPA 

software for further bioinformatic analysis to place the experimental results within the 

context of biological systems. The previous bioinformatic analysis of the microarray 

analysis was conducted solely using the ‘PANTHER pathway analysis’ tool on 

PANTHER. For the re-analysis, alternative tools on PANTHER, as well as the IPA 

software, which had not yet been used for the analysis of this particular dataset, were 

utilized.  

The ‘PANTHER GO cellular component complete’ analysis tool was used; this analysis 

identifies cellular compartments and structures which are statistically over- or under-

represented by an inputted list of genes when compared to the entire Mus musculus 

genome. 7 over-represented cellular components were identified (Fisher’s exact test, 

FDR<0.05); glutamate synapse (3.25 fold enrichment), synaptic membrane (3.13 fold 

enrichment), neuronal cell body (2.50 fold enrichment), axon (2.49 fold enrichment), 
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transferase complex (2.47 fold enrichment), nucleoplasm (1.57 fold enrichment) and 

cytoplasm (1.26 fold enrichment) (Figure 3.2A).  

The IPA core analysis was used to explore gene networks of interest. The IPA software 

analyses a list of genes and identifies which of these genes are highly interconnected 

and builds networks based on these genes. It then relates the generated network to 

specific diseases and functions based on experimental evidence in the literature. In 

total, 14 gene networks were identified. Of these, a gene network associated with 

‘hereditary disorder, metabolic disease, organismal injury and abnormalities’ was 

identified as one of the top enriched networks (score=31), involving 19 of the DEGs. 

This pathway highlighted several glutamate-associated genes as key components of 

the network, including metabotropic glutamate receptors, AMPA receptors, and 

glutamate transporters, demonstrating the enrichment of genes that are connected to 

glutamate signalling in our list of DEGs (Figure 3.2B). 

Due to the low stringency of the statistical cut-offs applied to the microarray analysis, 

it was first necessary to validate gene changes of interest identified using a more 

sensitive method of analysis. Of the 238 DEGs identified, 12 were chosen for validation 

by qRT-PCR based on the results of the bioinformatic analysis, as well as the known 

biology and potential relevance of the gene to remyelination. Of the 12 genes analysed, 

6 genes were significantly regulated (p<0.05): adrenoceptor beta 1 (Adrb1) (saline 

1.01±0.05 vs. nefiracetam 1.15±0.07 fold change), BAG cochaperone 4 (Bag4) (saline 

1.10±0.08 vs. nefiracetam 1.36±0.04 fold change), connective tissue growth factor 

(Ctgf) (saline 1.0±0.05 vs. nefiracetam 0.76±0.06 fold change), glutamate ionotropic 

receptor AMPA type subunit 1 (Gria1) (saline 1.01±0.06 vs. nefiracetam 1.24±0.12 fold 

change), glutamate metabotropic receptor 5 (Grm5) (saline 1.01± 0.05 vs nefiracetam 

1.3±0.08 fold change), and megakaryoblast leukaemia 1 (Mkl1) (saline 1.0±0.02 vs. 

nefiracetam 1.15±0.02 fold change) (Figure 3.3).  

Correlation analysis showed that, although only 50% of the genes analysed by qRT-

PCR were significantly changed and therefore considered to be ‘validated’, there was 

a significant positive linear correlation between the percentages of change observed 

in both analyses (Pearson r=0.64, p=0.025) demonstrating good concordance between 

the qRT-PCR and the microarray datasets (Figure 3.4).  
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Figure 3.1: Hierarchal clustering of genes differentially expressed in the corpus 

callosum between saline-treated and nefiracetam-treated mice with cuprizone-

induced demyelination. Hierarchal clustering was performed on the 238 genes 

differentially expressed in the corpus callosum between the saline-treated and 

nefiracetam-treated mice with cuprizone-induced demyelination based on an 

unadjusted Student’s t-test, p<0.05 with a fold change of ≥1.2 or ≤-1.2 (n=6 animals 

per group). MAS5.0 normalised expression values were log-transformed and mean 

centred, followed by dual-clustering (gene and array) using average linkage and 

correlation uncentred metric.  
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Figure 3.2: In silico analysis of the genes differentially expressed in the corpus 

callosum between saline-treated and nefiracetam-treated mice with cuprizone-

induced demyelination. The list of DEGs between saline-treated and nefiracetam-

treated mice with cuprizone-induced demyelination was inputted into the PANTHER 

gene list analysis software and the IPA software. A. The cellular component GO terms 

implicated by the DEGs. This analysis identified the glutamate synapse as being highly 

enriched. Fisher’s exact test, FDR<0.05. B. The IPA software generated a network 

based on 19 of the DEGs; the pathway constructed was associated with ‘Hereditary 

Disorder, Metabolic Disease, Organismal Injury and Abnormalities’ (score=31).  
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Figure 3.3: Validation of microarray analysis. qRT-PCR data between saline-treated 

and nefiracetam-treated mice with cuprizone-induced demyelination. Data represents 

the mean ± SEM gene expression relative to the mean of the saline-treated group. 

Statistical analysis carried out using one-tailed, unpaired Student’s t-tests, *=p<0.05 

(4≤n≤6 animals per group).   
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Figure 3.4: Correlation between microarray data and real-time PCR data. A. 

Percentage of change in gene expression induced by nefiracetam treatment as 

measured by microarray and real-time PCR analysis. B. Correlation of gene 

expression changes measured by microarray analysis and real-time PCR for the genes 

which are differentially regulated by nefiracetam. Statistical analysis carried out by 

Pearson correlation test. Pearson correlation coefficient R=0.6385, *p=0.0254. 
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3.3.2 Effect of nefiracetam on glutamate receptor gene expression 

The bioinformatic analysis of the microarray data provides compelling evidence for the 

potential role of glutamate signalling in nefiracetam-mediated acceleration of repair. 

The importance of glutamate signalling in remyelination has been well established in 

the literature. OPCs express several subtypes of glutamate receptors and have been 

shown to initiate remyelination in response to the synaptic release of glutamate from 

neurons (Gautier et al., 2015). Furthermore, it is already known that nefiracetam elicits 

its cognition enhancing effect through, in part, the modulation of glutamate signalling 

in neurons.  

The microarray data specifically points to Gria1 (AMPA receptor subunit 1, GluR1) and 

Grm5 (metabotropic glutamate receptor 5, mGluR5) as targets of nefiracetam, which 

were validated by qRT-PCR (Gria1: saline 1.01±0.06 vs. nefiracetam 1.24±0.12 fold 

change, p=0.046. Grm5: saline 1.01± 0.05 vs nefiracetam 1.3±0.08 fold change, 

p=0.004) (Figure 3.5A). As the corpus callosum is a white-matter tract that is enriched 

with axons and glial cells, the expression of these genes was also analysed in a region 

of the cortex of these mice to compare and contrast the regulation of these receptors 

by nefiracetam in a tissue type that is more enriched in neurons. There was a modest 

reduction in the expression of both Gria1 (saline 1.0±0.04 vs. nefiracetam 0.93±0.02, 

p=0.13) and Grm5 (saline 1.01±0.05 vs. nefiracetam 0.89±0.03 fold change, p=0.065) 

in the cortex of nefiracetam-treated mice with cuprizone-induced demyelination when 

compared to saline-treated mice with cuprizone-induced demyelination (Figure 3.5B). 

However, these changes were not significant.  

The observed differences in the two brain regions suggest that the effect of nefiracetam 

on the gene expression of these receptors is cell type dependant. As such, we sought 

to explore the effect of nefiracetam on the expression of these receptors specifically in 

OPCs, the critical cell type governing remyelination. Previous calcium imaging studies 

in OPCs show that nefiracetam enhances glutamate signalling through AMPA and 

mGluR5 receptors, however the precise mechanism by which nefiracetam modulates 

these receptors in OPCs is not yet understood. Thus, the regulation of Gria1 and Grm5 

by nefiracetam in OPCs was explored. There was a significant upregulation of the gene 

expression of Gria1 (control 1.01±0.06 vs. 1nM nefiracetam 1.82±0.27 fold change, 

p=0.02) and Grm5 (control 1.01±0.07 vs. 1nM nefiracetam 1.71±0.19 fold change, 

p=0.002) relative to the untreated control at the 1nM dose of nefiracetam (Figure 3.5C). 
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Figure 3.5: Effect of nefiracetam on the gene expression of glutamate receptors. 

A. Effect of nefiracetam on Gria1 and Grm5 in the corpus callosum of cuprizone-fed 

mice. Data represents mean ± SEM gene expression relative to the mean of the saline-

treated animals (5≤n≤6 animals per group). B. Effect of nefiracetam on Gria1 and Grm5 

expression in the cortex of cuprizone-fed mice. Data represents mean ± SEM gene 

expression relative to the mean of the saline-treated animals (n=6 animals per group). 

C. Effect of 24-hour nefiracetam treatment on Gria1 and Grm5 gene expression in 

primary OPCs. Data represents the mean ± SEM gene expression level relative to the 

mean of the control (8≤n≤9 biological replicates, N=3 independent experiments). 

Statistical analysis carried out by unpaired Student’s t-tests, *=p<0.05, **=p<0.01.  
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3.3.3 Contribution of AMPA and metabotropic glutamate receptor signalling to 

nefiracetam-mediated acceleration of OPC migration 

Our group has previously shown that nefiracetam enhances key phases of the myelin 

repair process through in vitro studies with primary OPCs. Specifically, nefiracetam 

was found to significantly increase the migration and differentiation of OPCs. The 

previous calcium imaging studies which show nefiracetam enhances signalling through 

AMPA and mGluR5 receptors, together with the qRT-PCR results which show that a 

low dose of nefiracetam increases the gene expression of Gria1 and Grm5 in OPCs 

(Figure 3.5C), provide strong evidence that the effect of nefiracetam on OPC migration 

and differentiation may be elicited through enhanced glutamate signalling.  

To explore the possible functional importance of the observed Gria1 and Grm5 gene 

changes to remyelination, the migration assay was once again employed, but this time 

using antagonists to block the AMPA and mGluR5 receptors. 

For the analysis of the migration assay, two parameters were assessed; the average 

distance migrated (µm) by the OPCs into the scratched area, and the number of OPCs 

which had invaded into the scratched area. Nefiracetam significantly accelerated the 

migration of the OPCs, with an increase in both the average distance migrated (control 

100±0 vs. nefiracetam 140.9±8.63 percentage of control, p=0.048), and the number of 

invading cells (control 327.3±50.39 vs. nefiracetam 1183±319.5 number of OPCs, 

p=0.026) relative to the untreated control. The mGluR5 antagonist MTEP did not have 

a direct effect on OPC migration but the presence of MTEP was found to modestly, but 

not significantly, reduce the average distance invaded by the OPCs (nefiracetam 

140.9±8.6 vs. nefiracetam + MTEP 126.6±16.8 percentage of control, p=0.73) and the 

number of invading OPCs (nefiracetam 1183±319.5 vs. nefiracetam + MTEP 

645±129.2 number of OPCs, p=0.20) relative to the nefiracetam-treated cells (Figure 

3.6 and 3.7). While the average distance invaded and number of invading OPCs was 

not significantly reduced relative to the nefiracetam-treated cells, these measures were 

no longer significantly increased when compared to the untreated control cells. Overall, 

this suggests that mGluR5 receptor signalling may contribute to nefiracetam-mediated 

acceleration of OPC migration. 

In contrast, AMPA receptor blockade with NBQX had no effect on OPC migration, or 

on the effect of nefiracetam-mediated acceleration of migration (Figure 3.8 and 3.9). 
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Figure 3.6: mGluR5 receptor signalling contribution to nefiracetam-mediated 

acceleration of OPC migration. Representative images of the scratch assay. OPCs 

were scratched and treated with 1nM nefiracetam ± 100µM MTEP for 24 hours. Cells 

were immuno-stained with NG2 (red) and DAPI (blue) and imaged by fluorescence 

microscopy. Images were centred and vertically aligned using Adobe Photoshop 

Software. R studio was used to analyse the movement of the OPCs into the scratched 

area. Scale bar = 200µm.  
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Figure 3.7: The contribution of mGluR5 receptor signalling to nefiracetam-

mediated acceleration of OPC migration. A. Data represents the percentage ± SEM 

distance invaded by the OPCs relative to the untreated control. *=p<0.05, one-way 

ANOVA with Tukey’s multiple comparison post-test (N=4 independent experiments). B. 

Data represents the mean ± SEM number of OPCs which had invaded into the 

scratched area. *=p<0.05, one-way ANOVA with Tukey’s multiple comparison post-test 

(N=4 independent experiments). C. Frequency distribution of the distance travelled 

(μm) by each cell in each group (1309≤n≤4733 cells, N=4 independent experiments). 

D. Violin plot showing the distance invaded (μm) by each OPC into a 450µm wide 

central scratch (1309≤n≤4733 cells, N=4 independent experiments). 

A B 

C 

D 



109 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: AMPA receptor signalling contribution to nefiracetam-mediated 

acceleration of OPC migration. Representative images of the scratch assay. OPCs 

were scratched and treated with 1nM nefiracetam ± 100µM NBQX for 24 hours. Cells 

were immuno-stained with NG2 (red) and DAPI (blue) and imaged by fluorescence 

microscopy. Images were centred and vertically aligned using Adobe Photoshop 

Software. R studio was used to analyse the movement of the OPCs into the scratched 

area. Scale bar = 200µm.  
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Figure 3.9: The contribution of AMPA receptor signalling to nefiracetam-

mediated acceleration of OPC migration. A. Data represents the percentage ± SEM 

distance invaded by the OPCs relative to the untreated control. *=p<0.05, **=p<0.01 

one-way ANOVA with Tukey’s multiple comparison post-test (N=3 independent 

experiments). B. Data represents the mean ± SEM number of OPCs which had 

invaded into the scratched area (N=3 independent experiments). C. Frequency 

distribution of the distance travelled (μm) by each cell in each group (785≤n≤2451 cells, 

N=3 independent experiments). D. Violin plot showing the distance invaded (μm) by 

each OPC into a 450µm wide central scratch (785≤n≤2451 cells, N=3 independent 

experiments).  
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3.3.4 Effect of nefiracetam on glutamate-associated genes 

With an accumulating body of evidence supporting the effect of nefiracetam on 

glutamate signalling in OPCs, we then sought to identify other genes associated with 

glutamate signalling which may be regulated by nefiracetam that may give us an insight 

into how nefiracetam affects oligodendrocyte behaviour.  

As shown in Figure 3.2, the network generated by the IPA software based on the genes 

differentially regulated by nefiracetam in the corpus callosum pointed to a possible 

interaction of the AMPA and mGluRs with the nuclear factor of activated T-cells (NFAT) 

family of transcription factors. A recent study found that NFAT signalling promotes the 

differentiation of OPCs by relieving the repression of NK2 homeobox 2 (Nkx2.2), a 

transcription factor which has a well-established role in OPC differentiation (Weider et 

al., 2018). In particular, NFATC2 was implicated in their data. Since nefiracetam has 

previously been shown to promote the differentiation of OPCs, the effect of nefiracetam 

on the gene expression of Nfatc2 and Nkx2.2 in OPCs was investigated.  

The microarray analysis found that nefiracetam regulates the gene expression of 

solute carrier family 1 member 2 (Slc1a2), which encodes EAAT2, and Huntingtin (Htt), 

a gene which is classically associated with Huntington’s Disease (HD). Excitotoxicity 

linked to glutamate transporter dysregulation has been observed in patients with MS 

(Pitt et al., 2003), while patients with HD have been found to have myelin abnormalities 

linked to the dysfunction of HTT (Arteaga-Bracho et al., 2016, Ferrari Bardile et al., 

2019). Therefore, the effect of nefiracetam treatment on the expression of these genes 

in primary OPCs was also investigated.  

Nefiracetam increased gene expression of Nfatc2, which was significant at the 100nM 

dose (control 1.04±0.11 vs. 100nM nefiracetam 1.80±0.22 fold change, p=0.005). 

However, there was no change in the expression of Nkx2.2 at any of the doses tested. 

Nefiracetam caused a significant increase in Slc1a2 expression at the 100nM (control 

1.02±0.07 vs. 100nM nefiracetam 1.86±0.31 fold change, p=0.01) and 1µM doses 

(control 1.02±0.07 vs. 1µM nefiracetam 1.46±0.10 fold change, p=0.002). Nefiracetam  

also caused a significant increase in Htt expression at the 1nM dose (control 1.03±0.09 

vs. 1nM nefiracetam 2.51±0.53 fold change, p=0.02) (Figure 3.10).  
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Figure 3.10: Effect of nefiracetam on glutamate-associated genes in OPCs. The 

effect of 24-hour nefiracetam treatment on A. Nfatc2, B. Nkx2.2, C. Slc1a2 and D. Htt 

gene expression in OPCs. OPCs were treated with 1nM, 100nM or 1µM nefiracetam 

for 24 hours after which RNA was extracted and analysed by qRT-PCR. Data 

represents the mean ± SEM gene expression relative to the mean of the untreated 

control. *=p<0.05, **=p<0.01, unpaired Student’s t-test (7≤n≤9 biological replicates, 

N=3 independent experiments). 
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3.3.5 Gene changes in the cortex of mice with cuprizone-induced demyelination 

As previously mentioned, there has been increased interest in understanding the role 

of cortical lesions in the pathology of MS and developing therapies which can help 

reduce or prevent damage in these regions. As such, another aim of this chapter was 

to explore the effect nefiracetam has on the cortex following a demyelinating insult. 

The cortex of C57/Bl6j mice fed a 0.2% cuprizone diet for 6 weeks has been found to 

follow the same pattern of demyelination and remyelination as that which occurs in the 

corpus callosum, with the cortex of these mice being completely demyelinated after 6 

weeks and spontaneously repaired once demyelination is complete (Skripuletz et al., 

2008). We first aimed to identify the gene changes in the cortex caused by a cuprizone 

insult. 

Of the 18 samples available for sequencing, 16 samples passed quality control (control 

mice n=5, saline-treated mice with cuprizone-induced demyelination n=5, nefiracetam-

treated mice with cuprizone-induced demyelination n=6) and were sequenced at BGI. 

The returned fastq files were analysed using GALAXY. The analysis identified 442 

genes which were significantly differentially regulated (adjusted p-value<0.05) with a 

fold change of ≥2 or ≤-2 (Figure 3.11). 375 genes were upregulated, while 67 genes 

were downregulated. Principal component analysis (PCA) showed that the control 

mice and saline-treated mice with cuprizone-induced demyelination cluster separately, 

and the heatmap of sample-to-sample distance matrix also showed that the two groups 

cluster separately, with high similarity within the groups and low similarity between the 

groups (Supplementary Figure S1.2).  

The PANTHER and IPA software were once again utilised for further bioinformatic 

analysis of the list of DEGs, to give biological context to the gene changes observed. 

The ‘PANTHER GO-Slim biological pathways’ analysis, which compared the list of 

differentially expressed genes to the entire Mus musculus genome to identify pathways 

which are statistically over- or under-represented using a Fisher’s exact test with a 

false discovery rate applied, identified 44 pathways which are implicated in the model; 

the most enriched pathways (FDR<0.05) were tumour necrosis factor (TNF) production 

(18.7 fold enrichment), cell adhesion by integrin (16.62 fold enrichment), toll-like 

receptor signalling pathway (16.62 fold enrichment), defence response to virus (15.75 

fold enrichment), myelination (13.3 fold enrichment), positive regulation of cytokine 

production (12.09 fold enrichment), neutrophil migration (12.09 fold enrichment), 
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extracellular signal-regulated kinase 1 (ERK1) and extracellular signal-regulated 

kinase 2 (ERK2) cascade (10.94 fold enrichment), lymphocyte migration (11.26 fold 

enrichment), positive regulation of ERK1 and ERK2 cascade (10.94 fold enrichment), 

integrin-mediated signalling pathway (10.39 fold enrichment), response to interleukin-

1 (9.97 fold enrichment), and inflammatory response (9.82 fold enrichment) (Figure 

13.2A).  

The IPA software was used to identify gene networks, upstream regulators, and 

disease processes of interest. The IPA software identified ‘inflammatory demyelinating 

disease’ as a disease function predicted to be activated, showing the high number of 

genes associated with this process that are differentially regulated by the model in the 

cortex (Figure 13.2B). Several upstream regulators were identified based on the genes 

differentially regulated by the model. Interferon-gamma (IFN-γ) (9.356 activation z-

score), tumour necrosis factor (TNF) (8.14 activation z-score), signal transducer and 

activator of transcription 1 (STAT1) (6.8 activation z-score), interleukin-1 beta (IL-1β) 

(6.577 fold change), interferon 7 (IRF7) (5.771 activation z-score), interferon alpha 2 

(IFNA2) (3.68 activation z-score), interleukin-2 (IL-2) (4.52 activation z-score), prolactin 

(PRL) (4.33 activation z-score), aryl hydrocarbon receptor nuclear translocator 2 

(ARNT2) (3.3 activation z-score), and SIM BHLH transcription factor 1 (SIM1) (3.3 

activation z-score) were predicted to be activated by the model, while sirtuin (SIRT1) 

(-6.101 activation z-score), tripartite motif containing 24 (TRIM24) (-4.645 activation z-

score), and Cbp/P300 interacting transactivator with Glu/Asp rich carboxy-terminal 

domain 2 (CITED2) (-6.71 activation z-score) were predicted to be inhibited (Figure 

3.13A).  

The top gene network identified was the ‘inflammatory disease, inflammatory response 

and neurological disease’ pathway (score=42) which involved 26 of the inputted genes, 

highlighting the regulation of a large number of immune-associated genes by the model 

in the cortex (Figure 13.3B).  
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Figure 3.11: Scatter plot of differentially expressed genes in the cortex between 

control and saline-treated mice with cuprizone-induced demyelination. Scatter 

plot showing the genes that are differentially regulated in the cortex by the cuprizone 

model based on an adjusted p-value<0.01 with a fold change of ≥2 or ≤-2 (n=5 animals 

per group). The dots in red represent significantly upregulated genes while the dots in 

blue represent significantly downregulated genes. 
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Figure 3.12: In silico analysis of the genes differentially regulated in the cortex 

by the cuprizone model. IPA and PANTHER pathway analysis of the list of 

differentially expressed genes between the control and saline treated mice with 

cuprizone-induced demyelination. A. Bar chart summarising the top 13 biological 

processes identified by PANTHER (GO-Slim biological process, Fisher’s exact test, 

FDR<0.05). B. The IPA software identified ‘inflammatory demyelinating disease’ as a 

disease process predicted to be activated in the cortex of the mice with cuprizone-

induced demyelination. 
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Figure 3.13: IPA upstream regulator and network analysis of differentially 

expressed genes in the cortex between control and saline-treated mice with 

cuprizone-induced demyelination. The list of DEGs was inputted into the IPA 

software. A. Upstream regulators predicted to be activated or inhibited by the model 

(p<0.05). B. The IPA identified ‘Inflammatory Disease, Inflammatory Response, and 

Neurological Disease’ as the top network implicated by the genes regulated in the 

cortex by the model. 
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3.3.6 Gene changes in the cortex of nefiracetam-treated mice with cuprizone-

induced demyelination 

To identify the genes which are being regulated by nefiracetam in the cortex, differential 

gene expression between saline-treated and nefiracetam-treated mice with cuprizone-

induced demyelination was analysed using Limma-voom. It is necessary to note that 

DESeq2 was initially used; however, this tool did not identify any significantly 

differentially regulated genes between the treatment conditions. The primary difference 

between DESeq2 and limma is the method of normalisation; DESeq2 performed an 

internal normalisation based on geometric mean, while limma-voom normalised based 

on TMM. DESeq2 has been described as more conservative than limma-voom (Law 

et al., 2014) with higher sensitivity and specificity (Costa-Silva et al., 2017). Due to the 

subtle nature of nefiracetam-mediated gene regulation, which was observed in the 

microarray analysis of the corresponding corpus callosum samples, a less stringent 

approach was adopted for the analysis of the drug-related gene changes, with the 

acknowledgement that any gene changes identified would need to be further validated 

by qRT-PCR. 

The analysis identified 269 genes which were significantly regulated (unadjusted p-

value<0.05) with a fold change of ≥1.2 or ≤-1.2 (Figure 3.14). 107 genes were found 

to be significantly upregulated while 162 genes were significantly downregulated. PCA 

showed poor clustering between the treatment conditions (Supplementary Figure 

S1.3), showing the lack of robust effect of the treatment on gene expression.   

The ‘PANTHER GO-Slim biological pathways’ analysis was conducted, using an 

uncorrected binomial distribution test. There were 29 biological pathways identified; 

the most enriched pathways (p-value<0.05) were granulocyte chemotaxis (6.39 fold 

enrichment), neutrophil migration (6.39 fold enrichment), blood vessel morphogenesis 

(5.29 fold enrichment), regulation of ion transmembrane transporter activity (5 fold 

enrichment), extracellular matrix organisation (4.74 fold enrichment), regulation of 

cation transmembrane transport (4.58 fold enrichment), inflammatory response (4.16 

fold enrichment), antimicrobial humoral response mediated  antimicrobial peptide (3.98 

fold enrichment), cellular carbohydrate metabolic process (3.87 fold enrichment), 

protein metabolic process (0.58 fold enrichment), and organelle organisation (0.48 fold 

enrichment) (Figure 3.15A).  
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The IPA software was used to identify possible upstream regulators of the genes 

differentially regulated by nefiracetam. An interesting observation made during this 

analysis was that several of the upstream regulators predicted to be activated or 

inhibited in the cortex by the model (p<0.05) were predicted to be changed in the 

opposite direction by nefiracetam treatment. TNF (-1.21 activation z-score, p=0.001), 

STAT1 (-2.23 activation z-score, p=0.0001), IFNA2 (-2.41 activation z-score, p=0.03), 

IL-2 (-2.39 activation z-score, p=0.03), PRL (-2.224 activation z-score, p=0.16), ARNT2 

(-2.83 activation z-score, p=0.001), and SIM1 (-2.83 activation z-score, p=0.002) were 

predicted to be inhibited by nefiracetam, while CITED2 (1.21 activation z-score, 

p=0.0001) was predicted to be activated (Figure 3.15B). 

To identify if there are gene changes elicited by nefiracetam which are common to both 

the cortex and corpus callosum, the microarray data and RNA sequencing data were 

compared to identify common genes. Only two genes were found to be regulated in 

both brain regions: serpin family B member 1 (Serpinb1a) and transcription elongation 

regulator 1 like (Tcerg1l), showing regional specificity to the effects of nefiracetam in 

the model (Figure 3.16). 
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Figure 3.14: Scatter plot of the differentially expressed genes in the cortex 

between saline and nefiracetam-treated mice with cuprizone-induced 

demyelination. Scatter plot showing the genes that are differentially regulated in the 

cortex by nefiracetam treatment based on an un-adjusted p-value<0.05 with a fold 

change of ≥1.2 or ≤-1.2 (5≤n≤6 animals per group). The dots in red represent 

significantly upregulated genes while the dots in blue represent significantly 

downregulated genes. 
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Figure 3.15: In silico analysis of the genes differentially regulated in the cortex 

by nefiracetam. IPA and PANTHER pathway analysis of the list of differentially 

expressed genes between the saline-treated and nefiracetam-treated mice with 

cuprizone-induced demyelination. A. Bar chart summarising the top 11 biological 

processes identified by PANTHER (GO-Slim biological process, Binomial distribution 

test, uncorrected, p<0.05). B. Upstream regulators predicted by the IPA software to be 

activated or inhibited by the model (p<0.05) which were predicted to be regulated in 

the opposite direction by nefiracetam. 
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Figure 3.16: Overlapping genes changes induced by nefiracetam in the corpus 

callosum and cortex. Venn diagram showing the number of genes which are 

differentially regulated in the corpus callosum and cortex of saline-treated and 

nefiracetam-treated mice with cuprizone-induced demyelination. There were two 

genes which were regulated in both the corpus callosum and cortex: Serpinb1a and 

Tcerg1l. 
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3.3.7 Identifying a potential mediator of nefiracetam action 

The upstream regulator analysis of nefiracetam-mediated gene changes in both the 

corpus callosum and cortex predicted the involvement of the transcription factor N-Myc 

proto-oncogene protein (MYCN). MYCN was predicted to be inhibited in the corpus 

callosum and activated in the cortex by nefiracetam (Figure 3.19A). The microarray 

data shows that nefiracetam causes a significant upregulation of Mycn at the gene 

level in the corpus callosum (1.22 fold change, p= 0.036), while there was no significant 

gene change in Mycn observed in the cortex.  

The effect of nefiracetam treatment on Mycn gene expression was assessed in OPCs 

to determine if this transcription factor is regulated by nefiracetam specifically in OPCs. 

qRT-PCR analysis showed that nefiracetam caused a significant upregulation of Mycn 

at the 1nM (control 1.024±0.08 vs. 1nM nefiracetam 1.99±0.42, p=0.04) and 100nM 

doses (control 1.024±0.08 vs. 100nM nefiracetam 1.836±0.29, p=0.01) (Figure 3.19B). 
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Figure 3.17: Investigating the effect of nefiracetam on Mycn expression in OPCs. 

A. The IPA identified MYCN as a transcription regulator that may be upstream of the 

genes which are differentially regulated by nefiracetam in the corpus callosum and 

cortex of mice with cuprizone-induced demyelination. B. The effect of 24-hour 

nefiracetam treatment on Mycn gene expression in OPCs. OPCs were treated with 

1nM, 100nM or 1µM nefiracetam for 24 hours after which RNA was extracted and 

analysed by quantitative real-time PCR. Data represents the mean ± SEM expression 

level of MYCN relative to the mean of the control. Data was statistically analysed using 

unpaired Student’s t-tests, *=p<0.05, **=p<0.01 (7≤n≤9 biological replicates, N=3 

independent experiments). 
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3.4 Discussion 

Previous studies by our group have shown repeated proof of concept that nefiracetam 

accelerates myelin repair in both in vitro and in vivo models of demyelination. However, 

exactly how nefiracetam modulates repair is still unknown. Therefore, the principle aim 

of this chapter was to explore the molecular mechanism of action of nefiracetam, with 

a specific focus on its effects in OPCs, the key cell type involved in remyelination. Since 

the ultimate goal of our research is the clinical deployment of nefiracetam, continued 

pre-clinical research is crucial. A deeper understanding of the mechanism by which 

nefiracetam modulates repair will provide greater confidence in its potential efficacy as 

a therapy and may also help to uncover novel therapeutic targets for the treatment of 

MS.  

The first step in this process was to reanalyse a previous microarray dataset that was 

generated from corpus callosal samples of mice with cuprizone-induced demyelination. 

While there are many cell types present in the corpus callosum that are important to 

the processes of de- and re-myelination in this model, the insights gained from this 

reanalysis were used to inform studies in OPCs, due to their crucial role in repair. 

Furthermore, preliminary data indicates that nefiracetam alters the behaviour of these 

cells. 238 DEGs between saline-treated and nefiracetam-treated mice with cuprizone-

induced demyelination were identified, with 201 genes being upregulated and 37 

genes being downregulated (Figure 3.1). To identify these DEGs, it was necessary to 

apply low stringency statistical cut-off criteria of a fold change of greater than or less 

than ±1.2 with an unadjusted p-value of less than 0.05. In omics-based studies, there 

is much emphasis placed on applying large fold changes and/or false discovery rates 

in order to eliminate background noise and potential false positives but in doing so 

there is the risk of eliminating genes that, while not meeting the criteria set to identify 

significant and/or abundant changes, may be quite important biologically. This brings 

into question whether to prioritise the statistical significance of a gene change over its 

potential biological significance. Since this microarray analysis was being used in an 

exploratory manner to identify signalling pathways activated by nefiracetam which 

could later be explored in OPCs, lower stringency criteria were deemed appropriate to 

prioritise the detection of a larger number of DEGs.  

The list of DEGs was bioinformatically analysed using the PANTHER gene list analysis 

software and the proprietary IPA software to give biological context to our data. While 
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several potential pathways and targets of interest were detected during this analysis, 

there were several lines of evidence pointing to a regulation of glutamate signalling by 

nefiracetam. A cellular compartment analysis identified the glutamatergic synapse and 

synaptic membrane as the most enriched cell compartments (Figure 3.2A). This was 

an interesting result given the significant role that the AMPA-regulated axon-OPC 

synapse has been shown to play in remyelination (Gautier et al., 2015, Sahel et al., 

2015). Moreover, one of the top networks generated by the IPA software shows that 

several of the glutamate-associated genes present in the list are highly interconnected 

with genes relevant to OPC function, including Pdgf, which promotes OPC proliferation 

(Calver et al., 1998), and Nfat, which regulates OPC differentiation (Weider et al., 2018) 

(Figure 3.2B). Taken together, the data strongly suggests that nefiracetam’s modulation 

of glutamate signalling in OPCs underpins its facilitation of myelin repair. 

However, the increased risk of false positives caused by the lower stringency analysis 

of the microarray must first be acknowledged. As such, gene changes of interest were 

confirmed by qRT-PCR. 12 genes were chosen based on the bioinformatic analysis 

and their potential relevance to OPC biology and repair. Of the genes analysed, 6 were 

significantly altered by nefiracetam and thus considered to be ‘validated’ (Figure 3.3). 

Given the prominence of glutamate signalling in the results of the bioinformatic 

analysis, two glutamate-associated genes were chosen for validation. Gria1, which 

encodes the AMPA receptor subunit GluR1, and Grm5, which encodes mGluR5, were 

confirmed to be significantly upregulated by nefiracetam. Ctgf, which encodes a 

secreted matricellular protein involved in tissue remodelling and fibrosis (Lipson et al., 

2012), was downregulated by nefiracetam. Studies show that neuronal secretion of 

CTGF causes an inhibition of OPC differentiation (Ercan et al., 2017, Stritt et al., 2009). 

A decrease in Ctgf by nefiracetam may thus allow for an increase in the number of 

mature oligodendrocytes that are available for repair. The expression of Adrb1, β-

adrenoceptor 1, was upregulated by nefiracetam. OPCs are known to be responsive 

to noradrenaline and express both α- and β-adrenoceptors. β-adrenoceptor activation 

inhibits the proliferation of OPCs and stimulates their differentiation (Ghiani et al., 

1999). Bag4 gene expression was increased by nefiracetam. BAG4, or silencer of 

death domains (SODD), is a widely expressed, anti-apoptotic protein associated with 

the negative regulation of TNF receptor 1 (TNF-R1) signalling (Jiang et al., 1999). 

Through increasing the expression of Bag4, nefiracetam may have cytoprotective 

effects. Mkl-1, or myocardin related transcription factor A (MRTFA), was also found to 
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be upregulated by nefiracetam. MRTFA is a transcription co-activator that associates 

with serum response factor (SRF) to regulate the transcription of cytoskeletal proteins, 

including those relating to actin dynamics. MRTFA has been studied in neurons where 

it has been found to contribute to synaptic plasticity (O'Sullivan et al., 2010), a target 

that may mediate nefiracetam’s cognition-enhancing effects. To date, MRTFA function 

in oligodendroglial cells has not been explored. Regulation of the actin cytoskeleton is 

key to driving morphological changes during oligodendrocyte differentiation and axon 

wrapping (Nawaz et al., 2015, Zuchero et al., 2015). As such, it is possible that MRTFA 

may have a hitherto unknown role in OPC functionality. Although 50% of the genes 

analysed were not validated by qRT-PCR, a correlation analysis showed that there was 

good concordance between the microarray and PCR, which lends weight to the validity 

of the changes detected in the microarray (Figure 3.4). 

While the regulation of the genes validated by qRT-PCR by nefiracetam is intriguing 

and merits further investigation in future studies, Gria1 and Grm5 were selected for 

further analysis given the significant role AMPA and mGluRs play in OPC biology and 

remyelination (Spitzer et al., 2016). Interestingly, in contrast to the corpus callosum, 

the expression of both of these genes was found to be downregulated by nefiracetam 

in the cortex of the mice, although this decrease was not statistically significant (Figure 

3.5B). Since the cortex is a grey matter structure and thus contains different ratios of 

cell types compared to the corpus callosum, with the main difference being the greater 

presence of neurons, this indicates that nefiracetam may have a cell type-dependent 

effect on the expression of these receptors. It therefore remained to be determined 

which cell type was mediating the upregulation of Gria1 and Grm5 in the corpus 

callosum and whether the upregulation was a direct or indirect effect of nefiracetam. 

To determine this, primary OPCs were treated in vitro with three doses of nefiracetam. 

Treatment of OPCs with a low dose nefiracetam significantly increased the expression 

of both genes suggesting that the increased expression observed in the corpus 

callosum may be in part due to an upregulation in OPCs (Figure 3.5C). The increase 

in gene expression of Gria1 and Grm5 observed here may contribute to the enhanced 

signalling through these receptors in response of nefiracetam treatment in our previous 

calcium imaging studies (Figure 1.11 and 1.12). 

Based on these results, we then explored whether the upregulation of Gria1 and Grm5 

is functionally relevant to nefiracetam’s ability to modulate repair. Remyelination is a 

carefully orchestrated series of events wherein OPCs proliferate and migrate towards 
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areas of demyelination, differentiate into oligodendrocytes, and extend processes that 

enwrap the axon to reinstate a new myelin sheath. Our previous studies showed that 

nefiracetam treatment significantly increased the migration and differentiation of OPCs 

(Figure 1.8 and 1.10). Since the effect of nefiracetam on migration was more robust, 

the migration assay was utilised to explore the role of these receptors in nefiracetam’s 

effect on repair.  

In accordance with previous studies, an acceleration of OPC migration in response to 

nefiracetam treatment was once again observed, with significant increases in both the 

number of migrating OPCs and in the average distance travelled. The presence of the 

mGluR5 antagonist MTEP in the system impacted on the effect of nefiracetam on OPC 

migration. While the number of migrating cells and the average distance travelled were 

not significantly decreased relative to the nefiracetam-treated cells, both measures 

were no longer significantly upregulated compared to the untreated control, showing a 

reduced effect of nefiracetam on migration. Additionally, MTEP itself had no effect on 

OPC migration (Figure 3.6 and 3.7). In contrast, the AMPA receptor antagonist NBQX 

had no effect on OPC migration, nor did it have an effect on the nefiracetam-mediated 

increase in migration (Figure 3.8 and 3.9).  

While glutamate signalling has been shown to modulate migration, there is no evidence 

in the literature linking mGluR signalling to an increase in OPC migration. In fact, a 

study using an mGluR5 agonist found no effect on the migration of OPCs in an agarose 

droplet migration assay (Luyt et al., 2006). The reduced effect of nefiracetam on OPC 

migration in the presence of MTEP may therefore point to a previously unknown role 

for mGluR5 signalling in migration. Stimulation of AMPA (Gudz et al., 2006) and NMDA 

receptors (Wang et al., 1996, Xiao et al., 2013) have both been linked to an increase 

in migration of OPCs. As mentioned, mGluR activation has been found to increase the 

proportion of calcium-permeable AMPA receptors on the OPC surface (Zonouzi et al., 

2011); thus, an increase in the surface expression of calcium permeable AMPA 

receptors through the potentiation of mGluR5 signalling could explain how nefiracetam 

enhances signalling through both receptors in the calcium imaging studies. However, 

since AMPA receptor blockade had no impact on the effect of nefiracetam on migration, 

this does not account for how it accelerates migration. In neurons, mGluR5 activation 

enhances NMDA receptor signalling through increasing the channel open probability 

(Awad et al., 2000, Pisani et al., 2001); if a similar mechanism exists in OPCs, then 

activation of mGluR5 by nefiracetam may enhance signalling through NMDA receptors, 
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leading to an increase in migration. Although an NMDA receptor signal was not 

detected in our previous calcium imaging studies, the potentiation of mGluR5 signalling 

caused by nefiracetam may help to initiate NMDA receptor signalling, which could have 

allowed for an NMDA receptor signal to be detected in this assay.  

mGluR5 and AMPA receptor activation both result in an increase in intracellular 

calcium. While AMPA receptor activation results in increased calcium influx through the 

ion channel from the extracellular space, mGluR5 activation leads to the mobilisation 

of intracellular calcium from the endoplasmic reticulum (ER) through the activation of 

phospholipase C (PLC) and inositol triphosphate (IP3). A study found that chelation of 

intracellular calcium causes a significant reduction in OPC migration, while decreasing 

the amount of extracellular calcium does not (Simpson and Armstrong, 1999). This 

indicates that the source of calcium is important in the context of OPC migration, which 

could explain why the blockade of mGluR5, but not AMPA, impacted on nefiracetam-

mediated acceleration of migration.  

Overall, the results suggest that enhanced signalling through mGluR5, but not AMPA, 

contributes to nefiracetam-mediated acceleration of OPC migration. Since the effect of 

nefiracetam on migration was not fully abolished through the blockade of mGluR5 or 

AMPA, neither receptor appears to be the sole surface receptor target of the drug. 

Although AMPA blockade did not impact on nefiracetam’s effect on migration, this does 

not mean AMPA signalling is not important to nefiracetam-mediated repair; enhanced 

signalling through this receptor may prove to be important in other stages of repair. 

Nevertheless, mGluR5 signalling does appear to contribute, at least in part, to the 

nefiracetam-mediated acceleration of migration, which is the first evidence showing 

that modulation of glutamate signalling by nefiracetam in OPCs may be functionally 

relevant to how it enhances repair. 

As mentioned, although nefiracetam has been found to promote the differentiation of 

OPCs into mature oligodendrocytes, the mechanism by which it does so has not been 

explored. The gene network identified by the IPA software shows that the NFAT family 

of transcription factors is interconnected with AMPA and mGluR signalling (Figure 3.2). 

OPCs express several members of this family, but a recent study showing that NFATC2 

in particular is associated with oligodendrocyte differentiation (Weider et al., 2018). It 

was shown in this study that nuclear NFATC2 expression increases following a rise in 

intracellular calcium and the subsequent activation of calcineurin. Since nefiracetam is 
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known to stimulate calcium influx in OPCs, it is possible that NFATC2 is a downstream 

target of nefiracetam and thus may be a key driver in nefiracetam’s effect on repair. 

qRT-PCR analysis found that nefiracetam treatment upregulated Nfatc2 expression in 

OPCs, which was significant at the 100nM dose (Figure 3.10A). The increase in Nfatc2 

observed here may contribute to the increase in OPC differentiation by nefiracetam 

which was observed in our previous studies. 

Nkx2.2 has been identified as a target gene of NFATC2. NKX2.2 is a key transcription 

factor which promotes oligodendrocyte differentiation by suppressing genes which 

inhibit differentiation, including Pdgfra (Qi et al., 2001, Zhu et al., 2014). NFATC2 

cooperates with SOX10 to relieve the transcriptional repression of Nkx2.2 (Weider et 

al., 2018). Our results show that there was no change in Nkx2.2 expression following 

nefiracetam treatment, despite a change in Nfatc2 (Figure 3.10B). This may be due to 

the time point chosen; a later time-point may be more optimal to capture the increase 

in Nkx2.2 expression once the Nfatc2 increase had been translated to an increase in 

protein levels of this transcription factor.  

Microarray analysis of the corpus callosum identified a downregulation of a membrane-

bound glutamate transporter, Slc1a2, by nefiracetam. SLC1A2, also referred to as 

EAAT2, removes extracellular glutamate from the synapse and has been found to play 

an important role in the pathology of MS. Glutamate excitotoxicity has been observed 

in patients with MS and is thought to be an important disease mechanism underlying 

oligodendrocyte injury and neurodegeneration in MS (Kostic et al., 2013, Stover et al., 

1997). EAAT2 is classically associated with astrocytes but is also expressed by other 

glial cells including oligodendrocytes (Kondo et al., 1995). In fact, a study found that 

EAAT2 was predominantly expressed by oligodendrocytes in normal white matter, but 

its expression is reduced in white matter lesions of patients with active MS (Pitt et al., 

2003). Loss of EAAT2 is thought to promote excitotoxic damage in patients due to the 

reduced clearance of glutamate in the white matter. EAAT2 function is also critical to 

oligodendrocyte viability, with the inhibition of EAAT2 resulting in oligodendroglial cell 

death and axonal damage (Domercq et al., 2005). We found that nefiracetam caused 

increased Slc1a2 expression in OPCs, which was significant at the 100nM and 1µM 

doses (Figure 3.10C). This may be beneficial in the context of MS, where increasing 

EAAT2 expression may help to protect against excitotoxicity. Interestingly, glutamate 

transporters have also been shown to carry out functional roles other than glutamate 

clearance; a study found that transporter-dependant glutamate signalling contributes 
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to the differentiation of OPCs (Martinez-Lozada et al., 2014). As such, the increase in 

Slc1a2 expression by nefiracetam may contribute directly to its effect of repair, and not 

only serve to protect against excitotoxicity. This increased Slc1a2 expression in OPCs 

is in contrast to the overall decrease observed in the corpus callosum; this may indicate 

that nefiracetam reduces Slc1a2 expression in cell types other than OPCs in this brain 

region which resulted in an overall decrease being detected in the microarray analysis, 

or perhaps that nefiracetam’s effect on Slc1a2 expression is context dependent, with 

Slc1a2 expression being modulated depending on the overall glutamatergic tone of the 

environment. Indeed, while nefiracetam is known to potentiate NMDA-evoked currents, 

nefiracetam is also thought to act as a partial agonist, reducing excess NMDA receptor 

activation in the presence of excess glutamate (Moriguchi et al., 2003). Nefiracetam 

has been shown to be safe and well tolerated post-stroke where excess glutamate 

would be a concern, providing further evidence that nefiracetam’s effect on glutamate 

signalling is likely to be dependent upon the local microenvironment. 

Htt gene expression was also upregulated by nefiracetam according to the microarray. 

HTT is thought to facilitate fast axonal transport, assist in anchoring receptors at the 

plasma membrane, protect against apoptosis and regulate gene expression. It is 

associated with Huntington’s disease (HD), an autosomal dominant neurodegenerative 

disease caused by a mutation in the Htt gene, which leads to the production of a toxic, 

gain-of-function version of this protein. Here, it was demonstrated that a low dose 

nefiracetam caused a significant upregulation of Htt in OPCs (Figure 3.10D). Exactly 

how HTT affects OPC function is not known, as such the functional significance of the 

upregulation in Htt can only be speculated upon. Myelin breakdown and white matter 

atrophy has been observed in HD (Bartzokis et al., 2007, de la Monte et al., 1988). 

Studies have shown that mutant huntingtin (mHTT) in oligodendroglia contributes to 

myelination abnormalities (Ferrari Bardile et al., 2019) while a reduction in wild-type 

HTT expression causes OPC deficits (Arteaga-Bracho et al., 2016). HTT has also been 

linked to mGluR5 signalling; HTT is involved in the release of calcium from the ER 

following mGluR5 stimulation through the formation of a complex with IP3 receptors in 

neurons (Tang et al., 2003). It is possible that this increase in Htt helps to enhance the 

release of intracellular calcium from the ER in OPCs in response to increased mGluR5 

signalling. In astrocytes, mHTT has been found to reduce the expression of EAAT2, 

resulting in decreased glutamate clearance and increased excitotoxic death of neurons 
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(Shin et al., 2005). If a similar process exists in OPCs, it is possible that this change in 

Htt is also linked to the altered Slc1a2 expression by nefiracetam. 

In summary, the results suggest that nefiracetam modulates glutamate signalling in the 

corpus callosum of mice with cuprizone-induced demyelination, with follow on studies 

in OPCs confirming the regulation of glutamate-associated genes by nefiracetam in 

these cells. Gria1 and Grm5 gene expression were significantly increased in OPCs by 

nefiracetam, with mGluR5 signalling being linked to the nefiracetam-mediated 

acceleration of migration. Additionally, the calcium-responsive transcription factor 

Nfatc2, glutamate transporter Slc1a2, and Htt were all upregulated at the gene level in 

OPCs which provides further support to the role of glutamate signalling in nefiracetam’s 

mechanism of action (Figure 3.18).  

While exploring the gene changes observed in the corpus callosum is certainly of value 

given the large involvement of the white matter in MS pathology, there is also value to 

exploring the molecular effects of nefiracetam in the cortex. As discussed, there is 

undeniable evidence to support the contribution of cortical lesions to disability burden 

in MS (De Stefano et al., 2003, Calabrese et al., 2012). However, how cortical damage 

occurs in MS remains poorly understood, which is a significant barrier to developing 

treatments that address this damage. We explored the gene changes which occur in 

the cortex following cuprizone toxification, and the gene changes which are elicited by 

nefiracetam in this brain region that may foster improved repair. 

In the cuprizone model, demyelination in the cortex has been shown to follow a similar 

pattern to the corpus callosum, but with slight differences. Complete demyelination is 

observed later in the cortex than in the corpus callosum, with demyelination being 

complete after 6 weeks of cuprizone diet compared to 5 weeks in the corpus callosum. 

While similar glial cell populations are detected in the cortex and corpus callosum 

during cuprizone-mediated demyelination, the proportions of these populations vary 

between the brain regions. While the degree of astroglial involvement is similar, there 

is a lower presence of OPCs and activated microglia in the cortex relative to the corpus 

callosum. The timing of remyelination also differs in the cortex; while there is evidence 

of partial remyelination in the corpus callosum by 5.5 weeks, remyelination is only 

observed in the cortex after 6 weeks (Gudi et al., 2009, Skripuletz et al., 2008). It must 

therefore be acknowledged that due to the subtle differences in the timings of de- and 

re-myelination in the cortex, nefiracetam treatment may have been initiated prior to 
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when spontaneous remyelination would be expected to have begun in the cortex. 

Nonetheless, insights into nefiracetam’s mechanism of action can still be gained, as 

there is evidence of an increased presence of OPCs at this time-point relative to naïve 

mice (Gudi et al., 2009), thus nefiracetam may still have a modulatory effect to initiate 

accelerated repair.  

Gene expression in the cortex was analysed by transcriptome sequencing. Naïve 

control mice and saline-treated mice with cuprizone-induced demyelination were first 

compared to identify the molecular changes induced by cuprizone in the cortex of mice. 

442 DEGs were identified, with 375 genes being upregulated and 67 genes being 

downregulated (Figure 3.11). Stringent statistical cut-off criteria of a fold change 

greater than or less than ±2 with an adjusted p-value of <0.01 were applied due to the 

large number of gene changes detected. Several oligodendrocyte and myelin-related 

genes were downregulated in response to cuprizone, including Mbp, Mog, Plp1, myelin 

and lymphocyte-specific protein (Mal), and myelin-associated glycoprotein (Mag), 

which would be expected following a demyelinating insult. Glial fibrillary acidic protein 

(Gfap), a marker of astrogliosis, was upregulated by the model, confirming the 

presence of activated astrocytes. Additionally, several genes associated with 

inflammation and the immune system were found to be dysregulated in the cortex 

including MHC proteins, cluster of differentiation (CD) proteins, and inflammatory 

cytokines. Indeed, the top gene network generated by the IPA software was associated 

with ‘inflammatory disease, inflammatory response, and neurological disease’ (Figure 

3.13B), while ‘inflammatory demyelinating disease’ was a disease mechanism 

predicted to be activated by the model (Figure 3.12B), which highlights the abundance 

of gene changes associated with inflammation and myelin loss in the cortex.  

The pathway analysis conducted on the PANTHER software further supported these 

observations, with ‘myelination’ and several immune and inflammatory pathways being 

identified (Figure 3.12A). TNF production was identified as the most enriched pathway, 

with the data showing significant increases in Tnfrsf1a, which encodes TNF receptor 1 

(TNF-R1) and Tnfrsf1b, which encodes TNF receptor 2 (TNF-R2). Cxcl10 was also 

upregulated, a chemokine produced by astrocytes that activates microglia which in 

turn, increases TNF-α production (Clarner et al., 2015). TNF-α is a proinflammatory 

cytokine predominantly secreted by macrophages in the periphery, but is also released 

by microglia, neurons, and astrocytes in the CNS. The increased presence of TNF-α 

in MS lesions and its contribution to MS pathology has long been recognised (Hofman 
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et al., 1989, Selmaj et al., 1991). Moreover, TNF-R1 and TNF-R2 have both been found 

to be upregulated in the cortical grey matter of MS patients (Magliozzi et al., 2019). 

Increased TNF-α signalling has been observed in the cuprizone model (Arnett et al., 

2001, Martin et al., 2018). The role of TNF-α signalling in the cuprizone model appears 

to be complicated, having critical roles in both demyelination and remyelination. TNF-

α knockout mice have reduced oligodendrocyte loss in response to cuprizone but 

display defective remyelination, reflecting the complex role of this signalling system in 

this model (Arnett et al., 2001).  

Toll-like receptor (TLR) signalling was also identified as a top pathway by the analysis, 

with increases in several TLRs being observed, including toll-like receptor 1 (Tlr1), toll-

like receptor 2 (Tlr2), and toll-like receptor 6 (Tlr6). TLRs are a family of pattern 

recognition receptors (PPRs) that are present both intracellularly and on the surface of 

cells, including immune cells, neurons, microglia, astrocytes and oligodendroglial cells 

(Bsibsi et al., 2002). TLRs recognise pathogen-associated molecular patterns (PAMPs) 

on the microorganism surface, as well as endogenously produced damage-associated 

molecular patterns (DAMPs) released during cellular stress (Heiman et al., 2014). TLR 

activation results in the activation of the pro-inflammatory transcription factor nuclear 

factor kappa-B (NF-κB) and the release of cytokines and immune modulators. TLRs 

have been found to be dysregulated in MS and have been proposed to play important 

roles in the disease pathology (Nyirenda et al., 2015, Reynolds et al., 2012). Tlr2 has 

been shown to be upregulated in corpus callosum and hippocampus of cuprizone-fed 

mice (Esser et al., 2018). Interestingly, in contrast to our results, Tlr2 was found to be 

downregulated in the cortex in this study; however, since the study assessed samples 

after 5 weeks of cuprizone diet, a direct comparison cannot be made with our results. 

TLR2 has been thought to have a deleterious role in both MS and the cuprizone model, 

with TLR2 signalling being found to inhibit remyelination (Sloane et al., 2010, Wasko 

et al., 2019).  

An interesting result from this analysis was the identification of ‘neutrophil migration’ 

and ‘lymphocyte migration’ as over-represented pathways in the list genes differentially 

regulated by the model. While the classical hypothesis has been that the pathology of 

the cuprizone model occurs independent of infiltrating peripheral immune cells, some 

studies suggest that peripheral cells can cross the BBB and contribute to demyelination 

and remyelination in the cuprizone model. A study using GFP-tagged macrophages 

show that peripheral macrophages cross into CNS during the course of the model 
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(McMahon et al., 2002). Furthermore, a study found that the infiltration of peripheral 

neutrophils is essential to cuprizone-mediated demyelination, with no myelin loss 

occurring in the absence of neutrophils (Liu et al., 2010). Additionally, the identification 

of ‘cell adhesion mediated by integrin’ pathway in our analysis would also indicate 

possible movement of peripheral cells into the CNS. Integrins carry out several critical 

functions including the trafficking of immune cells. Integrins are known to contribute to 

MS pathology, notably the alpha 4 integrin (α4-integrin) which facilitates leukocyte-

endothelial cell adhesion at the BBB and is the target of natalizumab (Kawamoto et al., 

2012). Integrin beta 2 (Itgb2), which plays an important role in leukocyte trafficking 

(Bouti et al., 2021), and fermitin family member 3 (Fermt3) which is expressed primarily 

by cells of hematopoietic origin and assists integrin binding (Malinin et al., 2009, Ussar 

et al., 2006), were both found to be upregulated in the cortex in our study. The result 

of our analysis appears to support the recruitment of peripheral immune cells to the 

sites of cortical damage. 

The predicted upstream regulators of the DEGs in the cortex were identified using the 

IPA software (Figure 3.13A). Several cytokines and transcription factors related to 

inflammation, including TNF, IFN-γ, IL-1β, STAT-1 and IL-2 were predicted to be 

activated by cuprizone. IFN-γ and IL-1β are pro-inflammatory cytokines which have 

been shown to contribute to demyelination (Takahashi et al., 2003, Vartanian et al., 

1995). However, much like TNF-α, these cytokines are also essential for remyelination, 

and thus play a multifaceted role in the model (Mason et al., 2001). STAT-1 is a 

transcription factor typically associated with pro-inflammatory signalling. The activation 

of STAT-1 signalling by IFN-γ has been shown to induce OPC death in vitro (Wang et 

al., 2010) and inhibit myelination in vivo (Lin and Lin, 2010). IL-2 is a pro-inflammatory 

cytokine primarily secreted by activated T-cells which has been shown to inhibit OPC 

proliferation (Saneto et al., 1987). ARNT2 and PRL were also predicted to be activated 

in response to cuprizone. ARNT2 is a transcription factor highly expressed in neurons 

which is involved in neuronal development (Hao et al., 2013), and has also been shown 

to be neuroprotective (Drutel et al., 1999). ARNT2 is also expressed in oligodendroglial 

lineage cells and has been found to affect oligodendrocyte viability and differentiation 

(Becquart et al., 2020). PRL is a hormone commonly associated with pregnancy; 

interestingly, patients with MS often go into remission during pregnancy when PRL 

levels are known to be high, which suggests a protective role of PRL in MS (Vukusic 

et al., 2004). This was further supported by a study which found that pregnant mice 
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displayed enhanced remyelination following toxin-induced demyelination (Gregg et al., 

2007). CITED2 and SIRT1 were the top regulators predicted to be suppressed by the 

model. CITED2 is a negative regulator of inflammation which inhibits pro-inflammatory 

signalling in macrophages (Pong Ng et al., 2020). SIRT1 is generally associated with 

anti-inflammatory signalling. A study found that SIRT1 expression is reduced in the 

cuprizone model, and that rescue of SIRT1 is protective against cuprizone-mediated 

demyelination (Elbaz et al., 2018). As such, the inhibition of both SIRT1 and CITED2 

would result in an indirect increase in pro-inflammatory signalling. These findings 

provide some insights into the upstream regulators of the model which may provide 

interesting targets that warrant further investigation in the future. 

The RNA sequencing analysis has revealed interesting insights into the pathways and 

targets involved in the effect of cuprizone on the cortex. Overall, the data provides 

evidence for the presence of a demyelinating insult, activation of astrocytes, and a 

general increase in of pro-inflammatory signalling. There are also indications that there 

is an involvement of peripheral immune cells in cuprizone-mediated demyelination in 

the cortex.  

Nefiracetam-treated and saline-treated mice with cuprizone-induced demyelination 

were compared to identify genes which are regulated by nefiracetam in the cortex. 

Similar to the microarray analysis, the effect of nefiracetam treatment on gene 

expression in the cortex was very subtle, necessitating the application of low stringency 

statistical cut-off criteria of a fold change greater than or less than ±1.2 with an 

unadjusted p<0.05 to identify gene changes. 269 DEGs were detected, with 107 genes 

being significantly upregulated and 162 genes being significantly downregulated 

(Figure 3.14). The DEGs were further bioinformatically analysed using the PANTHER 

and IPA software. It must be noted that since enhanced remyelination of the cortex by 

nefiracetam has not been histologically confirmed in this model, any gene changes 

induced by nefiracetam which are identified by this analysis can only be hypothesised 

to contribute to improved remyelination. The effect of nefiracetam treatment on 

remyelination in the cortex must first be confirmed before we can definitively link any 

of the pathways or gene targets to enhanced repair by nefiracetam. However, since 

the model-related gene changes provide significant evidence that a demyelinating 

insult has been inflicted, we can at least make assumptions of the effects of 

nefiracetam in a microenvironment where cortical demyelination has occurred. 
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In contrast to the corpus callosum microarray analysis, glutamate signalling was not 

found to be altered by nefiracetam treatment in the cortex; as mentioned, this may 

reflect the difference in the ratio of cells present. The higher presence of OPCs in the 

corpus callosum (Gudi et al., 2009) would have more readily permitted the detection of 

gene changes in OPCs in this tissue compared to the cortex, suggesting that regulation 

of glutamate signalling by nefiracetam is more significant in these cells. Interestingly, 

pathway analysis of the DEGs in the cortex detected immune and inflammation-

associated pathways, including ‘neutrophil migration’, ‘granulocyte chemotaxis’, and 

‘inflammatory response’ (Figure 3.15A). This was a surprising result, given that there 

is little evidence in the literature or from our own studies to indicate that nefiracetam 

affects inflammation. The RNA sequencing data showed that nefiracetam significantly 

downregulates the expression of C-C motif chemokine receptor 1 (Ccr1), a chemokine 

receptor which is expressed on monocytes and other lymphocytes (Weber et al., 2001), 

and CXC-motif chemokine receptor 2 (Cxcr2), a prominent chemokine receptor 

expressed on neutrophils (Zarbock and Stadtmann, 2012). Both genes were 

upregulated in response to cuprizone, although not significantly so, and were then 

significantly reduced by nefiracetam, suggesting a possible reversal of the increased 

peripheral lymphocyte presence caused by the cuprizone insult. In contrast to this, 

there was a significant increase in the gene expression of C-C motif chemokine ligand 

2 (Ccl2), which recruits monocytes to sites of damage. Interestingly, the upstream 

regulator analysis found that many of the inflammation-associated cytokines and 

transcription factors predicted to be activated by the model were now predicted to be 

suppressed in the presence of nefiracetam. In particular, TNF, STAT-1, IFN-α2 and IL-

2 were predicted to be inhibited by nefiracetam. Furthermore, CITED2, which was 

predicted to be inhibited by the model, was predicted to be activated by nefiracetam 

which suggests a possible concurrent increase in anti-inflammatory signalling with 

nefiracetam (Figure 3.15B). These results further suggest a modulatory action of 

nefiracetam on inflammatory signalling. 

Another pathway identified was ‘extracellular matrix organisation’. In the CNS, the 

ECM is a network composed of fibrous proteins such as collagen and polysaccharides 

such as hyaluronan. The ECM has been found to be significantly altered in MS lesions 

(Van Horssen et al., 2007) and these changes are important to the disease pathology. 

For example, elevated levels of hyaluronan have been found in MS lesions, which 

inhibits OPC maturation and remyelination through TLR2 signalling (Sloane et al., 
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2010). In our study, the gene expression of the ECM components collagen type I alpha 

1 chain (Col1a1), collagen type I alpha 2 chain (Col1a2) and collagen type XIII alpha 

1 chain (Col13a1) were downregulated by nefiracetam in the cortex. Col1a1 has been 

found to be increased in active lesions of MS patients (Mohan et al., 2010). Adam5 

was also found to be reduced by nefiracetam; A disintegrin and metalloproteinases 

(ADAMs) are known to degrade and remodel components of the ECM but are primarily 

associated with the release of mature proteins (e.g., TNF-α) from membrane-anchored 

precursors. The changes in these ECM components indicate that nefiracetam may be 

modulating the ECM in regions of damage of the cortex. 

The microarray data was cross-referenced with the RNA sequencing data to identify 

gene changes induced by nefiracetam which may be common to both brain regions. 

Only two genes were found to be regulated by nefiracetam in both regions: Tcerg1l 

and Serpinb1a (Figure 3.16). The lack of common changes may reflect the distinct 

effect nefiracetam has on different cell types; as mentioned, the cortex contains a 

greater proportion of neuronal cell bodies, while the corpus callosum contains a greater 

proportion of glial cells and axons. It may also be due to the differences in the effect of 

cuprizone in each region; studies show that demyelination is completed earlier in the 

corpus callosum than in the cortex. As such, while nefiracetam treatment was initiated 

at a timepoint when remyelination was anticipated to have begun in the corpus 

callosum, it likely preceded spontaneous remyelination in the cortex. Consequently, 

this study may have captured the effects of nefiracetam on different stages of the 

remyelination process in either region. 

Upstream regulators identified in both brain regions were cross-referenced to identify 

common transcription factors which may regulate the gene changes induced by 

nefiracetam. MYCN was predicted to be regulated in response to nefiracetam in both 

brain regions, although its predicted activation state differed between the two regions, 

with predicted activation in the cortex and predicted inhibition in the corpus callosum 

(Figure 3.17A). Nefiracetam was found to significantly upregulate Mycn expression in 

OPCs at the 1nM and 100nM doses (Figure 3.17B), thus this transcription factor may 

play an important role in nefiracetam’s effect on oligodendrocyte function. MYCN is a 

cancer-associated transcription factor which has been found to be involved in different 

forms of cancer including neuroblastoma where increased expression has been shown 

to correlate with poor prognosis (Brodeur et al., 1984). However, MYCN signalling has 

not been studied in OPCs, as such, exactly how Mycn upregulation effects OPC 
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function and development remains to be elucidated. The confirmation of Mycn as a 

target of nefiracetam highlights the power of a blended approach of bioinformatic 

analysis with experimental validation. The other upstream regulators identified by the 

IPA software thus warrant further investigation and may help to identify novel targets 

of remyelination.  

In summary, the RNA sequencing analysis revealed several pathways and gene 

targets of interest which are regulated by nefiracetam in the cortex of cuprizone-fed 

mice. Overall, the results suggest that nefiracetam alters inflammatory pathways, and 

elicits changes to the ECM. This would indicate that the effects of nefiracetam may not 

be limited to a direct action on oligodendroglial cells, but rather nefiracetam may also 

affect other cells in the areas of damage, including microglia, neurons and infiltrating 

immune cells, to generate a microenvironment which is conducive to repair. However, 

it remains to be seen if the inflammation and ECM changes observed in this analysis 

are a direct or indirect effect of nefiracetam. 
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Figure 3.18: Summary of the effects of nefiracetam on the corpus callosum and 

OPCs. Nefiracetam treatment significantly increased the expression of Mkl1, Bag4, 

Adrb1, Gria1, and Grm5 and significantly reduced the expression of Ctgf in the corpus 

callosum of cuprizone-fed mice. Nefiracetam treatment significantly increased OPC 

migration, an effect which was partially inhibited by mGluR5 blockade. Nefiracetam 

significantly increased the expression Gria1, Grm5, Nfatc2, Mycn, Slc1a2, and Htt in 

OPCs. 
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Chapter 4 
 

Investigating the effect of nefiracetam on the immune 

system: Does it modulate macrophage signalling? 
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4.1 Introduction 

The previous chapter identified several pathways and upstream regulators which may 

be relevant to the mechanism by which nefiracetam accelerates remyelination. 

Interestingly, the RNA sequencing analysis pointed to the regulation of immune and 

inflammatory signalling pathways by nefiracetam. Immune cells play a complex and 

multifaceted role in MS pathophysiology (Dendrou et al., 2015, Haase and Linker, 

2021, McMurran et al., 2016). MS is widely regarded as an autoimmune disease, 

where an aberrant immune system that is primed against myelin drives CNS damage 

and subsequent neurodegeneration. This damage has been classically attributed to 

auto-reactive CD4+ T-cells which migrate across a compromised BBB into the CNS 

parenchyma and initiate an inflammatory attack that damages oligodendrocytes and 

strips axons of their myelin sheath (Fletcher et al., 2010, Kaskow and Baecher-Allan, 

2018). T-cells are believed to be central to the pathogenesis of MS largely due to the 

longstanding association of HLA class II genes with overall risk of MS (Jersild et al., 

1972). HLA genes encode major histocompatibility complexes (MHCs) which are 

located on the surface of APCs and present antigenic peptides to MHC-specific CD4+ 

T-cells (Crux and Elahi, 2017). Moreover, T-cells isolated from patients with MS have 

been shown to be more reactive to myelin antigens than those isolated from healthy 

controls (Allegretta et al., 1990, Olsson et al., 1990).   

Insights gained from the EAE model, the gold standard in vivo model of MS, also 

support the central role of CD4+ T-cells in MS. This model involves immunisation of 

susceptible mouse strains (e.g., C57/Bl6j, SJL/J) with CNS tissue or myelin peptides 

(e.g., MBP, PLP, MOG) to mount a T-cell-mediated immune system attack against 

myelin (Constantinescu et al., 2011). Depending on the strain of mouse and myelin 

antigen used, the model can be tailored to mimic different MS disease courses; for 

example, immunisation of SJL/J mice with PLP139–151 induces a disease course which 

resembles relapsing-remitting MS (McRae et al., 1995). The use of complete Freund’s 

adjuvant (CFA) containing mycobacterium tuberculosis to emulsify the myelin peptides 

and the concomitant administration of pertussis toxin following immunisation enables 

the activation of the immune system and sensitisation to myelin antigens. As a result 

of the immune system attack, mice suffer ascending hind limb paralysis which can 

range from mild (limp tail) to severe (complete hind limb paralysis). The observation 

that the transfer of activated, myelin-specific CD4+ T-cells to naïve mice is sufficient to 

induce EAE further solidified the key role of these cells (Stromnes and Goverman, 
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2006). Despite the majority of currently approved therapies for MS showing efficacy in 

this model, there has been an overall disappointing translation of efficacy in this model 

to a therapeutic effect in humans, with over 90% of potential therapies identified using 

the EAE model ultimately failing in clinical trial (’t Hart et al., 2021). Nonetheless, the 

model is still commonly utilised in the study of the pathophysiological features of MS 

and in the development of novel therapies. 

While the role of CD4+ T-cells is undeniably important to MS disease pathology, it is 

now generally accepted that other peripheral immune cell types also contribute to the 

disease aetiology, including CD8+ T-cells (Friese and Fugger, 2009), B-cells (Li et al., 

2018) and macrophages (Mishra and Yong, 2016, Nally et al., 2019). Indeed, the 

predominant immune cell types found in the CNS lesions of MS and the EAE model 

are microglia and macrophages (Kuhlmann et al., 2017, Polman et al., 1986, Tang and 

Le, 2016). Microglia are CNS resident myeloid cells which carry out several key 

functions, including the maintenance of parenchymal homeostasis and the regulation 

of synaptic plasticity. Critically, microglia serve as an important component of the CNS 

response to tissue injury through the phagocytosis of microbial pathogens and cellular 

debris, and through the release of cytokines, chemokines and neurotrophic factors 

(Colonna and Butovsky, 2017). Macrophages are peripheral myeloid cells derived from 

circulating monocytes which originate from haematopoietic stem cells in the bone 

marrow. Monocyte-derived macrophages are professional phagocytes and a key cell 

type in innate immunity, but also carry out crucial roles in tissue repair, metabolism, 

and tissue remodelling (Zhang et al., 2021). Following injury, circulating monocytes 

enter into the regions of tissue damage and differentiate into macrophages. In parallel, 

many tissue types also harbour resident macrophages which can undergo expansion 

after injury (Lavin et al., 2015).  

Monocytes can be categorised into distinct subpopulations based on their surface 

protein expression and these markers differ between humans and mice. In humans, 

this is based on the surface expression of CD14, a component of the LPS receptor 

complex, and CD16, a type I transmembrane receptor. Human monocytes are typically 

classified as CD14++CD16- classical (pro-inflammatory), CD14+CD16++ non-classical 

(anti-inflammatory), and CD14+CD16+ intermediate monocytes (Ziegler-Heitbrock et 

al., 2010). In contrast, monocytes are often classified based on the surface expression 

of lymphocyte antigen 6C (Ly6C) in mice; Ly6Chi monocytes are considered pro-

inflammatory, while Ly6Clow monocytes are patrolling monocytes which survey the 
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vasculature (Kratofil et al., 2017). Following entry into regions of damage, infiltrating 

monocytes become activated and differentiate into macrophages, and based on the 

inflammatory stimuli in the tissue microenvironment, are further polarised into pro-

inflammatory M1 or anti-inflammatory M2 macrophages. Classical/Ly6Chi monocytes 

are preferentially recruited to sites of inflammation through CC chemokine receptor 2 

(CCR2) and are more likely to differentiate into M1 macrophages, while patrolling non-

classical/Ly6Clow monocytes are recruited at a later phase via the fractalkine receptor 

C-X3-C motif chemokine receptor 1 (CX3CR1) and are more likely to differentiate into 

an M2 phenotype (Yang et al., 2014). 

The identification of several other subtypes of macrophages with subtle inflammatory 

differences induced by exposure to differing stimuli suggest that the classification of 

macrophages and microglia into M1 and M2 phenotypes is too simplistic. As such, it 

has been proposed that the activation of these cells should be viewed as a spectrum, 

with the M1 and M2 phenotypes at either extreme, to accurately reflect the wide range 

of activation states and plasticity that have been observed in these cells (Dubbelaar et 

al., 2018). While we acknowledge the over-simplification of the M1 and M2 

classifications, for the purposes of this thesis, pro-inflammatory macrophages and 

microglia will be referred to as M1-like, while anti-inflammatory macrophages and 

microglia will be referred to as M2-like.   

Activated microglia and monocyte-derived macrophages express similar inflammatory 

markers and have a similar morphology when activated; as such, it is quite difficult to 

distinguish between these cells in CNS lesions and they are thus often jointly referred 

to as microglia/macrophages in the literature. In response to pro-inflammatory stimuli 

(e.g., TNF-α, IFN-γ, LPS) microglia/macrophages adopt an M1-like phenotype which 

is associated with, but not limited to, the activation of signal transducer and activator 

of transcription 1 (STAT1) signalling, increased surface expression of CD86, and the 

secretion of pro-inflammatory cytokines including TNF-α, IL-6, IL-12 and IL-1β. In 

contrast, macrophages/microglia develop an M2-like phenotype in response to anti-

inflammatory cytokines (e.g., IL-10, IL-4, IL-13) which is associated with, but not limited 

to, the activation of STAT3 signalling, increased surface expression of mannose 

receptor (MR), and the secretion of anti-inflammatory cytokines, such as IL-10 (Jurga 

et al., 2020) (Figure 4.1). 
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Figure 4.1: Macrophage polarisation. In response to pro-inflammatory stimuli such 

as LPS, IFN-γ, IL-1β and TNF-α, macrophages are polarised to an M1-like phenotype 

which is tissue destructive. In response to anti-inflammatory stimuli such as IL-10, IL-

13 and IL-4, macrophages are polarised to an M2-like phenotype which is tissue 

regenerative. M1-like macrophages are thought to contribute to myelin damage and 

are associated with relapsing phases in MS, while M2-like macrophages are thought 

to contribute to repair and are associated with remission. Cell markers and secreted 

factors characteristic of either phenotype are highlighted. Illustration created using 

Biorender. 
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Aside from the use of CD14 as a marker of human monocyte subpopulations, CD14 

also plays a key role in immune cell modulation as it acts as a co-receptor for toll-like 

receptors (TLRs). CD14 is highly expressed in myeloid cells including monocytes, 

macrophages, and microglia (da Silva Correia et al., 2001, Wu et al., 2019). As a co-

receptor for TLR4, CD14 facilitates the transport of LPS to the TLR4 receptor complex 

which triggers MyD88 signalling and the activation of nuclear factor kappa b (NF-κB) 

and activator protein 1 (AP-1). NF-κB signalling plays a large role in macrophage 

polarisation as it triggers the induction of pro-inflammatory cytokines, including TNF-α, 

which ultimately skews the macrophage towards an M1-like phenotype (Liu et al., 

2017). CD14 also mediates the endocytosis of TLR4, which leads to the recruitment of 

TIR domain-containing adaptor-inducing interferon-beta (TRIF) and the production of 

pro-inflammatory cytokines through the activation of interferon signalling (Zanoni et al., 

2011) (Figure 4.2). CD14 also acts as a co-receptor for TLR2 and facilitates TLR2-

mediated polarisation of macrophages to an M1-like phenotype (da Silva et al., 2017, 

van Bergenhenegouwen et al., 2013). Moreover, CD14 facilitates the phagocytosis of 

apoptotic bodies (Devitt et al., 1998). CD14 can also be released from cells as soluble 

CD14, which has been shown to activate and potentiate TLR4 signalling in cells that 

do not express membrane-bound CD14 (Wu et al., 2019). 

CD14 expression has been found to be dysregulated in the context of MS. Cd14 gene 

expression is upregulated in CNS lesions of the brain of mice with EAE and patients 

with MS (Walter et al., 2006, Zekki et al., 2002). Interestingly, a recent study found that 

PBMC-derived macrophages isolated from patients with MS express higher levels of 

CD14 than those isolated from healthy controls, both basally and in response to 

inflammatory stimuli (Fransson et al., 2021). Levels of soluble CD14 have been found 

to be elevated in the serum of patients with MS compared to healthy controls. Notably, 

in this study, patients who were in remission had higher expression of soluble CD14 

than patients who were experiencing a relapse (Lutterotti et al., 2006). Furthermore, 

CD14 deficient mice have increased inflammatory infiltrates and greater motor deficits 

in EAE (Halmer et al., 2015, Walter et al., 2006). How CD14 confers protection is not 

known, but it has been shown that soluble CD14 inhibits T-cell activation and function, 

which may contribute to its beneficial effects in MS and EAE (Nores et al., 1999). 

Overall, this suggests that soluble CD14 has a protective role in the context of MS. 
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Figure 4.2: Overview of CD14/TLR4 signalling. LPS binding protein (LBP) facilitates 

the transfer of LPS to CD14, which transfers LPS to TLR4/myelin differentiation 2 (MD-

2) complex. Upon ligand binding, TLR4 dimerizes and recruits MyD88. The activation 

of the MyD88 signalling pathway leads to the production of pro-inflammatory cytokines 

through NF-κB and AP-1. CD14 also facilitates the endocytosis of the TLR4 receptor 

complex, following which TRIF-related adaptor molecule (TRAM) and TRIF associate 

with TLR4 to trigger a pathway which activates NF-κB, as well as a pathway that 

activates IRFs and the production of type I interferons to mount an antiviral response. 

Illustration created using Biorender. 
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Monocyte-derived macrophages and microglia play a large role in the pathology of MS 

lesions. While peripheral monocytes and macrophages are excluded from the CNS 

under normal physiological conditions, in MS and the EAE model, monocytes are 

recruited to lesion sites through chemokine signalling. Monocyte recruitment into the 

CNS is a critical pathological mechanism in the EAE model that has been largely 

ascribed to CCR2 and its ligand CCL2 (Fife et al., 2000, Huang et al., 2001). Indeed, 

knockout of CCR2 or CCL2 in mice has been found to reduce the recruitment of 

peripheral monocytes into the CNS and confer resistance to EAE development (Huang 

et al., 2001, Izikson et al., 2000). Furthermore, in a parabiosis-based model that can 

distinguish between blood-derived monocytes and resident microglia, EAE disease 

severity was shown to positively correlate with monocyte infiltration and not with T-cell 

infiltration or activation of microglia (Ajami et al., 2011). Once in the CNS, monocyte-

derived macrophages exacerbate demyelination, with this damage being associated 

with the M1-like phenotype which dominates in the early phases of EAE. Antigen 

presentation by macrophage MHC class II has been found to perpetuate T-cell 

activation within the lesion (Bartholomäus et al., 2009), while the secretion of CXCL2 

by M1-like macrophages promotes the recruitment of neutrophils to the lesion site 

which further contributes to disease progression (Tsutsui et al., 2018). Activated 

microglia in the lesion also take up and present myelin antigens through MHC class II 

molecules which re-activates inflammatory T-cells (Sosa et al., 2013). Macrophages 

have been found to directly participate in demyelination by engulfing intact myelin 

(Koike and Katsuno, 2021, Yamasaki et al., 2014). M1-like macrophages/microglia 

also release reactive oxygen and nitrogen species (ROS and RNS) which induce 

mitochondrial dysfunction and axonal damage independent of demyelination that is 

reversible upon neutralisation of ROS and RNS (Nikić et al., 2011). In line with this, 

axonal injury in MS lesions has been shown to correlate with the number of infiltrating 

macrophages (Bitsch et al., 2000). 

M1-like macrophages/microglia secrete a battery of pro-inflammatory cytokines, such 

as TNF-α, which further aggravate inflammation in the lesion site (Nally et al., 2019, 

Wang et al., 2019). TNF-α is a transmembrane protein that is cleaved and secreted in 

a soluble form (Kalliolias and Ivashkiv, 2016), primarily by resident glial cells in the 

CNS. TNF-α has a complex role in the CNS, having both beneficial and deleterious 

effects. It helps to regulate synaptic scaling, a form of synaptic plasticity involving the 

alteration of the strength of excitatory synapses. The secretion of TNF-α by glial cells 
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at synapses increases the insertion of AMPA receptors into the membrane which 

strengthens glutamatergic synapses (Beattie et al., 2002, Fresegna et al., 2020). 

Interestingly, microglia-derived TNF-α is neuroprotective in models of cerebral 

ischemia (Lambertsen et al., 2009). In contrast, TNF-α has been shown to potentiate 

excitotoxic damage of axons and oligodendrocytes through the blockade of astrocyte 

glutamate transporters (Korn et al., 2005, Zou and Crews, 2005). TNF-α also induces 

oligodendrocyte apoptosis through a direct cytotoxic effect (Jurewicz et al., 2005, 

Jurewicz et al., 2003).  

In MS, TNF-α is expressed in active CNS lesions (Selmaj et al., 1991), where its 

expression co-localises with astrocytes and macrophages/microglia (Hofman et al., 

1989), while elevated levels of soluble TNF-α in the serum and CSF of patients with 

MS were found to correlate with increased lesion activity (Spuler et al., 1996). In the 

EAE model, absence of TNF-α has been found to delay disease onset (Kassiotis et al., 

1999), while administration of TNF-α following immunisation induces a more prolonged 

EAE disease course (Kuroda and Shimamoto, 1991). This seemed to point to a 

pathogenic role of TNF-α in MS. However, separate studies found that knock out of 

TNF-α in mice results in increased motor deficits and mortality compared to wild-type 

mice (Kruglov et al., 2011, Liu et al., 1998). Indeed, anti-TNF therapies have proven 

unsuccessful in clinical trial, and were even found to increase CNS lesion load and 

exacerbate symptoms in patients (Fresegna et al., 2020, van Oosten et al., 1996). As 

such, TNF-α signalling appears to be simultaneously damaging and reparative in MS. 

This paradox may be explained through the differing effects of signalling through the 

two TNF-α receptor subtypes; signalling through TNFR1, which is preferentially bound 

by soluble TNF-α, is associated with chronic inflammation, tissue damage, and 

exacerbation of EAE, while signalling though TNFR2, which is preferentially bound by 

transmembrane TNF-α, helps to resolve inflammation, support remyelination and 

ameliorate motor deficits in the EAE model (Figure 4.3) (Alexopoulou et al., 2006, 

Arnett et al., 2001, Kalliolias and Ivashkiv, 2016, Kassiotis and Kollias, 2001).  
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Figure 4.3: TNF-α signalling. TNF-α exists in two forms, transmembrane TNF-α and 

soluble TNF-α which is produced following cleavage by TNF-α converting enzyme 

(TACE). Soluble TNF-α binds preferentially to TNFR1 while transmembrane TNF-α 

binds TNFR2. Signalling through TNFR1 has been implicated in the breakdown of the 

BBB disruption, demyelination and glutamate-excitotoxity, while TNFR2 signalling is 

associated with the promotion of remyelination. Illustration created using Biorender, 

adapted from (Fresegna et al., 2020). 
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While macrophages/microglia are generally thought to have detrimental effects in MS 

by driving lesion progression and demyelination, there is also considerable evidence 

for the beneficial effects of these cells. Interestingly, monocyte depletion delays OPC 

recruitment to lesion sites, indicating that essential signals may be lost in the absence 

of monocyte-derived macrophages (Kotter et al., 2005).  Although engulfment of intact 

myelin fuels demyelination, clearance of myelin debris by phagocytic cells promotes 

remyelination. It has been well established that the presence of myelin debris inhibits 

oligodendrocyte differentiation, causing premature arrest of remyelination (Kotter et al., 

2006). Phagocytosis of myelin debris is more associated with anti-inflammatory M2-

like macrophages/microglia. These cells also help suppress inflammation through the 

secretion of anti-inflammatory cytokines such as IL-10 (Nally et al., 2019). Therefore, 

M2-like macrophages/microglia may contribute to remyelination in MS. Indeed, a fate-

tracing study showed that while M1-like macrophages dominate in lesions during the 

early stages of the EAE model, there is a gradual shift towards M2-like macrophages 

over the course the disease, with the M2-like phenotype dominating during recovery 

(Locatelli et al., 2018). In support of the crucial role of M2-like macrophages, adoptive 

transfer of M2-like macrophages has been found to prevent EAE induction (Tierney et 

al., 2009) as well as ameliorate motor deficits after EAE induction (Mikita et al., 2010). 

A separate study found that M2 polarisation of macrophages/microglia are critical for 

oligodendrocyte differentiation and efficient remyelination (Miron et al., 2013). Thus, 

therapies that reduce pro-inflammatory signalling in M1-like macrophages and/or 

upregulate M2-like macrophages/microglia may be beneficial for driving repair in MS. 

The ECM of demyelinated lesions is significantly altered in patients with MS which is 

thought to contribute to the failure of remyelination (Van Horssen et al., 2007, You and 

Gupta, 2018). The ECM, which is composed of the basement membrane, perineuronal 

nets and the neural interstitial matrix, serves an important structural function and also 

facilitates neural functions such as the regulation of synaptic plasticity (Lau et al., 2013) 

and crucially has been shown to influence OPC function (Gorter and Baron, 2020). In 

MS, the ECM undergoes a major alteration of its components, including changes in 

hyaluronan, collagen, fibronectin, laminin, and chondroitin sulfate proteoglycans 

(CSPGs). For example, the accumulation of CSPGs in demyelinated lesions inhibits 

OPC process outgrowth and remyelination (Keough et al., 2016, Pendleton et al., 

2013). Increased expression of hyaluronan inhibits OPC maturation and remyelination 

through TLR2 (Back et al., 2005, Sloane et al., 2010), while collagen deposition in MS 
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lesions is thought to inhibit OPC migration (Van Horssen et al., 2007). As such, 

oligodendroglial cells must overcome a plethora of inhibitory factors present in the 

lesion microenvironment before they can initiate repair. However, not all ECM proteins 

are inhibitory to remyelination; the presence of some ECM components, such as 

laminin, facilitate repair through the promotion of OPC maturation, proliferation and 

survival (de Jong et al., 2020). Thus, the precise expression balance of ECM proteins 

is essential to provide the correct cues for OPCs during repair.  

Matrix metalloproteinases (MMPs) are an important protein family responsible for the 

modulation of the ECM and have been found to play a critical role in remyelination 

(Gorter and Baron, 2020). As the name suggests, MMPs are proteases which remodel 

the ECM through the degradation of its protein components. In addition to remodelling 

the ECM, MMPs regulate inflammation and immune cell signalling, modulate cellular 

migration and differentiation, and promote wound healing (de Jong et al., 2020). MMPs 

are produced by many cells but activated macrophages and microglia are large 

producers of these proteases (Goetzl et al., 1996). While MMPs are present at low 

levels in the healthy CNS, they are upregulated during pathological conditions (Muri et 

al., 2019), with the functional dysregulation of MMPs contributing to the pathogenesis 

and progression of inflammatory demyelinating diseases, including MS (de Jong et al., 

2020). The expression of MMPs has been found to be increased in MS; in particular 

MMP-2, -3, -7, -9 and -14 are upregulated in the serum and CSF of patients with MS 

(Mirshafiey et al., 2014). Interestingly, a synergism between MMP-2, -7 and -9 gene 

variants may increase susceptibility to MS (Rahimi et al., 2016).  

Both beneficial and deleterious effects have been attributed to MMPs in the context of 

MS. Remyelination requires the transient expression of several MMPs to positively 

modulate OPC behaviour directly as well as through the removal of inhibitory ECM 

components (Gorter and Baron, 2020) and the regulation of cytokine and growth factor 

expression such as IGF-1 (Fowlkes et al., 2004, Zeger et al., 2007, Fingleton, 2017, 

Parks et al., 2004). However, the uncontrolled and abundant expression of MMPs 

contributes to demyelination through the breakdown of the BBB (Rempe et al., 2016), 

increased leukocyte migration through proteolytic processing of chemokines (Van Lint 

and Libert, 2007), and increased neuroinflammation (de Jong et al., 2020). Thus, 

MMPs have a complex role in MS. To date, the effects of nefiracetam on MMPs has 

not yet been explored. 
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Inflammation and immune cell signalling thus contribute greatly to both demyelination 

and remyelination. Many of the key immunological components of MS are captured by 

the EAE model; thus, the possible effects of nefiracetam on remyelination in this model 

was studied to explore whether nefiracetam enhances repair in a model that is 

considerably more inflammatory than the cuprizone model, and better captures the MS 

disease process. In this study, C57/Bl6j mice were immunised with MOG35-55 in CFA to 

induce a monophasic disease course which closely reflects progressive MS and is 

associated with the infiltration of peripheral immune cells (primarily by T-cells and 

macrophages), activation of resident microglia and astrocytes, and inflammatory 

demyelination of the spinal cord white matter (Crocker et al., 2006, Kuerten et al., 

2007). In this version of the model, mice typically exhibit clinical symptoms 10-14 days 

post-immunisation; accordingly, nefiracetam treatment began at 14 days post-

immunisation when the majority of the mice had begun to exhibit motor deficits. While 

nefiracetam alone failed to reverse motor deficits, when administered in combination 

with dexamethasone, an anti-inflammatory corticosteroid used to treat relapses in MS, 

there was a marked improvement in motor deficits which was greater than when either 

treatment was administered alone. Interestingly, micro-CT imaging of the spinal cords 

found that nefiracetam treatment alone and in combination with dexamethasone 

significantly reduced the number of lesions in the spinal cord white matter (Keogh et 

al., manuscript in preparation) (Figure 1.7). Taken together, the data suggest that while 

nefiracetam may enhance remyelination in the EAE model, without a concurrent 

administration of a powerful anti-inflammatory therapy to control the immune system, 

an improvement in motor deficits is not observed. Thus, the results suggest that an 

improvement in motor deficits in EAE relies on a resolution of inflammation rather than 

an increase in remyelination, which would explain the lack of visible therapeutic effect 

of nefiracetam alone in this model. However, there may be a synergistic effect between 

the resolution of inflammation and an increase in remyelination given that the 

combination therapy caused a greater alleviation of symptoms. 

Based on these results, the initial hypothesis was that nefiracetam modulates repair 

through a direct effect on oligodendroglial biology. While the lack of observed effects 

of nefiracetam on motor deficits in the EAE model suggests that it does not impact 

inflammation, there was evidence to suggest that nefiracetam modulates immune cells. 

A cytokine array analysis conducted on the spinal cord samples of these mice showed 

a significant reduction of CXCL10, chemokine CXC motif ligand 9 (CXCL9), and 



154 
 

chemokine C-C motif ligand 5 (CCL5) in nefiracetam-treated mice with EAE compared 

to saline-treated mice with EAE. CXCL10, CXCL9, and CCL5 are chemokines which 

attract lymphocytes and mononuclear phagocytes. Elevated levels of these 

chemokines in the CSF of patients with MS have been reported (Sørensen et al., 

1999). A separate study also conducted by Sørenson and colleagues, found elevated 

CXCL10 levels in patients with MS which corresponded to an increased levels of 

leukocytes in the CSF (Sørensen et al., 2001). Therefore, reduced expression of these 

chemokines may indicate that nefiracetam reduces the infiltration of peripheral immune 

cells into the spinal cords of mice with EAE, which may be related to its enhanced 

repair. As discussed in the previous chapter, the transcriptomics data of the cortex of 

mice with cuprizone-induced demyelination also suggested reduced infiltration by 

peripheral immune cells; interestingly, a reduction in Ccr1, the receptor of CCL5, by 

nefiracetam was detected in this analysis.  

As such, there is evidence to support the regulation of immune cells by nefiracetam in 

both the EAE model and the cuprizone toxin model. However, whether this is a direct 

or indirect effect of nefiracetam has not yet been determined. Thus, the principal aim 

of this chapter was to explore the direct effect of nefiracetam treatment on inflammatory 

signalling. The previous chapter pointed to a potential regulation of TNF signalling and 

organisation of the ECM by nefiracetam; given that macrophages are a large source 

of TNF-α and MMPs, the effects of nefiracetam on these cells were explored.  
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4.2 Methods 

Analysis of Spinal Cord Samples from Mice with EAE 

Spinal cord samples were obtained from a previous study performed by Dr Elaine 

Keogh. In that study, mice with EAE were treated with saline, 15mg/kg nefiracetam, 

0.4mg/kg dexamethasone, or 15mg/kg nefiracetam and 0.4mg/kg dexamethasone for 

3 weeks. Control mice were naïve mice where EAE was not induced. Further details 

are outlined in section 2.8.3. Spinal cords were harvested and homogenised for the 

extraction of protein using RIPA buffer. Harvested protein was analysed by Western 

blotting. 

THP-1 Macrophage Cell Treatment 

THP-1 monocytes were seeded at a density of 1x106 cells/mL in 12 well plates and 

differentiated into macrophages with 320nmol/L PMA for 72 hours as described in 

section 2.2.2.3. Cells were then rested in complete RPMI medium for 24 hours. To 

investigate if nefiracetam primes M0 macrophages prior to stimulation with an 

inflammatory stimulus, the M0 macrophages were pre-treated with 1nM, 100nM or 1µM 

nefiracetam in serum-free RPMI medium for 24 hours before being stimulated with LPS 

or poly (I:C) for a further 6 hours. Control cells were treated with serum-free RPMI 

medium only. Supernatants and RNA were harvested for analysis by ELISA and qRT-

PCR, respectively. 

THP-1 Macrophage Polarization and Cell Treatment 

M0 macrophages were stimulated with 100ng/mL LPS and 20ng/mL IFN-γ to induce 

an M1-like macrophage phenotype, or 20ng/mL IL-4 to induce an M2-like phenotype 

as described in section 2.2.2.4. To investigate if nefiracetam alters the inflammatory 

phenotype of classically (M1) or non-classically (M2) activated macrophages, M0, M1 

and M2 macrophages were treated with 1nM, 100nM or 1µM of nefiracetam for 24 

hours in serum-free RPMI medium. Control cells were treated with serum-free RPMI 

medium only. Supernatants and protein were harvested for analysis by ELISA and 

Western blotting, respectively. 

BV2 Microglia Activation and Cell Treatment 

BV2 microglia were seeded at a density of 5x105 cells/mL in 12 well plates as described 

in section 2.2.3.2. After 24 hours, the cells were stimulated with 50ng/mL LPS or 
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50ng/mL poly (I:C) for 24 hours to activate the microglia. To investigate if nefiracetam 

alters the inflammatory phenotype of activated microglia, the cells were then treated 

with 1nM, 100nM or 1µM nefiracetam for 24 hours in complete DMEM medium. Control 

cells were treated with complete DMEM medium only. Supernatants were harvested 

for analysis by ELISA. 

THP-1 Monocyte Cell Treatment 

THP-1 monocytes were seeded at a density of 1x106 cells/mL in 12 well plates as 

described in section 2.2.2.2. To investigate if nefiracetam primes monocytes prior to 

stimulation with an inflammatory stimulus, the THP-1 monocytes were pre-treated with 

1nM, 100nM or 1µM nefiracetam in RPMI serum-free medium for 24 hours before 

being stimulated with 100ng/mL LPS for a further 6 hours. Control cells were treated 

with serum-free RPMI medium only. Supernatants and protein were harvested for 

analysis by ELISA and Western blotting, respectively. 

Human PBMC-derived Macrophages 

Human PBMC-derived macrophages were derived from human whole blood as 

described in section 2.2.5. At 10 DIV, the macrophages were treated with 1nM 

nefiracetam in serum-free M199 medium for 24 hours. For the analysis of CD14 

surface expression, the cells were stained following the 24-hour treatment. For the 

analysis of gene expression, the cells were stimulated with 100ng/mL LPS for a further 

24 hours before RNA was harvested for analysis by qRT-PCR.   

ELISA 

To characterise the polarized THP-1 macrophage and activated BV2 microglial cell 

phenotype, supernatants were harvested directly after polarization and analysed by 

ELISA to measure the secretion of TNF-α, IL-1β and/or IL-6. Supernatants were also 

harvested from M0 macrophages, polarized THP-1 macrophages, activated microglia, 

and human PBMC-derived macrophages following treatment with nefiracetam and 

were analysed by ELISA for the secretion of TNF-α, IL-6 and/or MCP-1. Further details 

on ELISA are outlined in section 2.6. 

Western Blotting 

The protein content of the spinal cord samples and THP-1 monocyte and macrophage 

cell lysates were quantified using a Bradford Assay. The prepared protein samples 



157 
 

were then analysed by Western blotting. Primary antibodies used were as follows: 

CD68, Iba1, Ly6c, CD3, CD20, p-STAT3, MR, CD14, MMP-2, MMP-9, and MMP-12. 

GAPDH and β-actin were used as the loading controls. Further details on Western 

blotting are described in section 2.5. 

RNA Extraction, cDNA synthesis and qRT-PCR 

RNA was isolated as described in Section 2.4.1 and cDNA was made as outlined in 

section 2.4.2. Gene expression was analysed by qRT-PCR as described in section 

2.4.3. For THP-1 M0 macrophages, Tnf-α and Cd14 gene expression was analysed, 

using Gapdh as a control. For the PBMC-derived macrophages, Cd14, Mmp7, Mmp9 

and Mmp12 gene expression was analysed, using Gapdh as a control. 

Flow Cytometry 

PBMC-derived macrophages were stained with APC-conjugated CD14 and FITC-

conjugated HLA-DR antibodies as described in section 2.7.1. Surface marker analysis 

was performed using the CytoFLEX LX flow cytometer as described in Section 2.7.3. 

Flow cytometry analysis was performed using the FlowJo™ Software.  
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4.3 Results 

4.3.1 Effect of nefiracetam on markers of immune cells in EAE-MOG spinal cords 

To date, our mechanistic studies of nefiracetam in the context of remyelination have 

been largely focused on oligodendroglial cells. While these cells play a central role in 

remyelination, there are many other cell types which contribute greatly to this process. 

In particular, immune cell signalling is crucial to repair (McMurran et al., 2016, Nally et 

al., 2019). Although the effects of nefiracetam on immune cells has not yet been 

explored, there is evidence from earlier studies to suggest that nefiracetam modulates 

these cells. A cytokine array analysis conducted on a previous EAE-MOG study found 

that nefiracetam significantly reduces the expression of CXCL10, CXCL9 and CCL5 in 

the spinal cords. These chemoattractants are primarily associated with the chemotaxis 

of leukocytes and lymphocytes, which indicates that nefiracetam may alter immune cell 

populations within spinal cord lesions. As such, spinal cord lysates from these mice 

were analysed by Western blotting for markers of macrophages, microglia, monocytes, 

T-cells, and B-cells.  

To investigate if there was a regulation of macrophage/microglia content in the spinal 

cord with nefiracetam treatment, the pan macrophage marker CD68 was analysed. 

Western blotting and densitometry analysis showed that there was no change in the 

protein expression of CD68 in response to the EAE-MOG model (control 1.0±0 vs. 

saline 0.93±0.06 relative expression). Although there was a modest increase in the 

expression of CD68 in the mice with EAE treated with 15mg/kg nefiracetam compared 

to naïve control mice and saline-treated mice with EAE (control 1.0±0 vs. nefiracetam 

1.42±0.07 relative expression), this change was not significant. There was also an 

increasing trend in CD68 expression in the 15mg/kg nefiracetam and 0.4mg/kg 

dexamethasone combination-treated mice with EAE (control 1.0±0 vs. nefiracetam + 

dexamethasone 1.36±0.19 relative expression), however this increase was not 

significant (Figure 4.4A). 

In addition to CD68, the macrophage/microglia specific marker Iba1 was analysed. 

Similarly, there was no change in Iba1 protein expression in response to the model 

(control 1.0±0 vs. saline 1.14±0.16 relative expression). Interestingly, there was an 

increasing trend in Iba1 relative to the naïve control mice with nefiracetam treatment 

(control 1.0±0 vs. nefiracetam 2.17±0.02 relative expression). There was no change in 
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Iba1 expression in response to dexamethasone or the combination treatment (Figure 

4.4B).   

The murine monocyte marker Ly6C was analysed to investigate the presence of 

monocyte in the spinal cord. Ly6C protein expression was increased by the model 

(control 1.0±0 vs. saline 2.45±0.08 relative expression), and further increased by 

nefiracetam (control 1.0±0 vs. nefiracetam 3.38±0.59 relative expression, p<0.01). 

There was a reducing trend in Ly6C protein expression in response to dexamethasone 

(saline 2.45±0.08 vs. dexamethasone 1.89±0.33 relative expression) and the 

nefiracetam-dexamethasone combination treatment (saline 2.45±0.08 vs. nefiracetam-

dexamethasone 1.5±0.004 relative expression) compared to saline-treated mice with 

EAE (Figure 4.4C). 

CD3 protein expression was analysed as an indicator of T-cell presence into the spinal 

cord. The model increased the protein expression of CD3 relative to the naïve control 

mice (control 1.0±0 vs. saline 2.27±0.74 relative expression). CD3 expression was 

further increased by nefiracetam treatment (control 1.0±0 vs. nefiracetam 3.51±1.59 

relative expression p<0.001). There was no significant change in CD3 expression in 

response to dexamethasone or the combination treatment (Figure 4.5A). 

There were no significant changes in the protein expression of the B-cell marker CD20 

in response to the model, or to any of the treatments (Figure 4.5B).  

A summary of the changes observed is shown in Table 4.1. 
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Figure 4.4: Relative protein expression of markers of microglia, macrophage, 

and monocyte cell populations in the spinal cord of mice with EAE. A. CD68, B. 

Iba1 and C. Ly6C protein expression in the spinal cord of mice with EAE treated with 

saline, 15mg/kg nefiracetam (nef), 0.4mg/kg dexamethasone (dex), or 15mg/kg 

nefiracetam and 0.4mg/kg dexamethasone (nef + dex) for 3 weeks were analysed by 

Western blot. Data represents the mean ± SEM protein expression relative to the mean 

of the control. Data was statistically analysed by one-way ANOVA with Tukey’s multiple 

comparison post-test, **=p<0.01 (2≤n≤3 animals per group).  
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Figure 4.5: Relative protein expression of markers of T-cell and B-cell cell 

populations in the spinal cord of mice with EAE. A. CD3 and B. CD20 protein 

expression in the spinal cord of mice with EAE treated with saline, 15mg/kg 

nefiracetam (nef), 0.4mg/kg dexamethasone (dex), or 15mg/kg nefiracetam and 

0.4mg/kg dexamethasone (nef + dex) for 3 weeks were analysed by Western blot. Data 

represents the mean ± SEM protein expression relative to the mean of the control. 

Data was statistically analysed by one-way ANOVA with Tukey’s multiple comparison 

post-test, ***=p<0.001 (2≤n≤3 animals per group).  
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Table 4.1: Summary of changes in protein expression of immune cell markers in 

the spinal cords of mice with EAE . Summary of the effects of nefiracetam, 

dexamethasone, and nefiracetam-dexamethasone combination treatment on immune 

cell marker protein expression in EAE model. ↑↑ indicates significant increase p<0.01, 

and ↑↑↑ indicates significant increase p<0.001 vs. control animals, one-way ANOVA 

with Tukey’s multiple comparison post-test (2≤n≤3 animals per group).  
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4.3.2 Effect of nefiracetam pre-treatment on TNF-α expression in M0 THP-1 

macrophages in response to an acute inflammatory stimulus 

TNF-α signalling plays a complex role in MS; TNF-α has been shown to promote 

demyelination, but its expression is also necessary for successful remyelination 

(Fresegna et al., 2020). Bioinformatic analysis of the genes differentially regulated by 

nefiracetam in the cortex of mice with cuprizone-induced demyelination indicated that 

nefiracetam may supress TNF signalling. Macrophages/microglia have been shown to 

be a major source of TNF-α in CNS lesions in MS and EAE (Selmaj et al., 1991, 

Valentin-Torres et al., 2016); the effect of nefiracetam treatment on TNF-α expression 

in macrophages and microglia was therefore explored.  

To assess if nefiracetam treatment primes M0 macrophages to be less responsive to 

a pro-inflammatory stimulus, M0 macrophages were treated with 1nM, 100nM or 1µM 

of nefiracetam for 24 hours, followed by stimulation with 100ng/mL LPS and 25µg/mL 

poly (I:C) for 6 hours to activate inflammatory signalling pathways (Figure 4.6A). LPS 

and poly (I:C) signal through TLR4 and TLR3, respectively.  

Analysis of the supernatants showed that both LPS and poly (I:C) increased TNF-α 

secretion by M0 macrophages (Figure 4.6B). There was a large variability in the degree 

of induction of TNF-α secretion by LPS and poly (I:C) stimulation between independent 

experiments which masked noticeable trends in the effect of nefiracetam pre-treatment 

on TNF-α secretion. As such, the macrophages treated with LPS and poly (I:C) were 

also analysed independently, where the effect of nefiracetam pre-treatment on TNF-α 

secretion in response to LPS or poly (I:C) was plotted as a percentage of TNF-α 

secretion relative to the mean of their respective untreated control stimulated with LPS 

or poly (I:C) (Figure 4.6C and D).  

Although pre-treatment with a low dose nefiracetam reduced TNF-α secretion from M0 

macrophages in response to the LPS stimulus by ~17%, this was not significant 

(untreated + LPS 100±8.6 vs. 1nM nefiracetam + LPS 72.99±9.9 percentage TNF-α 

release, p= 0.058) (Figure 4.6C). Similarly, pre-treatment with a low dose nefiracetam 

significantly reduced TNF-α secretion from M0 macrophages in response to the poly 

(I:C) stimulus by ~37% (untreated + poly (I:C) 100±6.3 vs. 1nM nefiracetam + poly (I:C) 

63.3±14.8 percentage TNF-α secretion, p=0.046) (Figure 4.6D). Notably, the higher 

doses of nefiracetam did not have an effect on TNF-α secretion from M0 macrophages. 



164 
 

The effect of nefiracetam on Tnf-α gene expression was also analysed in these cells 

to see if the reduced TNF-α secretion corresponds to a decrease in gene expression. 

Tnf-α gene expression increased in response to LPS and poly (I:C) treatment (Figure 

4.7A). Similar to TNF-α analysis by ELISA, there was a large variability in the level of 

induction of Tnf-α gene expression between independent experiments; each treatment 

paradigm was therefore also analysed separately (Figure 4.7B and C). Pre-treatment 

with 1µM nefiracetam caused a significant increase in the basal gene expression of 

Tnf-α in M0 macrophages (untreated 1.05±0.15 vs. 1µM nefiracetam 1.43±0.09 fold 

change, p=0.04). Similar to the TNF-α secretion, pre-treatment with 1nM nefiracetam 

caused a reduction in the level of induction of Tnf-α gene expression in response to 

LPS (untreated + LPS 1.0±0.04 vs. 1nM nefiracetam + LPS 0.84±0.08 fold change, 

p=0.078) and poly (I:C) (untreated + poly (I:C) 1.0±0.05 vs. 1nM nefiracetam + poly 

(I:C) 0.9±0.02 fold change, p=0.097), although these changes were not significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



165 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.6: Effect of nefiracetam pre-treatment on TNF-α cytokine secretion from 
M0 macrophages following an acute inflammatory stimulus. A. Summary of 
experiment; THP-1 monocytes were differentiated into M0 macrophages and treated 
with 1nM, 100nM or 1μM nefiracetam for 24 hours before stimulation with 100ng/mL 
LPS or 25μg/mL poly I:C for 6 hours. B. Data represents mean ± SEM cytokine 
secretion (pg/mL) (6≤n≤8 biological replicates, 3≤N≤4 independent experiments). C. 
The effect of nefiracetam on TNF-α secretion by macrophages stimulated with LPS. 
Data represents mean ± SEM percentage TNF-α secretion relative to the untreated 
LPS control (n=8 biological replicates, N=4 independent experiments). D. The effect of 
nefiracetam on TNF-α secretion by macrophages stimulated with poly (I:C). Data 
represents mean ± SEM percentage TNF-α secretion relative to untreated poly (I:C) 
control (n=6 biological replicates, N=3 independent experiments). Data statistically 
analysed by unpaired Student’s t-test, *=p<0.05.  
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Figure 4.7: Effect of nefiracetam pre-treatment on Tnfα gene expression in M0 
macrophages following an acute inflammatory stimulus. M0 macrophages were 
treated with 1nM, 100nM or 1μM nefiracetam for 24 hours before being stimulated with 
100ng/mL LPS or 25μg/mL poly I:C for 6 hours after which RNA was extracted and 
analysed by qRT-PCR for Tnfα gene expression. A. Data represents mean ± SEM 
gene expression relative to the mean of the untreated control (5≤n≤6 biological 
replicates, N=5 independent experiments). B. The effect of nefiracetam on Tnfα gene 
expression in the macrophages stimulated with LPS. Data represents mean ± SEM 
gene expression relative to untreated LPS control (n=6 biological experiments, N=3 
independent experiments). C. Effect of nefiracetam on Tnfα gene expression in the 
macrophages stimulated with poly (I:C). Data represents mean ± SEM Tnfα gene 
expression relative to the untreated poly (I:C) control (5≤n≤6 biological replicates, N=3 
independent experiments). Data was statistically analysed by unpaired Student’s t-
tests, *=p<0.05.  
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4.3.3 Effect of nefiracetam treatment on TNF-α secretion from M0, M1 and M2 

THP-1 macrophages 

During the early course of the EAE model, macrophages in CNS lesions predominantly 

display an M1-like phenotype and have been shown to further exacerbate damage 

through the secretion of pro-inflammatory cytokines including TNF-α. M1 macrophages 

were thus treated with nefiracetam to explore whether nefiracetam alters the TNF-α 

secretion by macrophages which have been polarised to a pro-inflammatory state.  

A model of macrophage polarization was first established (Fitzsimons et al., 2020). M0 

macrophages were stimulated with LPS and IFN-γ to induce a pro-inflammatory M1-

like macrophage characterised by elevated TNF-α and IL-1β secretion. Analysis of the 

supernatants showed significant increases in TNF-α (M0 121.1±36.7 vs. LPS/INF-γ 

11926±3604 pg/mL, p<0.01) (Figure 4.8A) and IL-1β secretion (M0 216.3±78.5 vs. 

LPS/INF-γ 1908± 247.8 pg/mL, p<0.0001) (Figure 4.8B). Secretion of these cytokines 

were not increased in macrophages treated with IL-4.   

IL-4 has been shown to promote an M2, anti-inflammatory phenotype. IL-4 treatment 

caused a significant increase in the protein expression of mannose receptor (MR) (M0 

1.0±0 vs. IL-4 5.11±1.1 relative expression, p<0.01) (Fig. 4.8C). MR is a cell surface 

receptor that mediates endocytosis of glycoproteins that is characteristic of the M2 

phenotype. Additionally, there was a significant increase in phosphorylated STAT3 

(pSTAT3) protein expression in IL-4 treated M0 macrophages (M0 1.0±0 vs. IL4 

2.45±0.17 relative expression, p<0.05) (Figure 4.8D). STAT3 is a transcription factor 

which mediates IL-10-induced anti-inflammatory signalling that is also characteristic of 

an M2 macrophage phenotype. LPS/IFN-γ treatment did not significantly increase the 

protein expression of these targets.  

The results indicate that treatment with LPS/INF-γ and IL-4 induced polarization of M0 

macrophages into pro-inflammatory and anti-inflammatory phenotypes, respectively. 

As such, they will be referred to as M1 and M2 macrophages for the remainder of this 

thesis. 

Following polarisation, M0, M1 and M2 macrophages were treated with 1nM, 100nM 

or 1µM nefiracetam for 24 hours (Figure 4.9A). Analysis of the supernatants showed 

that M1 macrophages secrete more TNF-α compared to M0 or M2 macrophages which 

secreted low levels of TNF-α (Figure 4.9B). Due to the large variability in the amount 
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of TNF-α secreted by the M1 macrophages between independent experiments, the M1 

macrophages were also analysed independently, where the effect of nefiracetam on 

TNF-α secretion by M1 macrophages was plotted as a percentage of TNF-α secretion 

relative to the mean of the untreated M1 control. 1µM nefiracetam significantly reduced 

TNF-α secretion by M1 macrophages (M1-untreated 100±2.3 vs. M1-1µM nefiracetam 

85.48±5.5 percentage TNF-α secretion, p= 0.029) (Figure 4.9C). The lower doses of 

nefiracetam did not have an effect on TNF-α secretion by M1 macrophages. 
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Figure 4.8: Characterisation of M0, M1 and M2 THP-1 human macrophages. THP-
1 monocytes were polarized into macrophages (M0) with 320nM PMA for 72 hours. 
Cells were treated for 48 hours with 100ng/mL LPS and 20ng/mL IFN-γ to polarize 
cells to M1 macrophages and 20ng/mL IL-4 for M2 macrophages. Supernatants were 
analysed for A. TNF-α, and B. IL-1β expression. Data represents mean ± SEM 
cytokine secretion (pg/mL) (4≤n≤6 biological replicates, 2≤N≤3 independent 
experiments) C. Mannose receptor (MR) and D. pSTAT3 expression was analysed by 
Western blot using GAPDH as the loading control (3≤N≤4 independent experiments). 
Data represents the mean ± SEM protein expression relative to the untreated M0 
macrophage control. Data was statistically analysed by one-way ANOVA with 
Dunnett’s multiple comparison test, ****=p<0.0001, **=p<0.01, *=p<0.05. 
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Figure 4.9: Effect of nefiracetam treatment on TNF-α cytokine secretion from 
polarized macrophages. A. Summary of experimental design; M0 macrophages were 
stimulated with 100ng/mL LPS and 20ng/mL IFN-γ or 20ng/mL IL-4 for 48 hours. 

Polarized macrophages were then treated with 1nM, 100nM or 1μM nefiracetam for 24 
hours after which the supernatants were collected and analysed for TNF-α cytokine 
expression. B. Data represents mean ± SEM TNF-α cytokine secretion (pg/mL) (n=8 
biological replicates, N=4 independent experiments). C. The effect of nefiracetam 
treatment on TNF-α secretion by M1 macrophages. Data represents mean ± SEM 
percentage TNF-α secretion relative to the untreated M1 macrophage control (n=8 
biological replicates, N=4 independent experiments). Data statistically analysed by 
unpaired Student’s t-test, *=p<0.05. 
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4.3.4 Effect of nefiracetam treatment on TNF-α secretion from M1 microglia 

Activated microglia are also a large source of TNF-α in CNS lesions. As such, the effect 

of nefiracetam on TNF-α secretion by activated microglia was also investigated. A 

model for microglia activation was established and characterised. BV2 microglia were 

stimulated with 50ng/mL LPS for 24 hours to induce a pro-inflammatory M1-like 

phenotype characterised by elevated secretion of TNF-α and IL-6. Analysis of the 

supernatants showed significantly increased TNF-α (untreated 108.6±11.5 vs. LPS 

236.9±18.4 pg/mL, p=0.0002) (Figure 4.10A) and IL-6 secretion (untreated 103.6±5.5 

vs. LPS 2727±379.6 pg/mL, p<0.0001) (Figure 4.10B). There was also a significant 

increase in iNOS protein expression in response to LPS (untreated 1.0±0 vs. LPS 

2.15±0.005 relative expression) (Figure 4.10C). The results indicate that LPS 

treatment activated the microglia into a M1-like phenotype. As such, they will be 

referred to as M1 microglia for the remainder of this thesis. 

To investigate the effects of nefiracetam on TNF-α secretion in M1 microglia, the LPS-

activated microglia were treated with 1nM, 100nM or 1µM nefiracetam for 24 hours 

(Figure 4.11A). Although stimulation with LPS showed an increase in TNF-α secretion 

by the microglia at the 24 hour time point (Figure 4.10A), the increased TNF-α secretion 

by the M1 microglia compared to the steady state microglia was no longer observed 

when analysed after a further 24 hours (Supplementary Figure S1.4). This is likely due 

to reduced proliferation of the BV2 microglia following the LPS stimulus; while the 

untreated BV2 microglia continued to proliferate, the microglia activated by LPS no 

longer proliferated. Analysis of corresponding protein samples show that these cells 

are indeed more pro-inflammatory than the untreated control microglia, when total 

protein is accounted for (Supplementary Figure S1.5). 

There were no significant changes in the basal secretion of TNF-α by BV2 microglia in 

response to nefiracetam treatment (Figure 4.11B). Due to the large variability in TNF-

α secretion following LPS activation between independent experiments, the effect of 

nefiracetam treatment on TNF-α secretion by the M1 microglia was also plotted as a 

percentage of TNF-α secretion relative to the mean of the untreated M1 microglia 

control (Figure 4.11C). Treatment with 100nM nefiracetam significantly reduced TNF-

α secretion from M1 microglia (M1-untreated 100±2.35 vs. M1-1µM nefiracetam 

65.89±12.22 percentage TNF-α secretion, p= 0.02). 

The summary of the effect of nefiracetam on TNF-α expression is shown in Table 4.2. 
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Figure 4.10: Characterisation of activated murine BV2 microglia. Murine BV2 
microglia were activated with 50ng/mL LPS for 24 hours after which the supernatants 
were collected and analysed by ELISA for A. TNF-α and B. IL-6 cytokine expression. 
Data represents mean ± SEM cytokine secretion (n=6 biological replicates, N=3 
independent experiments). C. Protein was extracted and analysed for iNOS protein 
expression by Western blot analysis (N=2 independent experiments). Data represents 
mean ± SEM iNOS protein expression relative to the untreated control. Data 
statistically analysed by unpaired Student’s t-test, ****=p<0.0001, ***=p<0.001. 
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Figure 4.11: Effect of nefiracetam treatment on TNF-α secretion in activated 

murine BV2 microglia. A. Summary of experiment design; BV2 microglia were 

activated with 50ng/mL LPS for 24 hours before being treated with 1nM, 100nM or 1μM 

nefiracetam for 24 hours. The supernatants were collected and analysed by ELISA for 

TNF-α expression. B. The effect of nefiracetam treatment on the secretion of TNF-α 

by untreated BV2 microglia. Data represents mean ± SEM percentage TNF-α secretion 

relative to the untreated control (n=6 biological replicates, N=3 independent 

experiments) C. The effect of nefiracetam treatment on the secretion of TNF-α by LPS 

activated microglia. Data represents the mean ± SEM percentage TNF-α secretion 

relative to the untreated LPS control (n=6 biological replicates, N=3 independent 

experiments). Data statistically analysed by unpaired Student’s t-test, *=p<0.05.  
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Table 4.2: Summary of changes in TNF-α expression in response to nefiracetam 

treatment. Summary of the effect of nefiracetam on TNF-α expression by activated 

immune cells. ↓ indicates significant decrease p<0.05 vs. untreated control, unpaired 

Student’s t-test.  
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4.3.5 Effect of nefiracetam pre-treatment on CD14 protein expression in THP-1 

monocytes in response to LPS stimulus 

CD14 has been found to be dysregulated in MS with increased Cd14 gene expression 

being observed in CNS lesions in MS and EAE (Walter et al., 2006, Zekki et al., 2002). 

CD14 is a co-receptor for LPS expressed by monocytes and macrophages which 

facilitates TLR4 signalling through MyD88-depenent and independent pathways; 

activation of these pathways induces the expression of pro-inflammatory cytokines 

including TNF-α (Figure 4.2). As such, CD14 is an important mediator of pro-

inflammatory signalling in monocytes and macrophages (da Silva Correia et al., 2001). 

Given the decrease in TNF-α secretion, the focus of the next series of experiments 

was to investigate if nefiracetam modulates CD14, a critical receptor for mediating the 

pro-inflammatory effects of LPS. 

Monocytes expressing high levels of CD14 are known to be preferentially recruited to 

sites of inflammation and are more responsive to pro-inflammatory signals (Yang et 

al., 2014). The effect of nefiracetam on CD14 expression in monocytes was thus 

explored to see whether nefiracetam alters the expression of this receptor to prime 

monocytes to be less reactive to an LPS stimulus. THP-1 monocytes were treated with 

1nM, 100nM or 1μM of nefiracetam for 24 hours before being stimulated with 100ng/mL 

LPS for 6 hours to activate pro-inflammatory signaling (Figure 4.12A).  

Western blotting showed that LPS significantly increased CD14 protein expression in 

monocytes (untreated 1.0±0 vs. untreated-LPS 2.32±0.34 relative expression, p=0.03) 

(Figure 4.12B). Nefiracetam treatment had no significant effect on the basal expression 

of CD14 by monocytes at any of the doses tested (Figure 4.12B). Pre-treatment with 

nefiracetam inhibited the increased protein expression of CD14 in response to LPS. 

LPS-treated monocytes were also analysed independently, where the effect of 

nefiracetam pre-treatment on CD14 expression in response to LPS was plotted as a 

percentage of CD14 protein expression relative to the mean of the untreated LPS 

control (Figure 4.12C). Pre-treatment with nefiracetam reduced CD14 expression by 

monocytes in response to the LPS stimulus, which was statistically significant at the 

100nM dose (untreated + LPS 1.0±0 vs. 100nM nefiracetam + LPS 0.78±0.08 relative 

expression, p=0.003) (Figure 4.12C).  
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Figure 4.12: Effect of nefiracetam treatment on CD14 protein expression in THP-
1 human monocytes following an acute LPS stimulus. A. Summary of experimental 
design; THP-1 monocytes were treated with nefiracetam for 24-hours after which they 
were stimulated with 100ng/mL LPS for 6 hours. B. Protein was extracted and analysed 
for CD14 protein expression by Western blot using GAPDH as a loading control. Data 
represents mean ± SEM protein expression relative to the mean of the untreated 
control (N=4 independent experiments) C. The effect of nefiracetam on the expression 
of CD14 in the LPS stimulated monocytes. Data represents the mean ± SEM protein 
expression relative to the untreated LPS control (N=4 independent experiments). Data 
was statistically analysed by an unpaired Student’s t-test, *=p<0.05. 
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4.3.6 Effect of nefiracetam treatment on CD14 protein expression in M0, M1 and 

M2 THP-1 macrophages 

CD14 is also present on the surface of macrophages, where it has been shown to 

facilitate cellular responses to LPS as well as the phagocytosis of apoptotic bodies 

(Devitt et al., 1998). Signalling through TLR4 is known to activate NF-κB which drives 

M1 polarisation. CD14 is thus considered a marker of pro-inflammatory macrophages, 

with decreased expression being observed in M2 macrophages (Waldo et al., 2008). 

To explore if nefiracetam treatment alters CD14 expression in polarised macrophages, 

M0, M1 and M2 macrophages were treated with 1nM, 100nM or 1µM nefiracetam for 

24 hours (Figure 4.13A).  

Although M1 macrophages were found to express modestly more CD14 than M0 

macrophages, this increase was not significant (M0-untreated 1.0±0 vs. M1-untreated 

1.65±0.48 relative expression, p=0.22). There was a decrease in CD14 expression 

following M2 polarisation, however, once again this decrease was also not significant 

(M0-untreated 1.0±0 vs. M2-untreated 0.61±0.19 relative expression, p=0.12). 

Nefiracetam treatment had no effect on the protein expression of CD14 expression in 

M0 and M2 macrophages. There was a decreasing trend in the expression of CD14 in 

M1 macrophages (Figure 4.13B). Due to the large variability in the relative induction of 

CD14 protein expression in M1 macrophages between independent experiments, the 

M1 macrophages were also analysed independently, where the effect of nefiracetam 

treatment on CD14 expression in M1 macrophages was analysed as a percentage of 

CD14 protein expression relative to the mean of the untreated M1 control (Figure 

4.13C). Nefiracetam treatment reduced CD14 expression in M1 macrophages, which 

was significant at the 100nM dose (M1-untreated 1.0±0 vs. M1-100nM nefiracetam 

0.89±0.01 relative expression, p= 0.01). 
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Figure 4.13: Effect of nefiracetam treatment on CD14 protein expression in 
polarized THP-1 human macrophages. A. Summary of experimental design; THP-1 
macrophages were polarized as described previously. Polarized THP-1 macrophages 
were treated with nefiracetam for 24 hours. B. Protein was extracted and analysed for 
CD14 expression by Western blot using GAPDH as a loading control (N=4 independent 
experiments). Data represents mean ± SEM protein expression relative to the mean of 
the untreated M0 control. C. The effect of nefiracetam treatment on the expression of 
CD14 in the M1 macrophages. Data represents the mean ± SEM protein expression 
relative to the untreated M1 control (3≤N≤4 independent experiments). Data was 
statistically analysed by an unpaired Student’s t-test, *=p<0.05. 
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4.3.7 Effect of nefiracetam on Cd14 and Tnfα gene expression in human PBMC-

derived macrophages 

Given the limitations of the human monocytic leukaemia THP-1 cell line, we sought to 

translate and validate the effects of nefiracetam on CD14 and TNF-α observed in 

primary human macrophages. Macrophages were derived from PBMCs isolated from 

human whole blood and treated with 1nM nefiracetam for 24 hours before being 

stimulated with 100ng/mL LPS for 24 hours (Figure 4.14A).  

There was no change in TNFα gene expression in PBMC-derived M0 macrophages in 

response to nefiracetam treatment. LPS stimulation caused a significant increase 

TNFα gene expression (untreated 1.0±0.05 vs. LPS 7.23±1.14 fold change, p<0.01) 

which was not altered by nefiracetam pre-treatment (Figure 4.14B). 

1nM nefiracetam significantly reduced baseline Cd14 gene expression in PBMC-

derived M0 macrophages (untreated 1.0±0.01 vs. 1nM nefiracetam 0.73±0.03 fold 

change, p<0.0001). LPS stimulation significantly increased Cd14 gene expression 

(untreated 1.0±0.01 vs. LPS 4.13±0.03 fold change, p<0.0001). Although there was a 

decreasing trend in the induction of Cd14 in response to LPS in the cells pre-treated 

with nefiracetam relative to the untreated LPS control, this decrease was not significant 

(LPS-untreated 4.13±0.04 vs. LPS-1nM nefiracetam 3.36±0.35 fold change, p= 0.16) 

(Figure 4.14C). 

The effect of nefiracetam on CD14 surface receptor expression in human PBMC-

derived M0 macrophages was also explored. PBMC-derived macrophages were 

treated with 1nM nefiracetam for 24 hours following which they were stained for CD14 

and analysed by flow cytometry (Figure 4.15A). Cells were analysed and gates were 

established on the single cell population (Figure 4.15B). Histograms were used to 

assess the median fluorescent intensity (MFI) of CD14. The CD14 fluorescence minus 

one (FMO) was then established as described in section 2.7. Nefiracetam reduced 

CD14 MFI as can be seen in the representative stacked (Figure 4.15C) and overlaid 

histograms (Figure 4.15D). The percentage MFI was significantly decreased by 

nefiracetam treatment (untreated 1.0±0.0 vs. 1nM nefiracetam 89.56±2.85 percentage 

CD14 MFI, p=0.01) (Figure 4.15E). 
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Figure 4.14: The effect of nefiracetam pre-treatment on Tnfα and Cd14 gene 
expression in human PBMC-derived macrophages following an LPS stimulus. A. 
Summary of experimental design; PBMC-derived macrophages were treated with 1nM 
nefiracetam for 24 hours before being stimulated with 100ng/mL LPS for 24 hours. 
RNA was extracted and analysed by qRT-PCR for B. TNFα and C. Cd14. Data 
represents mean ± SEM gene expression relative to the mean of the untreated control 
(n=6 biological replicates, N=3 independent experiments). Data statistically analysed 
by unpaired Student’s t-tests, **=p<0.01, ****=p<0.001. 
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Figure 4.15: The effect of nefiracetam treatment on CD14 surface expression in 
PBMC-derived macrophages. A. Summary of experimental design; PBMC-derived 
macrophages were treated with 1nM nefiracetam for 24 hours prior to flow cytometry 
analysis. B. Representative images showing the gating strategy for cells, single cells 
and CD14+ cells. C. Representative stacked histograms showing CD14 MFI in 
macrophages not stained for CD14 (unstained), untreated control, and treated with 
nefiracetam. D. Overlay of the representative histograms of the untreated and 
nefiracetam-treated macrophages. E. Data represents mean ± SEM percentage CD14 
MFI relative to the untreated control (N=4 independent experiments). Data statistically 
analysed by unpaired Student’s t-test, *=p<0.05. The first dot plot shows side scatter 
area on the y-axis and forward scatter area on the x-axis, the second dot plot shows 
forward scatter height on the y-axis and forward scatter area on the x-axis, while 
histograms show MFI on the y-axis and CD14-APC fluorescent intensity on the x-axis. 
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Table 4.3: Summary of changes in CD14 expression in response to nefiracetam 
treatment. Summary of the effect of nefiracetam on CD14 expression in monocytes 
and macrophages. ↓ indicates significant decrease p<0.05 vs. untreated control, 
unpaired Student’s t-test.  
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4.3.8 Effect of nefiracetam treatment on the expression of MMPs in M0, M1 and 

M2 THP-1 macrophages 

Another mechanism by which macrophages have been shown to modulate repair in 

MS is through the production of MMPs (Gorter and Baron, 2020). MMPs have been 

found to be dysregulated in MS; in particular, MMP-2, -9 and -12 have been implicated 

in MS. Macrophages are a large source of MMPs in demyelinated lesions (Goetzl et 

al., 1996). MMPs carry out several key functions, including the remodelling of the ECM, 

regulation of inflammation, and cell migration and differentiation (de Jong et al., 2020). 

Interestingly, the bioinformatic analysis of the RNA sequencing data from the cortex of 

mice with cuprizone-induced demyelination identified ‘organisation of the extracellular 

matrix’ as a pathway predicted to be regulated by nefiracetam. We therefore explored 

the effect of nefiracetam on the expression of MMP-2, MMP-9, and MMP-12 in 

polarised macrophages.  

M0, M1 and M2 macrophages were treated with 1nM, 100nM or 1µM nefiracetam for 

24 hours (Figure 4.16A). MMP-9 protein expression was significantly reduced in M1 

macrophages compared to M0 macrophages (M0-untreated 1.0±0 vs. M1-untreated 

0.66±0.05 relative expression, p=0.02). MMP-9 expression was also significantly 

reduced in M2 macrophages (M0-untreated 1.0±0 vs. M2-untreated 0.58±0.06 relative 

expression, p=0.002). Analysis of the corresponding supernatants showed reduced 

MMP-9 secretion from M1 and M2 macrophages (Figure 4.16B). Nefiracetam caused 

a downregulation of MMP-9 expression in M0 macrophages which was significant at 

the 1nM (M0-untreated 1.0±0 vs. M0-1nM nefiracetam 0.79±0.02 relative expression, 

p=0.0003) and 100nM doses (M0-untreated 1.0±0 vs. M0-100nM nefiracetam 

0.86±0.02 relative expression, p=0.0009) (Figure 4.16C). Meanwhile, nefiracetam had 

no effect on the expression of MMP-9 in M1 macrophages. Nefiracetam caused a 

significant reduction in MMP-9 expression in M2 macrophages at the 100nM dose (M2-

untreated 1.0±0 vs. M2-100nM nefiracetam 0.84±0.02 relative expression, p=0.002) 

(Figure 4.16D). 

MMP-12 protein expression was significantly reduced in M1 macrophages compared 

to M0 macrophages (M0-untreated 1.0±0 vs. M1-untreated 0.57±0.04 relative 

expression, p=0.001). There was also a reducing trend in MMP-12 expression in M2 

macrophages, however this change was not statistically significant (M0-untreated 

1.0±0 vs. M2-untreated 0.78±0.16 relative expression). Analysis of the supernatant 
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showed reduced MMP-12 secretion from M1 macrophages, while there was no visible 

change in secretion from M2 macrophages (Figure 4.17A). Nefiracetam caused a 

downregulation of MMP-12 expression in M0 macrophages which was significant at 

the 100nM dose (M0-untreated 1.0±0 vs. M0-100nM nefiracetam 0.73±0.08 relative 

expression, p=0.04) (Figure 4.17B). While nefiracetam had no effect on the expression 

of MMP-12 in M1 macrophages, it did cause a significant reduction in MMP-12 protein 

expression in M2 macrophages at the 1nM (M2-untreated 1.0±0 vs. M2-1nM 

nefiracetam 0.80±0.04 relative expression, p=0.003) and 100nM doses (M2-untreated 

1.0±0 vs. M2-100nM nefiracetam 0.88±0.04 relative expression, p=0.01) (Figure 

4.17C). 

In contrast, MMP-2 protein expression was not altered by macrophage polarisation 

(Figure 4.18A). Nefiracetam treatment had no effect on the protein expression of MMP-

2 in M0 and M1 macrophages. Nefiracetam caused an upregulation of MMP-2 in M2 

macrophages which was significant at the 100nM dose (M2-untreated 1.0±0 vs. M2-

1nM nefiracetam 1.34±0.05 relative expression, p=0.002) and 100nM doses (M2-

untreated 1.0±0 vs. M2-100nM nefiracetam 2.42±0.19 relative expression, p=0.002) 

(Figure 4.18B). 
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Figure 4.16: The effect of nefiracetam treatment on MMP-9 protein expression in 
polarized THP-1 human macrophages. A. Summary of experimental design; THP-1 
macrophages were polarized as described previously. Polarized THP-1 macrophages 
were treated with nefiracetam for 24 hours. B. MMP-9 expression was analysed by 
Western blot using GAPDH as a loading control (N=3 independent experiments). Data 
represents mean ± SEM protein expression relative to the mean of the untreated M0 
control. C. The effect of nefiracetam on the expression of MMP-9 in the M0 
macrophages. Data represents the mean ± SEM protein expression relative to the 
untreated M0 control (N=3 independent experiments). D. The effect of nefiracetam on 
the expression of MMP-9 in the M2 macrophages. Data represents the mean ± SEM 
protein expression relative to the untreated M2 control (N=3 independent 
experiments). Data statistically analysed by an unpaired Student’s t-test, *=p<0.05. 
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Figure 4.17: The effect of nefiracetam treatment on MMP-12 protein expression 
in polarized THP-1 human macrophages. A. Polarized THP-1 macrophages were 
treated with nefiracetam for 24 hours. MMP-12 protein expression was analysed by 
Western blot using GAPDH as a loading control (N=4 independent experiments). Data 
represents mean ± SEM protein expression relative to the mean of the untreated M0 
control. B. The effect of nefiracetam on the expression of MMP-12 in the M0 
macrophages. Data represents the mean ± SEM protein expression relative to the 
untreated M0 control (N=4 independent experiments). C. The effect of nefiracetam on 
the expression of MMP-12 in the M2 macrophages. Data represents the mean ± SEM 
protein expression relative to the untreated M2 control (N=4 independent 
experiments). Data statistically analysed by an unpaired Student’s t-test, *=p<0.05. 
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Figure 4.18: The effect of nefiracetam treatment on MMP-2 protein expression in 
polarized THP-1 human macrophages. A. Polarized THP-1 macrophages were 
treated with nefiracetam for 24 hours. MMP-2 protein expression was analysed by 
Western blot using GAPDH as a loading control (N=3 independent experiments). Data 
represents mean ± SEM protein expression relative to the mean of the untreated M0 
control. B. The effect of nefiracetam on the expression of MMP-2 in the M2 
macrophages. Data represents the mean ± SEM protein expression relative to the 
untreated M2 control (N=3 independent experiments). Data statistically analysed by an 
unpaired Student’s t-test, **=p<0.01, ***=p<0.001. 
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4.3.9 Effect of nefiracetam on MMP gene expression in human PBMC-derived 

macrophages 

Once again, we now sought to translate our results from the THP-1 cell line to primary 

human macrophages. Macrophages were derived from PBMCs isolated from human 

whole blood and treated with 1nM nefiracetam for 24 hours before being stimulated 

with 100ng/mL LPS for 24 hours (Figure 4.19A).  

There was no change in baseline Mmp2 gene expression in PBMC-derived M0 

macrophages in response to nefiracetam treatment relative to the untreated M0 control 

(untreated 1.04±0.13 vs. 1nM nefiracetam 1.25±0.25 fold change, p=0.47). Stimulation 

with LPS caused a significant increase in Mmp2 gene expression which was not altered 

by nefiracetam pre-treatment (untreated 1.04±0.13 vs. LPS-untreated 16.68±1.9 fold 

change, p<0.0001) (Figure 4.19B).  

Nefiracetam increased Mmp7 gene expression in PBMC-derived M0 macrophages 

relative to the untreated M0 control (untreated 1.0±0.05 vs. 1nM nefiracetam 1.26±0.10 

fold change, p=0.0506). LPS stimulation caused an increase in Mmp7 gene expression 

which was not altered by nefiracetam pre-treatment (untreated 1.04±0.13 vs. LPS-

untreated 6.39±1.64 fold change, p=0.009) (Figure 4.19C).  

Nefiracetam treatment caused an increase in Mmp9 gene expression in PBMC-derived 

M0 macrophages relative to the untreated M0 control, although this increase was not 

significant (untreated 1.0±0.19 vs. 1nM nefiracetam 1.48±0.17 fold change, p=0.21). 

LPS stimulation caused a small increase in Mmp9 gene expression which was not 

statistically significant (untreated 1.0±0.19 vs. LPS-untreated 1.37±0.14 fold change, 

p=0.21). Furthermore, nefiracetam pre-treatment boosted the increase in Mmp9 gene 

expression in response to LPS, although once again, this change was not significant 

(LPS-untreated 1.37±0.14 vs. LPS-1nM nefiracetam 1.75±0.21 fold change, p=0.17) 

(Figure 4.19D).  

Nefiracetam significantly increased Mmp12 gene expression in PBMC-derived M0 

macrophages relative to the untreated M0 control (untreated 1.0±0.02 vs. 1nM 

nefiracetam 1.30±0.11 fold change, p=0.03). LPS stimulation caused a small increase 

in Mmp12 expression which was not statistically significant (untreated 1.006±0.19 vs. 

LPS-untreated 1.18±0.13 fold change, p=0.26) and not altered by nefiracetam pre-

treatment (Figure 4.19E). 
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Figure 4.19: The effect of nefiracetam treatment on Mmp2, Mmp7, Mmp9, and 
Mmp12 gene expression in human PBMC-derived macrophages. A. Summary of 
experimental design; THP-1 M0 macrophages were treated with 1nM, 100nM or 1μM 
nefiracetam for 24 hours before being stimulated with 100ng/mL LPS for 6 hours. RNA 
was analysed by qRT-PCR for B. Mmp2, C. Mmp7, D. Mmp9, and E. Mmp12 gene 
expression. Data represents mean ± SEM gene expression relative to the mean of the 
untreated control (5≤n≤6 biological replicates, N=3 independent experiments). Data 
statistically analysed by unpaired Student’s t-tests, *=p<0.05, **=p<0.01, 
****=p<0.0001. 
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4.4 Discussion 

To date, our studies exploring the cellular mechanism of action of nefiracetam have 

predominantly been focused on its effects on oligodendroglial cells. These studies 

have yielded strong evidence that the acceleration of remyelination by nefiracetam is 

mediated, at least in part, through a direct modulatory effect on these cells. However, 

there were early indications that nefiracetam’s effect on remyelination may not be 

limited to the modulation of oligodendroglial cells. As mentioned, a cytokine array 

analysis of the spinal cord of mice with EAE showed significant reductions in 

chemokines implicated in the chemotaxis of lymphocytes and leukocytes in response 

to nefiracetam treatment. Furthermore, bioinformatic analysis of the RNA sequencing 

data from the mice with cuprizone-induced demyelination treated with nefiracetam 

presented in the previous chapter predicted the regulation of inflammatory pathways 

and organisation of the ECM by nefiracetam. Whether nefiracetam regulates these 

processes directly or indirectly has yet to be determined. Within CNS lesions, the 

production of inflammatory mediators and ECM proteases are largely driven by 

infiltrating leukocytes and resident immune cells (Haase and Linker, 2021, Rempe et 

al., 2016). As such, in this chapter, we aimed to explore the direct effect of nefiracetam 

on the relevant immune cells.  

Our previous EAE-MOG study found that nefiracetam reduces the number of white 

matter lesions in the spinal cord of these mice, which suggests that nefiracetam 

enhances remyelination in this model. A corresponding cytokine array analysis showed 

decreased expression of the leukocyte and lymphocyte chemoattractants CXCL10, 

CXCL9 and CCL5 in the spinal cord in response to nefiracetam. CXCL10 expression 

is elevated in patients with MS (Sørensen et al., 2001), and its suppression inhibits 

mononuclear cell infiltration and ameliorates motor deficits in the EAE model (Fife et 

al., 2001). Similarly, CCL5 expression has been shown to be increased in the CSF of 

RRMS patients (Szczuciński and Losy, 2011), and its inhibition improves clinical score 

and reduces inflammatory infiltrates mice with EAE (Johnson et al., 2004). CXCL9 has 

been shown to be upregulated in the EAE model during active disease and reduced 

during recovery phases (Carter et al., 2007). Therefore, the reduction of these 

chemokines may indicate that nefiracetam may reduce the recruitment of peripheral 

immune cells into the spinal cord which may play a role in its facilitation of repair; thus, 

spinal cord protein extracts were analysed for the expression of immune cell markers. 
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Western blotting analysis showed no significant changes in the macrophage/microglia 

markers CD68 and Iba1 in saline-treated EAE-MOG mice compared to naïve mice 

(Figure 4.4A and B). This was an unexpected result given the large involvement of 

macrophages/microglia in the model reported in the literature (Nally et al., 2019). The 

lack of change in these markers may be due to the timepoint analysed; studies have 

found that while macrophage infiltration and microglia activation is significantly 

elevated during active disease, it is reduced during in the later, chronic phases of the 

model (Emmanouil et al., 2009, Mensah-Brown et al., 2011). Spinal cord samples were 

taken for analysis at day 35 in this study, which would be considered to be in the 

chronic phase; this may account for the lack of change in CD68 and Iba1 expression 

observed in our analysis. Interestingly, both markers were increased by nefiracetam 

treatment. This was unexpected given the reduction in leukocyte chemoattractants 

previously observed. However, it should be noted that changes in Iba1 expression also 

occur following macrophage/microglia activation (Jurga et al., 2020). As such, it is 

possible that the increase in Iba1 observed may not reflect an increase in the absolute 

number of macrophages or microglia, but rather a change in the activation state of 

these cells. Iba1, or allograft inflammation factor 1 (AIF-1), is an intracellular calcium-

binding protein which regulates cytoskeletal reorganisation to support phagocytosis 

(Ohsawa et al., 2000, Sasaki et al., 2001). Phagocytosis and clearance of myelin debris 

is essential for successful remyelination; therefore, an increase in the expression of 

Iba1 may be beneficial in the context of EAE. However, we cannot know for certain 

from our analysis whether the change observed is due to an increase in activation or 

an increase in macrophage/microglia numbers; an immunohistochemical approach 

would be required for a more definitive answer. 

Ly6C protein expression was increased by the model (Figure 4.4C). Ly6c is a marker 

of peripheral monocytes, with high expression of Ly6C being associated with pro-

inflammatory monocytes (Kratofil et al., 2017). As such, increased expression of Ly6C 

indicates that there is an increased monocyte presence in the spinal cord of mice with 

EAE, which is in line with studies showing that monocyte infiltration is a critical 

pathological feature of the EAE model (Ajami et al., 2011, Huang et al., 2001). 

Nefiracetam treatment further increased the protein expression of Ly6C in the spinal 

cords; this modest increase in monocyte presence induced by nefiracetam may drive 

the increase in macrophage markers observed. Ly6Chi monocytes are more likely to 

develop into M1 macrophages which would further exacerbate damage to myelin. 
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However, these monocytes have been found to be converted to an M2 phenotype 

under certain conditions, which has been associated with regression of atherosclerosis 

(Rahman et al., 2017). Therefore, an increase in Ly6C expression in response to 

nefiracetam may have a reparative effect. 

The pan T-cell marker, CD3, was used as an indicator of T-cell presence in the spinal 

cord of the mice with EAE (Figure 4.5A). CD3 expression was increased in mice with 

EAE, which was expected in a T-cell driven model. Interestingly, nefiracetam further 

increased the expression of CD3 in the spinal cord, which was once again in contrast 

to the results of the cytokine array analysis. Much like macrophages and microglia, T-

cells play a complex role in the pathophysiology of MS (Evans et al., 2019). While their 

deleterious role in demyelination is well established, their precise contribution to 

remyelination is only beginning to be uncovered. T-cell depletion has been shown to 

impede myelin repair following lysolecithin-induced demyelination (Bieber et al., 2003). 

More recently, it has been shown that a specific subset of T-cells called regulatory T-

cells (Treg) are necessary for successful remyelination following lysolecithin-induced 

demyelination. This study also showed a direct promotion of myelination and 

remyelination by Treg in vitro (Dombrowski et al., 2017). Treg have also been found to 

enhance remyelination in the EAE model (McIntyre et al., 2020). As such, the increase 

in CD3 expression in response to nefiracetam does not necessarily constitute a 

negative effect in this model and may indeed be advantageous to repair. However, 

further in-depth analysis is required to fully understand the exact nature of the CD3 

increase observed in our study and to determine which specific subset of T-cells may 

be regulated by nefiracetam. 

Dexamethasone has been shown to alleviate motor deficits and reduce infiltration of 

peripheral cells into the spinal cord of mice with EAE (Dos Santos et al., 2019, Wüst 

et al., 2008). Dexamethasone caused a slight reduction in Ly6C expression compared 

to saline-treated mice with EAE in our study, an observation which is supported by a 

study showing that dexamethasone reduces circulating monocytes in mice (Park et al., 

2021). However, overall, no significant changes in the immune cell markers analysed 

were observed in response to dexamethasone, which may be due to the notably lower 

doses of dexamethasone administered in our study compared to the aforementioned 

studies. Having said this, the dose used in our study was sufficient to counteract the 

increases in the immune cell markers caused by nefiracetam as the changes were no 

longer observed in the nefiracetam-dexamethasone combination-treated mice with 
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EAE (Figure 4.4 and 4.5). However, since remyelination also proceeded in the 

combination-treated mice, it must be acknowledged that changes in these immune cell 

markers may not be strictly essential for nefiracetam to enhance repair.  

A notable observation in these results which must be mentioned is the regulation of β-

actin by the EAE model; there is a clear consistent increase in the expression of this 

protein in saline-treated mice with EAE when compared to control animals. While it is 

possible that this may be due to uneven protein loading, normalisation of the protein 

samples was conducted by Bradford assay prior to Western blotting. Thus, it is more 

likely that the uneven β-actin reflects differences in the relative expression of this 

protein between the normal and diseased state which may have masked the effect of 

the model on the expression of the immune cell markers; indeed, qualitatively, there 

appears to be an increase in all protein markers relative to the control if the uneven 

loading control is disregarded, which would be more in line with what would be 

expected from this highly inflammatory model. Ideally, a steadier, more robust loading 

control should be applied to this analysis. GAPDH was also tested but showed greater 

variability than β-actin.  

Another notable observation is the lack of statistically significant changes in the 

expression of the immune cell markers between saline-treated and nefiracetam-treated 

mice with EAE as determined by densitometry. However, there are strong trends 

showing that the expression of several of these markers is increased in response to 

nefiracetam when compared to the saline-treated mice. Furthermore, there is a clear 

qualitative difference in the expression of these markers between the two cohorts, 

particularly for CD3, Ly6c and Iba1. The lack of statistical significance in the protein 

changes between saline-treated and nefiracetam-treated mice is likely due to the 

insufficient sensitivity of densitometric analysis, which has been further exacerbated 

by the uneven loading controls. While Western blotting is a powerful tool for detecting 

the presence/absence of a protein, it is unfortunately limited in its ability to reliably 

detect subtle changes in protein expression. To overcome this, an alternative, more 

sensitive and quantitative approach to examining immune cell marker expression such 

as immunohistochemistry or flow cytometry could be used to explore the effect of 

nefiracetam on immune cells in this model.  

A clear limitation of this study is that the mice were not perfused before the isolation of 

the spinal cord samples, a choice which was made to enable the isolation of serum 
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from the mice. This may have resulted in the contamination of the samples with 

peripheral blood. It must therefore be acknowledged that the results obtained in this 

study may have been skewed by the potential contamination of the spinal cords and 

thus may not accurately reflect the precise changes in immune cell populations which 

occur in the spinal cord as a result of the model and in response to the treatments. Any 

future study which aims to follow up on the effect of nefiracetam on immune cells in 

the spinal cord should ensure that perfusion of the mice is carried out prior to the 

sample isolation so that any changes in immune cell markers observed can be reliably 

ascribed to immune cell infiltration in response to the model and/or drug treatments 

and not sample contamination. Another caveat is the small number of spinal cord 

samples which were analysed. Consequently, the study likely lacks sufficient power to 

draw meaningful conclusions about the effect of the model and the drug treatments on 

immune cell populations in the spinal cord and should thus be repeated with a larger 

sample cohort.    

In summary, nefiracetam was found to cause an increase in the protein expression of 

monocyte, macrophage/microglial, and T-cell markers. While an increase in these cell 

populations can be considered deleterious to repair, there are many lines of evidence 

which demonstrate the beneficial and essential role these cells play in remyelination. 

A more detailed analysis encompassing the assessment of multiple markers, and their 

co-localisation using techniques such as flow cytometry or immunohistochemistry, 

would help accurately differentiate between the specific subsets of T-cells, monocytes, 

and macrophage/microglia which would shed some light on the role these cells may 

play in nefiracetam-mediated enhancement of remyelination. We must keep in mind 

that the analyses of this study were conducted on samples that were isolated at a 

single timepoint at the end of the study; as such, it is very difficult to determine whether 

these changes are mediated directly by nefiracetam or are a by-product of its potential 

enhancement of repair in this model. Examining remyelination and changes in immune 

cell populations at multiple timepoints during the course of the study would help clarify 

if the increase in immune cell markers is a direct effect of nefiracetam, and whether 

these changes are beneficial, detrimental, or indeed unrelated to the mechanism by 

which it promotes repair. 

While the results of this analysis provide additional support for the potential regulation 

of immune cells by nefiracetam, evidence of a direct effect on these cells has not yet 

been observed. As such, we next sought to examine if nefiracetam directly regulates 
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immune cell signalling. Bioinformatic analysis of the RNA sequencing data from the 

cuprizone model pointed to a possible suppression of TNF signalling by nefiracetam 

(Figure 3.15B). As discussed in section 4.1, TNF-α plays a multifaceted role in MS and 

the EAE model. In models of MS, TNF-α signalling has been shown to contribute to 

both inflammatory demyelination and remyelination. In particular, soluble TNF-α that is 

released from the cell and signals through TNFR1 is implicated in demyelination, while 

transmembrane TNF-α that signals through TNFR2 is associated with repair (Fresegna 

et al., 2020). While TNF-α knockout mice display exacerbated motor deficits in the EAE 

model (Kruglov et al., 2011), knock-in mice expressing only transmembrane TNF-α 

exhibit reduced motor deficits (Alexopoulou et al., 2006). Furthermore, a study found 

that treatment of mice with EAE with XPro1595, a selective inhibitor of soluble TNF-α, 

improves clinical scores (Brambilla et al., 2011). As such, selective blockade of TNFR1 

and/or a reduction TNF-α secretion may be beneficial in protecting against myelin 

damage without negatively impacting on reparative processes. Macrophages and 

microglia are large producers of TNF-α in regions of demyelination in both the 

cuprizone and EAE models (Arnett et al., 2001, Valentin-Torres et al., 2016); the effect 

of nefiracetam on TNF-α production and secretion by these cells was thus explored.   

THP-1 M0 macrophages were pre-treated with 3 doses of nefiracetam for 24 hours to 

investigate if nefiracetam can prime steady state macrophages to be less responsive 

to a pro-inflammatory stimulus. LPS and poly (I:C) are PAMPs which are commonly 

utilised in the study of the innate immune system and are known to induce TNF-α 

signalling in macrophages through the activation of TLR4 and TLR3, respectively 

(Reimer et al., 2008). We found that 24 hour treatment with a low dose of nefiracetam 

reduced the secretion of TNF-α in response to acute stimulation by LPS and poly (I:C) 

(Figure 4.6C and D). Corresponding RT-PCR analysis of the cells treated with low dose 

nefiracetam showed a decreasing trend in the gene expression of Tnfα in response to 

both stimuli (Figure 4.7C and D). These in vitro results demonstrate that nefiracetam 

pre-treatment can suppress TNF-α secretion and modestly reduce Tnfα transcription 

in macrophages in response to a pro-inflammatory stimulus. 

In actively demyelinating lesions, pro-inflammatory M1-like macrophages/microglia are 

a predominant immune cell type (Kuhlmann et al., 2017). These cells secrete high 

levels of TNF-α into the microenvironment, propagating inflammatory demyelination. 

Therapeutics which can modulate an established disease process are necessary; 

therefore, we explored whether nefiracetam could modulate TNF-α secretion in already 
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established macrophage/microglia phenotypes. THP-1 M0 macrophages and murine 

BV2 microglia were thus polarised to an M1 phenotype, characterised extensively, and 

then treated with nefiracetam. A high dose of nefiracetam significantly reduced TNF-α 

secretion by M1 macrophages (Figure 4.9C), while 100nM nefiracetam significantly 

reduced TNF-α secretion by M1 microglia (Figure 4.11C). Treatment with nefiracetam 

can therefore reduce TNF-α secretion by pro-inflammatory M1-like macrophages and 

microglia, which may help reduce oligodendrocyte and myelin damage within lesions. 

This further supports the direct effect of nefiracetam on TNF-α signalling which may to 

help create a microenvironment that is conducive to oligodendrocyte development and 

remyelination. 

It is clear from the literature that global suppression of TNF-α is not a viable approach 

to the treatment of MS as there are aspects of TNF-α signalling which must be 

maintained for remyelination to occur. Our results show that nefiracetam primes 

macrophages to secrete less TNF-α in response to pro-inflammatory stimuli, and also 

reduces TNF-α secretion by activated M1-like macrophages and microglia. Critically, 

nefiracetam does not completely abolish TNF-α signalling, but rather dampens TNF-α 

signalling that has been elevated by pro-inflammatory stimuli. Interestingly, a recent 

study has shown that nefiracetam reduces TNF-α expression in specific brain regions 

of rats with post-ischemic seizures (Fu et al., 2015). However, this is the first evidence 

of a direct effect of nefiracetam on TNF-α signalling in macrophages/microglia. 

Reduced secretion of TNF-α in response to LPS by M0 macrophages pre-treated with 

nefiracetam suggests that the drug primes macrophages to be less responsive to LPS. 

We thus explored a possible mechanism by which nefiracetam elicits this effect. CD14 

is a TLR4 co-receptor expressed by monocytes, macrophages, and microglia which 

facilitates LPS signalling and induces increased TNF-α expression through MyD88-

dependant and independent pathways (Figure 4.2). CD14 expression has been shown 

to be dysregulated in MS and EAE (Lutterotti et al., 2006, Walter et al., 2006, Zekki et 

al., 2002). In our own studies, increased Cd14 expression was observed in the cortex 

of cuprizone-fed mice. Interestingly, a recent study found that CD14 expression is 

increased in PBMC-derived macrophages isolated from patients with MS (Fransson et 

al., 2021), which suggests that the dysregulation of CD14 observed in patients with MS 

may be underpinned by an altered expression in macrophages. We therefore explored 

the effect of nefiracetam treatment on the expression of this receptor in monocytes and 

monocyte-derived macrophages. 
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CD14 is a key cell marker of monocytes, with pro-inflammatory classical monocytes 

expressing high levels of CD14. While nefiracetam treatment did not alter baseline 

CD14 protein expression in THP-1 monocytes, it inhibited the LPS-mediated increase 

in CD14 protein expression in these monocytes (Figure 4.12B and C). The suppression 

of CD14 upregulation in response to LPS may help to prime monocytes to differentiate 

into macrophages which are less pro-inflammatory. It may also contribute, at least in 

part, to the reduced expression of TNF-α which was observed in nefiracetam pre-

treated THP-1 macrophages. Since monocytes with a high surface expression of CD14 

are preferentially recruited to sites of inflammation (Gren et al., 2015), nefiracetam 

treatment may help to reduce inflammatory monocyte infiltration. However, this would 

need to be determined by functional assays analysing monocyte transmigration. Follow 

on studies exploring the effect of nefiracetam on CD14 and CD16 surface expression 

by flow cytometry would also help to determine if the overall decrease in CD14 protein 

expression observed here corresponds to a decrease in its surface expression and to 

further sub-classify these monocytes as classically or non-classically activated based 

on their relative expression of each marker. 

The effect of nefiracetam treatment on the expression of CD14 in THP-1 macrophages 

was also examined. Western blotting analysis of polarised macrophages showed 

modestly increased CD14 expression in M1 macrophages, while CD14 expression was 

reduced in M2 macrophages (Figure 4.13B). Although nefiracetam did not alter CD14 

protein expression in M0 or M2 macrophages, it reduced CD14 protein expression in 

M1 macrophages, with a statistically significant decrease observed at the 100nM dose 

(Figure 4.13C). A reduction in CD14 expression may be relevant to the mechanism by 

which nefiracetam reduces TNF-α secretion by M1 macrophages.    

While macrophages generated from THP-1 monocytes are considered an acceptable 

model for the study of monocyte and macrophage signalling and function, there are 

inherent disadvantages to immortalised cell lines, including subtle differences in the 

baseline expression of receptors and responses to stimuli (Riddy et al., 2018, Shiratori 

et al., 2017). Therefore, a key step in our studies was to examine whether the changes 

observed in THP-1 macrophages translate to an effect in primary macrophages, which 

would give us a greater insight into how nefiracetam might modulate macrophages in 

patients. We thus sought to determine if nefiracetam treatment alters CD14 and TNF-

α expression in human primary PBMC-derived macrophages.  
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PBMC-derived M0 macrophages were treated with a low dose of nefiracetam for 24 

hours, following which they were stimulated with LPS for 24 hours. In contrast to the 

THP-1 macrophages, nefiracetam treatment did not alter Tnfα expression in PBMC-

derived macrophages nor inhibit the increase in Tnfα expression induced by LPS 

(Figure 4.14B). This indicates that the regulation of TNF-α by nefiracetam may occur 

predominantly at the post-translational level or may reflect the biological differences 

between cell line-derived and human PBMC-derived macrophages. It is also possible 

that 24 hour LPS stimulation may have overwhelmed the system given the sensitive 

nature of primary cells, thus masking any subtle effects of nefiracetam on these cells.  

Interestingly, nefiracetam treatment significantly reduced Cd14 gene expression in 

PBMC-derived M0 macrophages. Cd14 gene expression was significantly upregulated 

by LPS and while there was a decreasing trend in Cd14 gene expression in response 

to LPS stimulation in the cells pre-treated with nefiracetam, this decrease was not 

significant (Figure 4.14C). Follow on flow cytometry analysis found that nefiracetam 

significantly reduces the surface expression of CD14 in these M0 macrophages (Figure 

4.15). CD14 is known to contribute to TLR4- and TLR2-mediated polarisation of 

macrophages to an M1-like phenotype (da Silva et al., 2017, Liu et al., 2017, van 

Bergenhenegouwen et al., 2013). Reduced gene and surface expression of CD14 in 

M0 macrophages suggests that nefiracetam may prime macrophages toward a less 

pro-inflammatory phenotype through the suppression of TLR2 and TLR4 signalling and 

thus reducing their responsiveness to pro-inflammatory signalling. 

Overall, the results demonstrate the regulation of CD14 and TNF-α by nefiracetam 

which suggests that nefiracetam primes naïve monocytes and macrophages to be less 

responsive to a pro-inflammatory stimulus. Furthermore, we have shown evidence that 

nefiracetam treatment suppresses pro-inflammatory signalling in M1-like macrophages 

which may help to reduce inflammatory damage to oligodendrocytes and the myelin 

sheath.  

Analysis of the RNA sequencing data predicted the ‘extracellular matrix organisation’ 

to be regulated by nefiracetam. As discussed in section 4.1, the ECM has been shown 

to be dysregulated in MS lesions, with many of the ECM components inhibiting 

remyelination. MMPs are key regulators of ECM components and are secreted by 

several cell types in CNS lesions, including macrophages. The expression of MMPs 

has been found to be altered in MS, which indicates that these proteases play a role 
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in the pathology of MS. We therefore investigated the effect of nefiracetam treatment 

on the expression of MMPs in macrophages. MMP-2, MMP-7, MMP-9, and MMP-12 

were selected based on studies which show dysregulation of these particular MMPs in 

MS and EAE, as well as their contributions to the demyelination and remyelination 

processes (Gorter and Baron, 2020, Weaver et al., 2005). 

MMP-9 has long been implicated in the pathophysiology of MS, with elevated MMP-9 

expression detected in the serum and CSF of patients with MS (Fainardi et al., 2006). 

Moreover, MMP-9 expression is increased in active lesions where it is predominantly 

expressed by macrophages/microglia (Anthony et al., 1997, Cossins et al., 1997). 

MMP-9 expression is also increased in CNS lesions of mice with EAE (Dong et al., 

2008). While the exact contribution of MMP-9 to MS disease pathology is still being 

explored, it is generally considered to have a deleterious effect. MMP-9 has been 

shown to facilitate the migration of peripheral immune cells, including T-cells and 

monocytes, through the disruption of the BBB (Agrawal et al., 2006, Rempe et al., 

2016). MMP-9 has also been shown to degrade MBP, and therefore may also directly 

contribute to demyelination (Gijbels et al., 1993). Reduction of MMP-9 could thus have 

a therapeutic benefit in MS. In support of this, a study found that patients with higher 

levels of serum MMP-9 have higher lesion loads. In the same study, treatment with 

IFN-β1b reduced serum MMP-9 and this decrease correlated with a decrease in lesion 

load, supporting a pathogenic role for MMP-9 in MS (Alexander et al., 2010). 

Furthermore, young MMP-9 knockout mice show partial resistance to the development 

of EAE (Dubois et al., 1999). However, studies also suggest that MMP-9 promotes 

remyelination. For example, MMP-9 degrades NG2, a CSPG which accumulates in 

lesion sites and inhibits oligodendrocyte differentiation. MMP-9 knockout mice display 

reduced repair in the lysolecithin model of demyelination, due to the reduced 

degradation of NG2 (Larsen et al., 2003).  

Nefiracetam treatment reduced MMP-9 expression in THP-1 M0 macrophages (Figure 

4.16C), which may be beneficial in limiting BBB disruption and myelin damage in MS. 

Interestingly, in the context of macrophage polarisation, cellular MMP-9 expression 

was significantly reduced in M1 macrophages, with a corresponding decrease in the 

secretion of MMP-9 observed in the supernatant (Figure 4.16B). This result was 

consistent with studies which show that 48 hours of LPS stimulation reduces MMP-9 

secretion by THP-1 macrophages (Liu et al., 2018), and that MMP-9 protein secretion 

is reduced in M1 polarised THP-1 macrophages (Riani et al., 2019). Similarly, both 
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cellular and secreted MMP-9 protein expression were significantly decreased in M2 

macrophages (Figure 4.16B). This is in agreement with studies which show the 

inhibitory effects of IL-4 on MMP-9 expression (Chizzolini et al., 2000, Zhang et al., 

1998). 100nM nefiracetam significantly reduced MMP-9 protein expression in M2 

macrophages, which suggests that this dose of nefiracetam has a synergistic effect on 

IL-4-mediated decrease of MMP-9 (Figure 4.16C). 

MMP-12 has been found to be highly expressed in phagocytic macrophages in actively 

demyelinating CNS lesions, while its expression is reduced in inactive and chronic 

lesions (Vos et al., 2003). Our RNA sequencing analysis of the cortex of mice with 

cuprizone-induced demyelination detected a significant increase in Mmp12 gene 

expression, which was also observed by Škuljec et al (Škuljec et al., 2011). In a viral 

model of demyelination, MMP-12 expression was found to be increased in the spinal 

cord during active demyelination. The authors also reported that MMP-12 knockout 

mice exhibit reduced demyelination, macrophage infiltration, and motor deficits 

compared to wild type mice. Furthermore, they showed that stereotactic injection of 

MMP-12 into the cerebellum induced focal demyelination, macrophage recruitment 

and oligodendrocyte death (Hansmann et al., 2012). MMP-12 also induces BBB 

damage in models of cerebral ischemia and spinal cord injury (Chelluboina et al., 2015, 

Wells et al., 2003). In contrast, MMP-12 knockout mice have increased motor deficits 

in the EAE model (Goncalves DaSilva and Yong, 2009, Weaver et al., 2005). MMP-12 

has also been found to play a role in myelination; in particular, it is involved in 

promoting oligodendrocyte differentiation through the regulation of IGF-1 expression 

(Larsen et al., 2006). As such, the exact role of MMP-12 in MS is not fully understood 

but it is likely to be complex and, much like MMP-9, have both restorative and 

deleterious roles that are dependent on their spatiotemporal patterns of expression. 

Nefiracetam reduced MMP-12 protein expression in THP-1 M0 macrophages (Figure 

4.17B). M1 polarisation significantly reduced MMP-12 protein expression which was 

accompanied by reduced MMP-12 secretion (Figure 4.17A). A study previously found 

reduced MMP-12 protein expression in LPS and IFN-γ polarised M1 macrophages 

(Wang et al., 2020), which is consistent with our findings. The authors of this study also 

found that IL-4 increased protein expression of MMP-12, an effect which has been 

observed in other studies (Dufour et al., 2018, Shimizu et al., 2004). In contrast, no 

change in cellular or secreted MMP-12 protein expression in M2 macrophages was 

detected in our study (Figure 4.17C). Nefiracetam reduced MMP-12 expression in M2 
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macrophages. Since the precise role of MMP-12 in de- and remyelination is poorly 

understood, it is difficult to infer whether the decrease in MMP-12 protein expression 

by nefiracetam would be beneficial or detrimental in the context of MS. The damaging 

effects of MMP-12 on BBB integrity and oligodendrocyte viability observed in mice 

would suggest that a reduction in MMP-12 by nefiracetam may lessen myelin damage 

in MS. However, it is also clear that MMP-12 contributes to repair through enhancing 

oligodendrocyte maturation. A reduction in MMP-12 by nefiracetam, without complete 

inhibition, may reduce the damaging effects of MMP-12 while maintaining sufficient 

levels such that its beneficial effects are not lost.  

MMP-2 is also involved in MS. A post-mortem study showed increased MMP-2 

expression in MS plaques. MMP-2 was found to be expressed by macrophages in 

these plaques and co-localised with regions of axonal damage (Diaz-Sanchez et al., 

2006). MMP-2 has been shown to be elevated in the serum of patients with progressive 

MS compared to patients with RRMS (Benesová et al., 2009), while a separate study 

identified increased MMP-2 expression in monocytes isolated from patients with MS 

compared to healthy controls (Bar‐Or et al., 2003). MMP-2 deficient mice exhibit 

increased motor deficits in the EAE model which was attributed to an upregulation of 

MMP-9 expression in lymphocytes (Esparza et al., 2004). In contrast, a separate study 

found that MMP-2 knockout did not affect EAE development (Agrawal et al., 2006).  

Nefiracetam treatment had no effect on MMP-2 expression in THP-1 M0 macrophages 

(Figure 4.18A). In contrast to MMP-9 and MMP-12, there was no change in the protein 

expression of MMP-2 in response to M1 and M2 polarisation. Interestingly, MMP-2 

expression was significantly increased by nefiracetam in M2 macrophages (Figure 

4.18C). MMP-2 has been found to promote wound healing and functional recovery 

after spinal cord injury (Hsu et al., 2006), as well as improve oligodendrocyte survival 

(Weaver-Mikaere et al., 2013). Furthermore, a study using in vivo and in vitro models 

of demyelination showed that increased expression of MMP-2 by OPCs and Iba1 

positive macrophages/microglia correlated with improved remyelination, which was 

thought to be mediated through the degradation of CSPGs (Luo et al., 2018). As such, 

increased MMP-2 expression by nefiracetam may be beneficial to repair. 

MMP-2, MMP-9 and MMP-12 gene expression was also explored in human primary 

PBMC-derived macrophages (Figure 4.19). In contrast to the Western blotting 

analysis, which showed significant reductions in MMP-9 and MMP-12, nefiracetam had 
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no effect on Mmp9 gene expression while it significantly increased Mmp12 expression. 

This may highlight fundamental differences between cell line-derived and primary 

macrophages which reinforces the importance of confirming findings from cell lines in 

a more biologically relevant model. Alternatively, the lack of gene change in Mmp9 

may point to post-translational modifications of MMP-9. While there was a reduction in 

MMP-9 and MMP-12 protein expression in M1 macrophages, 24 hour LPS treatment 

had no effect on effect on Mmp9 and Mmp12 gene expression. Interestingly, IFN-γ has 

been shown to inhibit MMP-9 induction by pro-inflammatory stimuli (Ma et al., 2001, 

Nosaka et al., 2011); thus IFN-γ may be driving the reduced expression of MMP-9 in 

M1 polarised THP-1 macrophages. MMP-9 has been shown to be induced by TNF-α 

and IL-1β (Zhang et al., 2017, Zhang et al., 1998), thus the type of pro-inflammatory 

stimulus appears to be important to the regulation of this protease in macrophages. 

While MMP-2 was unchanged at the protein level by the combination of LPS and IFN-

γ stimulation, LPS treatment caused a significant increase in Mmp2 gene expression. 

A study using bone marrow-derived macrophages (BMDMs) showed that MMP-2 

expression is increased at the gene level in the presence of LPS, but not when LPS is 

combined with IFN-γ (Hayes et al., 2014). As such, IFN-γ may inhibit the effect of LPS 

on MMP-2 expression. However, it is possible that once again the differences between 

the M1 THP-1 macrophages and LPS-treated PBMC-derived macrophages are due to 

the biological differences between these cells, or it may be due to the differences in 

duration of treatment with pro-inflammatory stimuli (24 hours LPS stimulation vs. 48 

hours LPS/IFN-γ polarisation). 

Finally, the effect of nefiracetam on Mmp7 gene expression was assessed. Due to the 

low abundance of MMP-7 at the protein level, Western blotting analysis was unable to 

be conducted. MMP-7 has been associated with MS, with elevated levels of MMP-7 

being observed in macrophages of active demyelinating lesions (Cossins et al., 1997) 

and in the peripheral leukocytes of RRMS patients (Galboiz et al., 2001). Similarly, 

MMP-7 is increased in the spinal cord during active disease in the EAE model (Kieseier 

et al., 1998). In the EAE model, MMP-7 knockout mice were found to be resistant to 

EAE induction. The study also showed that MMP-7 increases BBB permeability (Buhler 

et al., 2009). In contrast, MMP-7 has been shown to cleave the cleave fibronectin, a 

known inhibitor of remyelination, resulting in its clearance and the promotion of repair. 

This study also showed that MMP-7 is released by macrophages and microglia in 

response to anti-inflammatory but not pro-inflammatory signals (Wang et al., 2018). In 
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our study, we found that nefiracetam significantly increases Mmp7 gene expression in 

PBMC-derived M0 macrophages (Figure 4.19B). The increase in Mmp7 may facilitate 

improved repair through the increased removal of fibronectin; however, MMP-7 also 

has detrimental effects, including the activation of TNF-α (Gearing et al., 1995) and 

toxicity to axons (Newman et al., 2001), effects which may counteract the benefits of 

the clearance of fibronectin. Interestingly, LPS significantly increased Mmp7 which is 

in contrast to the study conducted by Buhler et al (Buhler et al., 2009). This may be 

due to the presence of IFN-γ in their study which may inhibit Mmp7 induction, or due 

to the shorter timepoint that was analysed. Pre-treatment with nefiracetam did not alter 

Mmp7 induction by LPS. 

In summary, nefiracetam modulates the expression of several MMPs in macrophages 

which may facilitate its acceleration of repair. While the crucial role of MMPs in MS is 

well established, their precise role in the disease pathology and how they impact on 

de- and remyelination is still poorly understood. As such, we can only speculate on the 

potential effects of these changes and whether they are beneficial or detrimental to 

repair. What is clear from this chapter is that nefiracetam modulates macrophage 

signalling which is the first evidence of a direct effect of nefiracetam on immune cells.  
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Figure 4.20: Summary of chapter 4 findings. The effects of nefiracetam treatment 

on TNF-α, CD14 and MMP expression in monocytes and macrophages. In monocytes, 

nefiracetam significantly reduced CD14 protein expression. In M0 macrophages, pre-

treatment with nefiracetam suppressed TNF-α secretion in response to an acute poly 

I:C stimulus. Nefiracetam also significantly reduced gene and surface expression of 

CD14, and MMP-9 and MMP-12 cellular protein expression, while significantly 

increasing gene expression of MMP-12 in this cell. In M1 macrophages, nefiracetam 

significantly reduced TNF-α secretion and CD14 total protein expression. In M2 

macrophages, nefiracetam significantly reduced MMP-9 and MMP-12 cellular protein 

expression, while significantly increasing MMP-2 expression. 

 

 

 



205 
 

 

 

 

 

 

 

 

 

 

Chapter 5 

Identifying a serum-based biomarker for the CNS action of 

nefiracetam: Can we monitor its effect on repair? 
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5.1 Introduction 

One of the greatest challenges facing the development of remyelination therapies is 

monitoring and quantifying remyelination in patients as current imaging technologies 

cannot detect myelin-specific changes. Although immunohistochemical approaches 

have enabled the study of remyelination in in vitro and in vivo models of demyelination, 

direct histological evidence cannot be obtained from living patients. Moreover, reliable 

biomarkers of remyelination in biological fluids have not yet been identified (Harlow et 

al., 2015). As such, there is a critical lack of definitive outcome measures for clinical 

trials of remyelination therapies. The overall aim of this chapter was to identify a 

protein, or a protein combination, in murine serum that could be further developed into 

a companion diagnostic which would assist in monitoring the therapeutic efficacy of 

nefiracetam in any eventual clinical trial or subsequent use in disease treatment.  

There is an unmet clinical need for the identification of reliable and specific biomarkers 

of remyelination to facilitate the identification, evaluation, and clinical development of 

novel therapies. The guidelines for an ideal biomarker for tracking repair in MS have 

been set out by experts in a consensus meeting published in 2008 (Barkhof et al., 

2009). In essence, the report stated that a biomarker should be specific to myelin, 

sensitive to changes in its status, be reproducible between multi-centre trials, and be 

able to predict a clinically meaningful outcome in patients. A biomarker must also be 

responsive to treatments such that it can monitor the efficacy of a repair therapy during 

clinical trial. A widely held view is to implement a dual approach, where remyelination 

is primarily assessed by imaging while a biological biomarker sensitive and specific to 

myelin changes is concurrently monitored in blood and/or CSF (Plemel et al., 2017).  

Conventional MRI is routinely used in clinical practice to diagnose and monitor MS 

lesion load and lesion activity by T1-weighted and T2-weighted imaging with or without 

gadolinium enhancement (Gasperini et al., 2019). Gadolinium-enhanced T1-weighted 

imaging can detect lesions with active inflammation and BBB disruption. In contrast, 

T2-weighted imaging can identify both active and chronic lesions and thus provides 

greater information on total lesion burden and the presence of sub-clinical disease in 

patients (Zivadinov and Leist, 2005). Traditionally, proof-of-concept phase II clinical 

trials for MS therapies explore the short-term effect of a therapy on MRI outcomes, 

with the primary endpoints often being designated as changes in gadolinium-enhanced 

and/or T2 lesions, while phase III trials are more commonly focused on changes in 
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overt clinical outcomes including changes in relapse rates and/or EDSS scores (van 

Munster and Uitdehaag, 2017, Zhang et al., 2019). Critically, a change in lesion load 

as detected by conventional MRI is a good predictor of an effect on relapse rates in 

subsequent phase III trials (Sormani and Bruzzi, 2013).  

While monitoring lesion load and relapse rates has proven successful in identifying 

therapies targeting the inflammatory component of RRMS, concerns have been raised 

surrounding their suitability in assessing remyelination therapies. A particular concern 

is that changes in lesions as detected by conventional MRI are not specific to an effect 

on myelin but can also occur for reasons other than remyelination including oedema, 

axonal loss, resolution of inflammation, and/or tissue atrophy (Baldassari et al., 2019, 

Poloni et al., 2011). Indeed, a post-mortem study found that many partially or fully 

remyelinated lesions display hyperintense T2 signals (Barkhof et al., 2003). Therefore, 

therapies which directly target remyelination may not show changes in lesions when 

measured by conventional MRI. Furthermore, the correlation between the number of 

lesions detected by this method and clinical disability has been found to be weak, a 

phenomenon referred to as the “clinico-radiological paradox” in MS (Barkhof, 2002). 

Thus, changes in lesion load poorly predict disability and disease progression in MS. 

Since the primary cause of disease progression is axonal loss and neurodegeneration, 

restoration of myelin to denuded axons by remyelination therapies should theoretically 

preserve axonal health, prevent disability, and slow disease progression; therefore, 

these therapies will likely show changes in long-term disability and disease outcomes 

rather than in MRI-detected lesions and relapse rates. If remyelination therapies are 

not correctly identified and assessed in clinical studies through the application of 

primary outcome measures appropriate to the question being asked, advancements in 

this field will be impeded.  

Due to these concerns, some clinical trials for remyelination therapies have proceeded 

straight to assessing effects on clinical disability (Baldassari et al., 2019). However, 

this can be high risk, as prior to this there will have been limited or no evidence of a 

therapeutic effect on remyelination in humans. Thus, there is a vital need for more 

specific imaging techniques which can better quantify myelin in the CNS. Great strides 

have been made in this regard with the development of advanced MRI techniques such 

as magnetization transfer imaging, diffusion tensor imaging, and myelin water fraction 

imaging (Baldassari et al., 2019). Although these imaging techniques are more specific 

to myelin, they are not absolutely specific as they measure molecular changes 
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surrounding myelin and/or that occur secondary to changes in myelin. As such, their 

clinical utility in assessing remyelination therapies remains limited (Plemel et al., 2017). 

Positron emission tomography (PET) which involves the use of radiotracers which 

cross the BBB and bind myelin has also been used to quantify myelin. While myelin-

specific radiotracers have been identified with promising results, it is a relatively new 

field which requires further study before it can reliably be used as an outcome measure 

in MS (de Paula Faria, 2020). Furthermore, such technology is not readily accessible 

to all centres. 

Thus, as it stands, there is a lack of suitable imaging technologies which adequately 

measure remyelination in CNS lesions. To overcome this, many clinical trials have 

instead focused on assessing neuroprotection in optic neuritis (ON), including trials 

with opicinumab (Cadavid et al., 2017), amiloride (McKee et al., 2015) and clemastine 

fumarate (Green et al., 2017). ON is an inflammatory demyelinating disorder of the 

optic nerve which occurs in approximately 50% of patients with MS (Balcer, 2006). ON 

is a particularly useful model system for the evaluation of remyelination therapies due 

to the wide availability of reliable and non-invasive structural and functional measures 

of optic nerve integrity (Balcer et al., 2015). Critically, the inflammatory demyelination 

and axonal loss which occurs in ON closely mirrors the pathophysiology of 

demyelination observed in acute MS lesions in other CNS locations; observations from 

studies in ON should thus be translatable to the general MS population. Axonal integrity 

can be assessed through measuring retinal nerve fibre layer (RNFL) thickness by 

optical coherence tomography (OCT) (Saxena et al., 2013). The RNFL is composed of 

unmyelinated axons and forms the innermost layer of the retina which can be 

visualised by OCT. RNFL axons are only myelinated after exiting the eye to form part 

of the optic nerve; RNFL thinning in ON has been hypothesised to occur as a result of 

retrograde degeneration following inflammatory demyelination of the optic nerve 

(Lambe et al., 2019). RNFL thinning by approximately 20% occurs in ON which is 

indicative of axonal loss (Toosy et al., 2014). Functional vision and visual outcome can 

be assessed in patients with ON through visual acuity and visual evoked potential 

(VEP). VEP measures conduction through the optic nerve; changes in VEP have been 

shown to occur following optic nerve demyelination and remyelination (Klistorner et al., 

2010). Therefore, trials can infer the effect of therapies on relative axonal preservation 

and remyelination through monitoring their impact on RNFL thickness and VEP. 

However, these are indirect measures of remyelination and are limited to the visual 
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pathway and as such, they cannot inform on remyelination in other areas of the CNS 

(Mallik et al., 2014). 

A CSF or blood-based biological biomarker of myelin repair could complement imaging 

measures when evaluating remyelination in clinical trials. While the value of biological 

biomarkers is widely recognised, the process of biomarker identification and validation 

is often difficult, lengthy and costly, which is reflected in the small number of reliable 

biomarkers available for diagnosis, prognosis, and monitoring of treatment responses 

and side effects in MS (Ziemssen et al., 2019). However, there are some biomarkers 

which are clinically used to assist in the diagnosis and treatment of MS. For example, 

the presence of oligoclonal bands (OCB) in CSF can indicate conversion from CIS to 

clinically definite MS (Kuhle et al., 2015), while antibodies for aquaporin-4 in serum 

can help delineate between MS and neuromyelitis optica (Wingerchuk et al., 2015). In 

addition, the presence of antibodies to the JCV in serum is used to risk stratify patients 

prior to initiating treatment with natalizumab (McGuigan et al., 2016).   

Potential biomarkers of myelin damage and axonal death have been identified over the 

years. Patients with MS have been found to have increased MBP in CSF (Katsavos 

and Anagnostouli, 2013). Interestingly, the corticosteroid methylprednisolone reduces 

MBP levels in CSF and improves EDSS scores in patients with RRMS (Lamers et al., 

1998). αB-crystallin is a heat-shock protein which contributes to myelin damage by 

triggering cytokine secretion from microglia (van Noort et al., 2010). Elevated levels of 

antibodies for αB-crystallin have been detected in serum and CSF of patients (Agius 

et al., 1999, Stoevring et al., 2005). The expression of neurofilament (NF), a neuronal 

cytoskeletal protein, in serum and CSF is indicative of neuronal damage. Specifically, 

the presence of two breakdown products, NF-light (NF-L) and NF-heavy (NF-H), are 

associated with MS (Petzold, 2005). Notably, treatment with natalizumab was found to 

reduce CSF expression of NF-L in RRMS (Gunnarsson et al., 2011). NF-H levels in 

CSF have been found to correlate with disease progression, with increased levels 

detected in patients with progressive MS compared to RRMS (Petzold et al., 2005). It 

must be noted that since NF reflects axonal damage, it only indirectly correlates with 

myelin integrity. 

Many of the biomarkers identified to date are not universally altered in all patients, lack 

specificity, do not predict clinically meaningful outcomes in MS and/or have not been 

validated in larger cohorts. Thus, while biological fluid-based biomarkers can be used 
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in conjunction with more widely accepted imaging-based biomarkers, there are none 

which can, by themselves, reliably and specifically diagnose MS, monitor treatment 

responses, or indeed assess remyelination during clinical trials (Raphael et al., 2015).   

Should nefiracetam enter clinical trial, there are considerable hurdles that must be 

overcome such that its effect on remyelination can be accurately assessed in humans, 

due to the lack of reliable outcome measures for remyelination. The identification of a 

protein biomarker panel which is regulated in response to nefiracetam-mediated 

remyelination could, in theory, assist in monitoring the efficacy of this therapy in human 

trials. We thus conducted a mass spectrometry-based study on serum samples taken 

from a previous EAE-MOG model study to identify protein biomarkers which may 

correlate with nefiracetam-mediated acceleration of remyelination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



211 
 

5.2 Methodology 

EAE-MOG Serum Sample Collection 

Serum samples were obtained from a previous study performed by Dr Elaine Keogh. 

In this study, mice with EAE were treated with saline, 15mg/kg nefiracetam, 0.4mg/kg 

dexamethasone, or 15mg/kg nefiracetam and 0.4mg/kg dexamethasone for 3 weeks. 

Naïve mice where EAE was not induced were used as a further control. Further details 

of this study are outlined in section 2.8.3. Trunk blood was collected and allowed to 

clot on ice before being centrifuged. The overlying serum was collected and stored at 

-20⁰C until analysis. 

Serum Sample Peptide Preparation and Mass Spectrometry 

4µl of each serum sample was processed using the PreOmics iST kit (control n=5, 

saline n=6, dexamethasone n=4, nefiracetam n=4, nefiracetam + dexamethasone 

combination n=5) and quantified using the DeNovix DS-11 Fx Spectrophotometer as 

described in section 2.10.1. The samples were analysed on the Q-Exactive Mass 

Spectrometer as described in section 2.10.2. The resultant data was analysed using 

the Perseus software as described in section 2.10.3. Statistical cut-offs of a fold change 

of ≥1.15 or ≤-1.15, and an unadjusted p<0.05 were applied to identify differentially 

expressed proteins which were then analysed on the PANTHER gene list analysis 

software, using the ‘PANTHER GO-slim biological pathway’ tool. The IPA software was 

used to identify predicted disease processes and gene networks.  

RAW264.7 Cell Treatment 

RAW264.7 macrophages were seeded at a density of 5x105 cells/mL in 12 well plates 

as described in section 2.2.4.2. After 24 hours, the cells were treated with 1nM, 100nM 

or 1µM nefiracetam in complete DMEM for 24 hours before they were stimulated with 

100ng/mL LPS for a further 24 hours. Control cells were treated with complete DMEM 

only. Protein was harvested for Western blot analysis.  

THP-1 Macrophage Polarisation and Cell Treatment 

THP-1 monocytes were seeded at a density of 1x106 cells/mL in 12 well plates and 

differentiated into macrophages with 320nmol/L PMA for 72 hours as described in 

section 2.2.2.3. Cells were then rested in complete RPMI medium for 24 hours. M0 

macrophages were stimulated with 100ng/mL LPS and 20ng/mL IFN-γ to induce an 
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M1-like macrophage phenotype, or 20ng/mL IL-4 to induce an M2-like phenotype as 

described in section 2.2.2.4. To investigate whether nefiracetam alters the expression 

of ceruloplasmin in classically (M1) or non-classically (M2) activated macrophages, 

M0, M1 and M2 macrophages were treated with 1nM, 100nM or 1µM of nefiracetam 

for 24 hours in serum-free RPMI medium. Control cells were treated with serum-free 

RPMI medium only. Protein was harvested for Western blot analysis. 

BV2 Microglia Activation and Cell Treatment 

BV2 microglia were seeded at a density of 5x105 cells/mL in 12 well plates as described 

in section 2.2.3.2. After 24 hours, the cells were stimulated with 50ng/mL LPS for 24 

hours to activate the microglia. To investigate if nefiracetam alters ceruloplasmin 

expression in activated microglia, cells were treated with 1nM, 100nM or 1µM 

nefiracetam for 24 hours in complete DMEM medium. Control cells were treated with 

complete DMEM medium only. Protein was harvested for Western blot analysis. 

Western Blotting 

The protein content of the RAW264.7 macrophage, THP-1 polarised macrophage and 

BV2 microglia cell lysates was quantified using a Bradford Assay. The prepared protein 

samples were then analysed by Western blotting. The samples were analysed for 

ceruloplasmin protein expression, using GAPDH and β-actin as loading controls. 

Further details on Western blotting are described in section 2.5. 
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5.3 Results 

5.3.1 Effect of the EAE-MOG model on serum protein expression 

There is a lack of protein-based biomarkers which are sensitive and specific for MS. 

The identification of such biomarkers will help to improve diagnosis and treatment of 

MS and may also help in the development of novel therapies. While most biomarker-

based studies are carried out in human trials, there is utility to studying protein-based 

biomarkers in the EAE model, as many of the key features of MS are recapitulated in 

this model. We analysed the serum mice with EAE to identify proteins which are altered 

in response to the model. 

Saline-treated mice with EAE were compared to naïve control mice to establish the 

serum proteins which were differentially regulated by the model. These comparisons 

were made using a Student’s t-test, with an unadjusted p-value<0.05 coupled with a 

fold change of ≥1.15 or ≤-1.15. In total, 87 serum proteins were found to be differentially 

expressed between saline-treated mice with EAE and control mice, with 46 proteins 

being upregulated and 41 proteins being downregulated which are represented by heat 

map (Figure 5.1) and scatter plot (Figure 5.2). The list of proteins identified was 

uploaded to the PANTHER gene list analysis software and IPA software for further 

bioinformatic analysis.  

The ‘PANTHER GO-Slim biological pathways’ analysis was used to compare the list 

of differentially expressed proteins to the Mus musculus genome to identify pathways 

which are statistically over- or under-represented using a Fisher’s exact test with a 

false discovery rate applied. From this analysis, 26 pathways were identified; the most 

enriched (FDR<0.05) were complement activation (22.5 fold enrichment), protein 

activation cascade (22.16 fold enrichment), lymphocyte-mediated immunity (19.72 fold 

enrichment), adaptive immune response based on somatic recombination of immune 

receptors built from immunoglobulin superfamily domains (19.64 fold enrichment), B 

cell receptor signalling pathway (18.81 fold enrichment), phagocytosis (17.48 fold 

enrichment), positive regulation of lymphocyte activation (17.43 fold enrichment), cell 

regulation (17.43 fold enrichment), B cell activation (17.12 fold enrichment), and innate 

immune response (11.71 fold enrichment) (Figure 5.3A).  

The IPA software identified ‘inflammation of organ’ as a disease function predicted to 

be activated, showing the high number of proteins associated with inflammation in the 
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list of differentially expressed proteins (Figure 5.3B). The IPA core analysis was used 

to explore gene networks of interest. In total, 7 gene networks were identified, of which 

a network associated with ‘haematological disease, hereditary disorder, immunological 

disease’ was identified as the most enriched network (score=53) involving 23 of the 

differentially expressed proteins. This highlighted inflammation-associated proteins 

and immunoglobulins (Ig) as key components of the network (Figure 5.3C). 
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Figure 5.1: Differentially expressed serum proteins between control and saline-

treated mice with EAE. Heat map generated by hierarchal clustering showing the 87 

proteins differentially expressed between the serum of naïve control mice and saline-

treated mice with EAE based on a Student’s t-test with an unadjusted p-value<0.05 

and a fold change of ≥1.15 or ≤-1.15 (5≤n≤6 mice per group).  
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Figure 5.2: Differentially expressed serum proteins between control and saline-

treated mice with EAE. Scatter plot showing the serum proteins differentially 

regulated by the EAE model based on a Student’s t-test with an unadjusted p-

value<0.05 and a fold change of ≥1.15 or ≤-1.15 (5≤n≤6 mice per group). 
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Figure 5.3: In silico analysis of the serum proteins differentially regulated by the 

mice with EAE. PANTHER pathway analysis and ingenuity pathway analysis (IPA) of 

the list of differentially regulated serum proteins by the EAE-MOG model. A. Pie chart 

summarising the biological processes identified by PANTHER (GO-Slim biological 

process, Fisher’s exact test, FDR<0.05). B. The IPA identified ‘inflammation of organ’ 

as a top disease process activated by the model. C. The top IPA network identified 

(score=53) based on the differentially regulated proteins, titled ‘Haematological 

Disease, Hereditary Disorder, Immunological Disease’. 
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5.3.2 Effect of dexamethasone treatment on serum protein expression in the 

EAE-MOG model 

To identify serum proteins which are altered in response to dexamethasone treatment, 

dexamethasone-treated mice with EAE were compared to saline-treated mice with 

EAE. These comparisons were made using a Student’s t-test, with an unadjusted p-

value<0.05 and a fold change of ≥1.15 or ≤-1.15. The analysis identified 59 significantly 

differentially regulated proteins (Figure 5.4). 13 proteins were found to be significantly 

upregulated while 46 proteins were significantly downregulated. This list was further 

analysed using the PANTHER gene list analysis software and the IPA software.  

The ‘PANTHER GO-Slim biological pathways’ analysis identified 18 pathways which 

were regulated by dexamethasone, using a Fisher’s exact test with a false discovery 

rate applied; the most enriched (FDR<0.05) were immunoglobulin production (22.68 

fold enrichment), complement activation (21.36 fold enrichment), protein activation 

cascade (21.03 fold enrichment), negative regulation of endopeptidase activity (20.36 

fold enrichment), B cell receptor signalling pathway (18.14 fold enrichment), cell 

recognition (16.81 fold enrichment), positive regulation of lymphocyte activation (16.81 

fold enrichment), B cell activation (16.51 fold enrichment), phagocytosis (15.73 fold 

enrichment), lymphocyte mediated immunity (15.66 fold enrichment), and positive 

regulation of immune system process (Figure 5.5A).  

The IPA core analysis was used to explore gene networks of interest. In total, 4 gene 

networks were identified. A gene network associated with ‘cellular compromise, 

cardiovascular disease, cell death and survival’ was identified as the top enriched 

network (score=67) involving 25 of the differentially expressed proteins. This pathway 

once again highlighted inflammation-associated proteins and immunoglobulins as key 

components of the network (Figure 5.5B). Interestingly, the majority of the network 

components, in particular the immunoglobulins, are downregulated in response to 

dexamethasone treatment. 
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Figure 5.4: Differentially expressed serum proteins between saline and 

dexamethasone-treated mice with EAE. Heat map generated by hierarchal 

clustering showing the 48 proteins differentially expressed between the serum of saline 

and dexamethasone treated mice with EAE based on a Student’s t-test with an 

unadjusted p-value<0.05 and a fold change of ≥1.15 or ≤-1.15 (4≤n≤6 mice per group). 
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Figure 5.5: In silico analysis of the serum proteins differentially regulated 

between saline and dexamethasone-treated mice with EAE. IPA and PANTHER 

pathway analysis of the list of differentially regulated serum proteins between the saline 

and dexamethasone treated animals. A. Pie chart summarising the biological 

processes identified by PANTHER (GO-Slim biological process, Fisher’s exact test, 

FDR<0.05). B. The IPA identified ‘Cellular compromise, cardiovascular disease, cell 

death and survival’ as a top network implicated by the regulated proteins (score=67). 
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5.3.3 Effect of nefiracetam and nefiracetam-dexamethasone combination 

treatment on serum protein expression in the EAE-MOG model 

As mentioned, the overall aim of this chapter was to identify a biomarker candidate that 

correlates with a therapeutic effect induced by nefiracetam which could be further 

studied and developed into a companion diagnostic. To identify serum proteins which 

were altered in response to nefiracetam treatment, nefiracetam-treated and saline-

treated mice with EAE were compared using a Student’s t-test, with an unadjusted p-

value<0.05 coupled with a fold change of ≥1.15 or ≤-1.15. The analysis identified six 

proteins which were significantly regulated (Figure 5.6). One protein was significantly 

upregulated by nefiracetam while five proteins were significantly downregulated.  

To identify the serum proteins which are regulated in response to the dexamethasone-

nefiracetam combination treatment, combination-treated and saline-treated mice with 

EAE were compared using a Student’s t-test, with an unadjusted p-value<0.05 coupled 

with a fold change of ≥1.15 or ≤-1.15. The analysis identified 26 significantly regulated 

proteins (Figure 5.7). 13 proteins were significantly upregulated in response to the 

treatment while 13 proteins were significantly downregulated.  

The lists of differentially regulated proteins in response to each drug treatment were 

cross-referenced to identify overlapping proteins, the results of which are represented 

as a Venn diagram (Figure 5.8). There were no commonly regulated proteins between 

nefiracetam-treated and dexamethasone-treated mice, while 13 overlapping proteins 

were identified between dexamethasone-treated and combination-treated mice. 

Interestingly, two proteins were regulated in both nefiracetam-treated and combination-

treated mice; ceruloplasmin (Cp) and Ig kappa chain V-II region 17S29.1 (Figure 5.8).  

The directionality of these overlapping protein changes in the model and across 

different treatments was then analysed. Ig kappa chain V-II region 17S29.1 expression 

was significantly increased by the model. Ig kappa chain V-II region 17S29.1 was 

significantly decreased in nefiracetam-treated and combination-treated mice with EAE 

when compared to saline-treated mice with EAE. While dexamethasone treatment also 

decreased the expression of Ig kappa chain V-II region 17S29.1, this decrease was 

not significant (Figure 5.9). Additionally, Cp expression was found to be downregulated 

by the EAE model, although this decrease was not significant. Cp was significantly 

upregulated in nefiracetam-treated and nefiracetam-dexamethasone combination-

treated mice with EAE when compared to saline-treated mice with EAE. While 
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dexamethasone also modestly increased the expression of Cp, this increase was not 

significant (Figure 5.10). 
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Figure 5.6: Differentially expressed serum proteins between saline and 

nefiracetam-treated mice with EAE. Heat map generated by hierarchal clustering 

showing the 6 proteins differentially expressed between the serum of saline and 

nefiracetam-treated mice with EAE based on a Student’s t-test with an unadjusted p-

value<0.05 and a fold change of ≥1.15 or ≤-1.15 (4≤n≤6 mice per group). 
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Figure 5.7: Differentially expressed serum proteins between saline and 

nefiracetam-dexamethasone combination-treated mice with EAE. Heat map 

generated by hierarchal clustering showing the 26 proteins differentially expressed 

between the serum of saline and nefiracetam-dexamethasone combination treated 

mice with EAE based on a Student’s t-test with an unadjusted p-value<0.05 and a fold 

change of ≥1.15 or ≤-1.15 (5≤n≤6 mice per group). 
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Figure 5.8: Overlapping protein changes between nefiracetam, dexamethasone 

and combination-treated mice with EAE. Venn diagram showing the number of 

serum proteins which are differentially regulated between the nefiracetam, 

dexamethasone and nefiracetam-dexamethasone combination treated mice with EAE 

compared to saline-treated mice with EAE. There were two proteins which were 

regulated in both the nefiracetam-treated and combination-treated mice with EAE: 

ceruloplasmin and Ig kappa chain V-II region 17S29.1. 
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Figure 5.9: Summary of changes in serum Ig kappa chain V-II region 17S29.1 

expression of mice with EAE following treatment with nefiracetam and/or 

dexamethasone. The EAE-MOG model caused a significant increase (1.7 fold 

decrease vs. control mice) in serum Ig kappa chain V-II region 17S29.1 protein 

expression which was significantly reduced by nefiracetam treatment (-13.2 fold 

decrease vs. saline-treated mice) and nefiracetam-dexamethasone combination 

treatment (-8 fold decrease vs. saline-treated mice). Dexamethasone caused a 

decrease in the expression of this protein which was not statistically significant (-7.1 

fold decrease vs. saline-treated mice) in serum Ig kappa chain V-II region 17S29.1 

protein expression. 

 

 

 

 

 

 



227 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Summary of changes in serum ceruloplasmin expression of mice 

with EAE following treatment with nefiracetam and/or dexamethasone. The EAE-

MOG model caused a modest, but not significant, reduction (1.7 fold decrease vs. 

control mice) in serum ceruloplasmin protein expression which was significantly 

increased by nefiracetam treatment (2.2 fold increase vs. saline-treated mice) and 

nefiracetam-dexamethasone combination treatment (2.1 fold increase vs. saline-

treated mice). Dexamethasone caused a modest increase in Cp protein expression 

which was not statistically significant (1.5 fold increase vs. saline-treated mice) in 

serum ceruloplasmin protein expression. 
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5.3.4 Regulation of ceruloplasmin expression by nefiracetam in macrophages 

and microglia 

Cp is glycoprotein which plays a fundamental role in copper and iron metabolism. 

Serum Cp expression is dysregulated in patients with MS (Adamczyk-Sowa et al., 

2016, De Riccardis et al., 2018, Siotto et al., 2019), which made it an interesting target 

for follow up studies. The secreted form of Cp is primarily produced by hepatocytes, 

while many cell types express the membrane bound form, including astrocytes in the 

CNS and macrophages in the periphery (Patel and David, 1997). Interestingly, a model 

of spinal cord injury showed that Cp expression is increased after injury and infiltrating 

leukocytes and activated microglia/macrophages are a large source of the increased 

Cp (Wu et al., 2018). Given the modulation of macrophage and microglia signalling by 

nefiracetam demonstrated in the previous chapter, we sought to explore the effect of 

nefiracetam on Cp protein expression in these cells. 

Since the change in serum Cp was identified in a murine model, we first explored the 

effect of nefiracetam on Cp expression in murine RAW264.7 macrophages. The cells 

were treated with 1nM, 100nM or 1µM nefiracetam for 24 hours following which they 

were stimulated with 100ng/mL LPS for 24 hours (Figure 5.11A). Nefiracetam had no 

effect on the basal expression of Cp in murine macrophages. Interestingly, stimulation 

with LPS abolished Cp expression in these cells (Figure 5.11B). 

The effect of nefiracetam on the protein expression of Cp in polarised human THP-1 

macrophages was also explored. M0, M1 and M2 macrophages were treated with 1nM, 

100nM or 1µM nefiracetam for 24 hours (Figure 5.12A). Western blotting analysis 

found that M1 polarisation significantly reduced Cp expression (M0-untreated 1.0±0 

vs. M1-untreated 0.46±0.19 relative expression, p=0.03). There was also a significant 

decrease in Cp expression observed in M2 macrophages (M0-untreated 1.0±0 vs. M2-

untreated 0.23±0.07 relative expression, p<0.0001). Although there was a reducing 

trend in Cp expression in response to nefiracetam in M0 macrophages, these changes 

were not statistically significant. Nefiracetam did not affect the expression of Cp in M1 

and M2 macrophages (Figure 5.12B).   

Activated M1 BV2 microglia were also treated with 1nM, 100nM or 1µM nefiracetam to 

assess the effect of nefiracetam treatment on Cp protein expression in these cells 

(Figure 5.13A). In un-activated, M0 microglia, 1µM nefiracetam caused a significant 

reduction in Cp expression (M0-untreated 1.0±0 vs. M0-1µM nefiracetam 0.67±0.01 
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relative expression, p<0.0001). In contrast to M1 THP-1 macrophages, there was an 

increasing trend in the expression of Cp in M1 microglia (M0-untreated 1.0±0 vs. M1-

untreated 2.41±1.23 relative expression, p=0.32). Due to the large variability in the 

relative induction of Cp expression in M1 microglia between independent experiments, 

M1 microglia were also analysed independently, where the effect of nefiracetam on Cp 

expression in M1 microglia was analysed as a percentage of Cp expression relative to 

the mean of the untreated M1 control (Figure 5.13B). There was a significant reduction 

in Cp expression in response to nefiracetam in M1 microglia, which was significant at 

the 100nM (M1-untreated 1.0±0 vs. M1-100nM nefiracetam 0.45±0.03 fold change, 

p<0.0001) and 1µM doses (M1-untreated 1.0±0 vs. M1-1µM nefiracetam 0.44±0.14 

relative expression, p=0.017) (Figure 5.13C). 
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Figure 5.11: Effect of nefiracetam treatment on ceruloplasmin (Cp) protein 

expression in RAW264.7 murine macrophages. A. Summary of experiment design; 

RAW264.7 macrophages were treated with nefiracetam for 24 hours before being 

stimulated with 100ng/mL LPS for 24 hours. B. Protein was extracted and analysed by 

Western blot for ceruloplasmin expression using β-actin as the loading control. Data 

represents the mean ± SEM protein expression relative to the untreated control (N=3 

independent experiments). 
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Figure 5.12: Effect of nefiracetam on ceruloplasmin (Cp) protein expression in 

polarized THP-1 human macrophages. A. Summary of experiment design; THP-1 

macrophages were polarized as described previously and treated with nefiracetam for 

24 hours. B. Cp protein expression was analysed by Western blot using GAPDH as a 

loading control (N=4 independent experiments). Data represents mean ± SEM protein 

expression relative to the mean of the untreated M0 control. Data statistically analysed 

by unpaired Student’s t-tests, *=p<0.05, ****=p<0.001. 
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Figure 5.13: Effect of nefiracetam on ceruloplasmin (Cp) protein expression in 

activated BV2 murine microglia. A. Summary of experiment design; BV2 microglia 

were activated as described previously and treated with nefiracetam for 24 hours. B. 

Cp expression was analysed by Western blot using GAPDH as a loading control (N=3 

independent experiments). Data represents mean ± SEM protein expression relative 

to the mean of the untreated control. C. Effect of nefiracetam on Cp protein expression 

by LPS activated microglia. Data represents mean ± SEM protein expression relative 

to the mean of the LPS control (N=3 independent experiments). Data statistically 

analysed by unpaired Student’s t-tests, *=p<0.05, ****=p<0.001. 
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5.4 Discussion 

The diagnosis and prognosis of MS is difficult to establish due to the heterogeneity of 

its clinical appearance, progression, radiological findings, and response to treatments 

(Disanto et al., 2011). As there are no specific biomarkers for MS, disease diagnosis 

relies upon the application of the McDonald criteria and ruling out other clinically and 

radiologically similar diseases (Ömerhoca et al., 2018). As a result, diagnosis of MS 

can be slow which negatively impacts on patient outcomes as early diagnosis and rapid 

therapeutic intervention is essential to reduce disability and delay disease progression 

(Kappos et al., 2006, Kennedy, 2013). The identification of a biomarker specific to MS 

would significantly aid in the accurate and timely diagnosis of MS which would 

considerably improve patient prognosis. While biomarker studies have generally been 

focused on clinical studies, there is still utility in exploring the EAE model for biomarker 

candidates. As such, one of the aims of this chapter was to identify serum proteins 

which were altered in response to the EAE-MOG model to identify potential disease 

biomarkers. Although some would argue that the CSF, due to its close proximity to the 

CNS, is a more suitable biological fluid for detecting biomarkers of a neurological 

disease such as MS, a serum-based biomarker would be advantageous as a blood 

draw is less invasive for the patient and easier for clinicians to obtain. While proteins 

of the CNS are normally excluded from the periphery due to the presence of the BBB, 

in MS there is an increased permeability of the BBB which allows for the entry of CNS 

proteins into circulation; the presence of such proteins in serum could be ideal disease 

biomarkers (Minagar and Alexander, 2003, Raphael et al., 2017). 

Analysis of the mass spectrometry data identified 87 differentially regulated proteins in 

the serum of saline-treated EAE-MOG mice compared to naïve controls (Figure 5.1 

and 2). The PANTHER and IPA analyses showed a large involvement of inflammation 

and immune-associated proteins and pathways which would be expected in this highly 

inflammatory model (Figure 5.3). Notably, several immunoglobulin fragments were 

elevated in the serum of these mice. Immunoglobulins, or antibodies, are secreted by 

B-cell derived plasma cells in response to the presence of an antigen. Once activated 

by an antigen, B-cells differentiate into antibody-producing plasma cells which secrete 

antibodies specific for that antigen, while a smaller cohort develop into memory B-cells 

which persist in the blood and are capable of launching a more efficient immune attack 

upon re-infection with the same pathogen (Jackson and Elsawa, 2015). Antibodies 

secreted by plasma cells bind to their target antigen and serve as effector molecules 
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which directly neutralise the pathogen and/or its virulence factors, or promote other 

immune cells to assist in the elimination of the pathogen (Lu et al., 2018). While the 

Western blotting analysis did not show changes in the B-cell marker CD20 in the spinal 

cords of these mice (Figure 3.2), a clear involvement of B-cells is demonstrated in this 

dataset. Early studies support the contribution of B-cells in this model (Mann et al., 

2012); for instance, a study reported that immunoglobulin-deficient mice were resistant 

to EAE development (Willenborg and Prowse, 1983). However, a separate study found 

that B-cells are not essential for EAE induction but may contribute to repair as B-cell 

deficient mice experienced similar disease severity as wild type mice but did not show 

spontaneous recovery (Wolf et al., 1996). This suggested a reparative role for B-cells 

in EAE. Indeed, it was more recently shown that B-cell depletion before the induction 

of EAE worsened motor deficits which was associated with a loss of IL-10 secretion by 

regulatory B-cells (Matsushita et al., 2008). Interestingly, this study also found that B-

cell ablation following EAE induction ameliorated motor deficits, indicating that B-cells 

have both pathogenic and protective effects. It has been demonstrated that B-cells act 

as APCs which activate inflammatory T-cells within the CNS, thereby contributing to 

damage (Pierson et al., 2014, Weber et al., 2010). The key role of B-cells in MS was 

solidified with the approval of Ocrelizumab, an anti-CD20 monoclonal antibody, for the 

treatment of RRMS and progressive MS (Syed, 2018). The prominent presence of B-

cell associated molecules in this dataset supports a central role for these cells and 

their secreted factors in EAE and MS pathology. 

The increase in immunoglobulins detected in the serum of mice with EAE is not 

unexpected when you consider the presence of OCB in the CSF of patients with MS. 

OCB consist of immunoglobulin G (IgG) and M (IgM) that are produced by B-cells in 

the CNS; thus, the contribution of B-cells has been suspected for some time. While 

OCB are detected in the CSF of the majority of patients with MS (>90%) and have 

contributed greatly to disease diagnosis, they are not absolutely specific to MS and 

can occur in other neurological diseases (Chu et al., 1983). In addition to the presence 

of OCB in the CSF, changes in immunoglobulins are also measured through the IgG 

index which is calculated as the ratio of CSF IgG to serum IgG; a high IgG index 

indicates increased intrathecal IgG which is indicative of MS (Ziemssen et al., 2019). 

The IgG index is not as sensitive as OCB, with a lower proportion of patients displaying 

an elevated IgG index (~70%) (Simonsen et al., 2020). An increased presence of 

immunoglobulins has thus been well established in MS, with OCB and IgG index being 
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utilised as biomarkers to aid in the diagnosis of MS. However, OCB and a high IgG 

index are not completely specific and sensitive to MS which is a notable disadvantage. 

It is possible that a biomarker panel consisting of a specific combination of 

immunoglobulins unique to MS could be developed as a diagnostic tool. 

Aside from the changes in immunoglobulins, there were also other protein changes 

detected which merit further study for their potential as biomarkers of MS. Notably, the 

most abundantly altered serum protein was haptoglobin (HP), which showed a 50-fold 

upregulation. HP is an acute phase protein which is primarily produced and secreted 

by hepatocytes in response to pro-inflammatory cytokines such as IL-6 (Wang et al., 

2001). HP carries out many protective functions; it acts as an antioxidant by removing 

free haemoglobin (Lim et al., 1998) and as an anti-inflammatory agent by suppressing 

pro-inflammatory cytokine secretion by monocytes (Arredouani et al., 2005). Critically, 

HP deficiency has been found to exacerbate motor deficits in mice with EAE (Galicia 

et al., 2009). However, due to its non-specific induction in response to pro-

inflammatory signalling, it is unlikely that a change in serum HP would be specific to 

MS. Moreover, two small scale studies found that HP was not significantly increased 

in the serum of patients with MS (Chang et al., 2013, Rosnowska and Cendrowski, 

1978). Indeed, of the 87 proteins significantly altered by the model, many were general 

inflammatory, antioxidant, or metabolic proteins including macrophage colony-

stimulating factor 1 receptor (CSFR1), superoxide dismutase 1 (SOD1), glutathione 

peroxidase 1 (GPx1), and peroxiredoxin-2 (PRDX2), which are unlikely to be specific 

to MS. The ultimate goal for any novel disease biomarker is a high sensitivity and 

specificity for the disease (Holland, 2016). It is doubtful that a change in the expression 

of such proteins will be sufficiently specific for MS. Based on the knowledge in the 

literature and the current understanding of MS pathology, vitamin D binding protein 

(DBP), gelsolin, fibulin-1 and vitronectin were identified from our study as lead 

biomarker candidates which may be more relevant and specific to MS. 

The serum expression DBP was significantly reduced in mice with EAE, which was an 

interesting observation given the well-established role of vitamin D in MS (Sintzel et 

al., 2018). Vitamin D has long been associated with MS, with higher levels of vitamin 

D correlating with a reduced risk of MS and a reduced risk of relapse in established 

MS (Munger et al., 2006, Simpson et al., 2010). DBP is the main carrier of active 

metabolites of vitamin D and is thus the main determinant of an individual’s vitamin D 

status (Gauzzi, 2018). While studies have shown that DBP is decreased in the CSF of 
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patients with MS (Kroksveen et al., 2012, Qin et al., 2009), changes in DBP expression 

in blood have been more inconsistent, with some studies reporting increases in DBP 

in patients with MS and others detecting no changes (Gauzzi, 2018, Kułakowska et al., 

2010, Rinaldi et al., 2015). However, a recent large scale study found that serum DBP 

was significantly reduced in patients with MS (Maghbooli et al., 2021). In addition to 

vitamin D transport, DBP also functions as an actin binding protein. Together with 

gelsolin, another actin-binding protein, DBP scavenges and clears extracellular actin 

released by injured cells from the blood, resulting in the reduced expression of both 

proteins (Gauzzi, 2018). Interestingly, we found that gelsolin expression in serum was 

downregulated by the model, which was similarly observed in a separate study (Li-

ChunHsieh et al., 2015). Notably, gelsolin expression has been found to be reduced in 

serum and CSF of patients with MS (Kroksveen et al., 2012, Kułakowska et al., 2010). 

Actin is a cytoskeletal protein which is important in axonal growth and guidance. Actin 

has been found to be significantly increased in the CSF of patients with MS, which is 

thought to reflect axonal damage (Semra et al., 2002). Reduced expression of DBP 

and gelsolin may therefore be a downstream consequence of increased axonal 

damage in EAE and MS. As such, DBP and gelsolin are interesting candidate 

biomarkers for follow-up studies.  

There was a significant increase in fibulin-1 detected in the serum of mice with EAE. 

Fibulin-1 is an ECM glycoprotein that is produced by neurons in the CNS, but is also 

expressed in blood vessels, heart, skin, and lung (Harikrishnan et al., 2020, Ohsawa 

et al., 2001). Fibulin-1 plays a role in wound repair (Lau et al., 2010), and in modulating 

the neurotrophic activities of amyloid precursor protein (APP) (Ohsawa et al., 2001). 

Interestingly, CSF expression of fibulin-1 has been found to be significantly increased 

in patients with RRMS (Ottervald et al., 2010). The expression of vitronectin, another 

ECM glycoprotein, was also significantly increased in the serum of mice with EAE. 

Vitronectin is involved in neurite outgrowth and astrocyte migration in the CNS (Van 

Horssen et al., 2007). The expression of this protein has been found to be elevated in 

actively demyelinating lesions, possibly derived from infiltrating leukocytes or from 

plasma (Sobel et al., 1995, Van Horssen et al., 2007). Its expression is also higher in 

the CSF of patients with clinically definite MS compared to those with CIS (Comabella 

et al., 2010). Thus, fibulin-1 and vitronectin may be disease biomarkers of interest. As 

discussed in previous chapters, the ECM plays a key role in MS and remyelination. 



237 
 

The dysregulated expression of these proteins further demonstrates the crucial role of 

the ECM in the pathophysiology of MS.  

Overall, the mass spectrometry analysis of the serum of mice with EAE identified 

changes in several interesting proteins which warrant follow-on human studies as 

biomarkers for MS. What is clear from the literature is that there is a high degree of 

variability between studies investigating potential biomarkers with conflicting data often 

emerging from such studies. This inconsistency likely reflects the heterogenous nature 

of MS and the underlying differences in each patient’s individual disease course. As 

such, it seems unlikely that a change in the expression of a singular protein will 

accurately identify all cases of MS; rather, the development of a biomarker panel 

consisting of several proteins and/or immunoglobulins may be a more viable approach. 

Some of the proteins highlighted here may be potential biomarkers for such a panel. 

Our primary aim for this chapter was to identify a serum-based protein or group of 

proteins that could be further developed into a companion diagnostic for monitoring the 

therapeutic efficacy of nefiracetam. As such, the serum proteins which were altered in 

response to the various drug treatments were explored. 48 proteins were differentially 

regulated between saline-treated and dexamethasone-treated mice (Figure 5.4). The 

most striking observation in this analysis was the large reduction of immunoglobulin 

protein expression in response to dexamethasone treatment (Figure 5.5B), with 10 of 

the 25 immunoglobulins dysregulated by the model being normalised by this therapy 

which demonstrates the effectiveness of this treatment at suppressing inflammation in 

the EAE-MOG model. Only six proteins were significantly regulated by nefiracetam 

compared to saline-treated mice with EAE (Figure 5.6). The subtle effect of nefiracetam 

on gene/protein expression has been a common observation throughout our omics-

based studies of this drug. 26 proteins were differentially regulated by the nefiracetam-

dexamethasone combination treatment compared to saline-treated mice with EAE 

(Figure 5.7). When these three lists of differentially regulated proteins were cross-

referenced, there was a noticeable lack of overlap (Figure 5.8). In particular, the 

reduced immunoglobulin expression observed in the dexamethasone-treated mice 

was not detected in the combination-treated mice which may suggest that nefiracetam 

modulates the effect of dexamethasone on immunoglobulin expression. It may also be 

a consequence of the effect of nefiracetam on remyelination. However, it is also 

possible that the lack of overlap is due to the small animal numbers in each group 

(4≤n≤6); therefore, we must be cautious not to over-interpret our data. Nevertheless, 
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valuable insights can still be gained from this dataset, but any potential biomarker 

identified will need to be validated in a study with greater power. 

Two proteins were found to be significantly differentially regulated in both nefiracetam-

treated and combination-treated mice with EAE: Ig kappa chain V-II region 17S29.1 

and ceruloplasmin (Cp). Their appearance in both lists increases the confidence that 

they are regulated in response to nefiracetam treatment. Ig kappa chain V-II region 

17S29.1 was significantly upregulated by the model. The expression of this protein 

was then significantly downregulated by nefiracetam and the combination treatment. 

Although there was a reducing trend with dexamethasone treatment, this decrease 

was not significant (Figure 5.9). In contrast, Cp was modestly downregulated by the 

model but then significantly upregulated by nefiracetam and the combination 

treatment. There was an increasing trend in Cp in response to dexamethasone, 

however this increase was not significant (Figure 5.10). Thus, both proteins were 

dysregulated by the model, before being normalised by the treatments. There was an 

interesting pattern in the regulation of these proteins by the drug treatments. In each 

case nefiracetam caused the greatest increase/decrease in the expression of the 

protein, followed by the combination treatment and then dexamethasone. Analysis of 

the spinal cord showed that combination-treated and nefiracetam-treated mice with 

EAE had significantly less white matter lesions, while there was a reducing trend in 

dexamethasone-treated mice which was not significant. Therefore, it is possible that 

the changes in these proteins are reflective of the level of remyelination. As such, these 

proteins are potential biomarkers of nefiracetam’s therapeutic effect. 

In summary, Cp and Ig kappa chain V-II region 17S29.1 were identified as candidate 

biomarkers for monitoring the therapeutic efficacy of nefiracetam. While promising, 

there are some caveats to this study which should be acknowledged. Serum samples 

were only taken at the end of the study, which meant that changes in the expression 

of these proteins over the course of the study could not be determined. Although this 

was well beyond the primary objective of this study, taking samples at several different 

stages of the model would allow us to observe the expression profile of these proteins 

changes at various stages of demyelination and remyelination, and how nefiracetam 

impacts their expression during these phases. Should changes in these proteins also 

translate to human studies, this would allow us to better monitor patient response 

during the course of their treatment. As mentioned, the low animal numbers analysed 

also reduced the power of the study. Therefore, the regulation of these proteins by 
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nefiracetam should be confirmed in a larger study before proceeding to evaluate their 

expression in patients with MS. 

Interestingly, Cp expression has been found to be dysregulated in patients with MS. 

However, there are inconsistencies in the data. One study found that Cp expression is 

decreased in the CSF of RRMS patients (Kroksveen et al., 2012), while other studies 

found that Cp is increased in the blood (Fiorini et al., 2013, Hunter et al., 1985). Despite 

these discrepancies, and given our findings here, there is a clear regulation of this 

protein in the context of MS. Cp is an acute phase protein which plays a fundamental 

role in copper and iron (Fe) metabolism and exists in two distinct isoforms: a secreted 

form and a glycosylphosphatidylinositol (GPI) anchored form. Secreted Cp is primarily 

produced and released into the blood by hepatocytes (Sukhbaatar and Weichhart, 

2018). Secreted Cp is a copper transporter, binding and transporting 95% of copper in 

the serum (de Romaña et al., 2011). Under physiological conditions, secreted Cp does 

not cross the BBB. GPI-anchored Cp is predominantly expressed on the surface of 

astrocytes in the CNS (Patel and David, 1997), and on macrophages and epithelial 

cells in the periphery (Marchi et al., 2019). Both serum and GPI-anchored Cp catalyses 

the conversion of Fe2+ to Fe3+ which can be bound and transported by transferrin. Fe2+ 

produces free radicals in the presence of hydrogen peroxide which promotes oxidative 

stress; thus, oxidation of Fe2+ by Cp prevents free radical formation which protects 

against oxidative stress (Texel et al., 2008, Wang and Wang, 2019). GPI-anchored Cp 

also facilitates the cellular efflux of iron by stabilising the iron-exporter ferroportin (FPN) 

at the cell membrane (Dini et al., 1990, Jeong and David, 2003, Sukhbaatar and 

Weichhart, 2018). Patients with aceruloplasminemia, a hereditary Cp deficiency, suffer 

iron accumulation in several organs including the brain and liver (Gitlin, 1998). Cp-/- 

mice have increased iron accumulation and iron-mediated free radical injury in the 

CNS compared to wild-type mice (Patel et al., 2002). Thus, Cp plays an important role 

in iron homeostasis and antioxidant defence in the CNS. Given that nefiracetam alone 

and in combination with dexamethasone induced a 2-fold increase in Cp, this may 

protect against oxidative stress thus facilitating an environment conducive to repair. 

Intriguingly, nefiracetam also reduced the expression of the transferrin receptor in the 

serum of mice with EAE; inhibition of transferrin receptor 1 has been found to reduce 

T- and B-cell proliferation (Jabara et al., 2016). 
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Figure 5.14: Secreted and GPI-anchored ceruloplasmin. Ceruloplasmin (Cp) exists 

in two distinct isoforms: a secreted form, and a GPI-anchored membrane-bound form. 

Secreted Cp is a carrier of copper, transporting over >95% of copper in the blood. Both 

secreted and GPI-anchored Cp oxidises Fe2+ to Fe3+ which is bound and transported 

by transferrin in the blood. GPI-anchored Cp also stabilises ferroportin at the cell 

membrane thus facilitating iron efflux from the cell. Illustration created on Biorender, 

adapted from (Marchi et al., 2019). 
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Aberrant iron metabolism and increased iron deposition have been observed in 

patients with MS (Stankiewicz et al., 2014). Interestingly, the increase in iron deposition 

is not universal across all areas of the brain; iron deficiency has also been observed in 

areas of the white matter of patients (Stephenson et al., 2014). Iron has many critical 

functions in the CNS; for example, it is involved in the synthesis of lipids and cholesterol 

required for myelin production (Piñero and Connor, 2000). Reduced bioavailability of 

extracellular iron and iron-deficiency in oligodendrocytes reduces OPC proliferation 

and remyelination after injury (Stephenson et al., 2014). However, too much iron is 

also toxic; the deleterious effects of iron are primarily associated with Fe2+ which 

promotes oxidative stress which is known to contribute to the pathophysiology of MS 

(Gilgun-Sherki et al., 2004). Thus, a precise balance of iron is essential to the health 

of the CNS.  

A model of spinal cord injury in mice found that, in response to injury, Cp expression 

is upregulated with this increased expression being attributed to astrocytes, resident 

microglia, and infiltrating leukocytes (Wu et al., 2018). An increase in Cp was found to 

be protective through reducing iron-catalysed oxidative damage (Rathore et al., 2008). 

These studies provide further evidence that an increase in Cp may, in part, contribute 

to the mechanism by which nefiracetam enhances remyelination in the EAE model. 

Furthermore, macrophage-derived Cp was shown to be protective in a murine model 

of inflammatory bowel disease (Bakhautdin et al., 2013). Thus, macrophages are an 

important source of Cp which mediates protective effects in response to tissue injury. 

While our study has only shown changes in the expression of secreted Cp, it would be 

interesting to explore whether nefiracetam also modulates the expression of GPI-

anchored Cp. The effect of nefiracetam on the cellular expression of Cp was thus 

explored in macrophages.   

Given that the effect of nefiracetam on Cp expression was observed in a murine model, 

the impact of nefiracetam treatment on Cp protein expression in murine RAW264.7 

macrophages was first explored (Figure 5.11B). Nefiracetam treatment had no effect 

on the baseline expression of Cp in these cells. Interestingly, 24 hour stimulation with 

LPS completely abolished Cp expression in these macrophages which was in contrast 

to a study which reported increased Cp expression in RAW264.7 macrophages with 

LPS stimulation (Wang et al., 2016); however, this study used a lower dose of LPS for 

a shorter period of time (12 hours), which may account for the contrasting results.  
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The effect of nefiracetam on Cp protein expression was also assessed in polarised 

human THP-1 macrophages (Figure 5.12B). Although nefiracetam did not significantly 

affect cellular Cp expression in M0 macrophages, a decreasing trend was observed. 

This highlights the variability in the response of cells derived from different species to 

a drug, which reinforces the need to validate results in models which are more relevant 

to their intended end use. Cp expression was reduced in M1-like macrophages, and 

further reduced in M2-like macrophages. Nefiracetam did not affect Cp expression in 

polarised macrophages. Reduced Cp expression in M2-like macrophages compared 

to M1-like macrophages has been noted previously by Corna and colleagues (Corna 

et al., 2010). In this study, the reduction of Cp in M2-like macrophages was found to 

coincide with increased FPN and enhanced iron efflux. Indeed, iron release has been 

found to be higher in M2-like macrophages (Recalcati et al., 2010). However, other 

studies have shown that Cp is essential for FPN stabilisation, with Cp ablation resulting 

in the loss FPN at the cell surface (De Domenico et al., 2007, Musci et al., 2014). 

Therefore, the significant reduction of Cp observed here would not be conducive to 

increased iron efflux which has been demonstrated in M2-like macrophages. As such, 

there is some inconsistencies in the literature surrounding the expression of Cp in M2 

macrophages. The contradictory results found here may indicate that Cp is not strictly 

essential to FPN-mediated iron efflux in M2 macrophages; however, since iron efflux 

was not examined in our study, this conclusion cannot be definitively drawn. The 

differences in the source of macrophages used in each study must also be noted; while 

human THP-1 macrophages were used in our study, murine BMDM and human PBMC-

derived macrophages were used in the studies cited. As such, direct comparisons 

cannot be made between these studies. Further research is thus required to fully 

elucidate the role of Cp in iron handling in M2 macrophages. In contrast, M1-like 

macrophages retain iron through reduced membrane expression of FPN, a protective 

measure which prevents pathogens from utilising iron to proliferate (Sukhbaatar and 

Weichhart, 2018, Theurl et al., 2008); reduced Cp expression in response to pro-

inflammatory signalling observed in this instance would therefore make sense. Indeed, 

a study which had polarised THP-1 macrophages to an M1-like phenotype using LPS, 

IFN-γ or a combination of LPS and IFN-γ found that membrane-bound Cp expression 

significantly decreases in response to all these treatment paradigms, a result which is 

in line with the reduced Cp expression observed in M1-like THP-1 macrophages which 

had been polarised by LPS/IFN-γ in our studies (Cutone et al., 2017).  
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A high dose of nefiracetam significantly reduced Cp protein expression in murine BV2 

microglia (Figure 5.13B). In contrast to the LPS-stimulated RAW264.7 macrophages 

and the M1 polarised THP-1 macrophages which show reduced Cp expression, Cp 

was elevated in M1 microglia, an effect which was suppressed by 100nM and 1µM 

nefiracetam (Figure 5.13C). Increased expression of Cp suggests an increased anti-

oxidant and iron efflux capacity by M1 microglia. This highlights a potential difference 

in the response of microglia and macrophages to pro-inflammatory signalling in terms 

of their iron-handling. 

The modest reduction in Cp observed in the steady state microglia, M1 microglia and 

M0 macrophages in response to nefiracetam indicates that nefiracetam may alter iron 

homeostasis, but further studies are required to verify this. Reduced expression of 

membrane Cp may cause iron accumulation within cells and increased oxidative stress 

due to the reduced oxidation of Fe2+; as such, these results should be noted and may 

warrant follow-up studies. These results do not correlate with the increase in serum Cp 

observed in the EAE-model, which would suggest that the effect of nefiracetam on 

secreted Cp and GPI-anchored Cp is different. It is also possible that the change in 

serum Cp expression is not directly mediated by nefiracetam, but rather is a by-product 

of remyelination.  

In conclusion, we identified several serum proteins dysregulated by EAE that may merit 

investigation in clinical studies as potential disease biomarkers for MS. Furthermore, 

we identified two serum proteins regulated by both nefiracetam and the nefiracetam-

dexamethasone combination treatment which may potentially be useful in monitoring 

nefiracetam-mediated remyelination in future studies.  
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6.1 Key Findings, Concluding Remarks and Future Directions 

Since its first description by Charcot in 1868, our knowledge and understanding of MS 

has significantly improved. However, there is still a considerable amount to be learned, 

which is reflected in the lack of disease modifying therapies that meaningfully improve 

patient outcomes. While current therapies are effective in controlling relapse rates and 

slowing disability accumulation, they do not prevent the ultimate progression of the 

disease. With an average age of onset of 30 years, MS affects a patient at a pivotal 

time in their life, both personally and professionally. As such, there is an unmet need 

for the development of treatment strategies which effectively halt disease progression 

and prevent further disability to afford patients the opportunity to reclaim control over 

their lives, and move forward free of the physical, mental and emotional burden of MS. 

Current immunomodulatory and immunosuppressant therapies have and will continue 

to play an important role in the management of the disease; however, it is necessary 

to explore other therapeutic avenues which address different aspects of the disease to 

advance MS treatment. Given that the pathological substrate of disability and disease 

progression is neuroaxonal degeneration, there has been an increased interest in the 

development of neuroprotective therapies, in particular, those promoting endogenous 

remyelination which will theoretically help restore axonal function and preserve axonal 

health. Our group has identified nefiracetam as a potential novel remyelination therapy. 

Our research to date has shown that nefiracetam treatment accelerates remyelination, 

with preliminary mechanistic studies pointing to a direct action on OPCs which may be 

mediated through the modulation of glutamate signalling. A primary aim of this thesis 

was to continue the preclinical development of nefiracetam by further elucidating the 

mechanism by which it achieves this enhanced remyelination.  

A previous microarray study on the corpus callosum of cuprizone-fed mice identified 

several genes regulated by nefiracetam; among these, Gria1 and Grm5, which encode 

the AMPA receptor subunit GluR1 and mGluR5, respectively, were identified as genes 

of interest given the known pharmacology of nefiracetam and the key role of glutamate 

signalling in myelin biology. Follow on calcium imaging studies showed that primary 

OPCs derived from neonatal rat cortices express AMPA and mGluR5 receptors, and 

that treatment with nefiracetam enhances signalling through these receptors (Figure 

1.11 and 1.12). The potential contribution of glutamate signalling in nefiracetam’s effect 

on remyelination was further explored in this thesis. Through the re-analysis of the 
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microarray and in silico analysis of the generated datasets with up-to-date software, 

we were able to confirm the over-representation of glutamate pathways in response to 

nefiracetam treatment. In addition, the Gria1 and Grm5 upregulation by nefiracetam in 

the corpus callosum of these mice was validated by RT-PCR. Nefiracetam treatment 

was also shown to increase Gria1 and Grm5 expression in OPCs. Moreover, signalling 

through mGluR5, but not AMPA receptors, was found to contribute to the nefiracetam-

mediated acceleration of OPC migration, the first evidence linking the modulation of 

glutamate signalling to a possible mechanism by which nefiracetam might accelerate 

myelin repair. It would now be of interest to explore the impact of mGluR5 and AMPA 

receptor blockade on nefiracetam’s overall ability to accelerate remyelination, rather 

than on its ability to modulate one specific step in the process. This could be explored 

by the concurrent administration of nefiracetam with the glutamate antagonists MTEP 

and NBQX in vitro using the LPC-induced organotypic hippocampal slice culture model 

and/or in vivo using the cuprizone model. Bioinformatic analysis of the microarray data 

detected other glutamate-associated genes which may be relevant to the mechanism 

by which nefiracetam enhances remyelination; Nfatc2, Slc1a2, and Htt were found to 

be significantly upregulated by nefiracetam in OPCs, which provides additional support 

for the regulation of glutamatergic signalling by nefiracetam in these cells. Enhanced 

glutamate signalling in OPCs is undoubtedly an intriguing line of research and is likely 

to be a central mechanism by which nefiracetam modulates remyelination; it therefore 

warrants follow on investigation in future studies. However, it would also be of value to 

study the effect of nefiracetam on other targets. Other genes of interest identified in 

the microarray analysis which may be relevant to nefiracetam-mediated acceleration 

of remyelination were validated by RT-PCR; the relative contribution of these genes to 

nefiracetam’s mechanism of action could be explored in future studies.   

The presence of lesions within the cortex has long been acknowledged in MS. The 

pathological mechanisms underlying cortical lesion development have yet to be fully 

elucidated; the establishment and in-depth characterisation of cortical demyelination 

models may help to deepen our understanding of how such lesions arise in MS. 

Demyelination of the cortex is known to occur following cuprizone administration. Our 

RNA sequencing analysis of the cortex of mice with cuprizone-induced demyelination 

found a downregulation of myelin proteins, an upregulation of Gfap, the involvement 

of inflammatory pathways, as well as a possible transmigration of immune cells, which 

suggest the occurrence of a demyelinating insult in an inflammatory environment. 
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While post-mortem studies of cortical lesions have found little involvement of immune 

cells and inflammation (Bø et al., 2003, Peterson et al., 2001), studies with samples 

taken from early-stage disease have detected a larger presence of inflammation 

(Popescu et al., 2011, Lucchinetti et al., 2011); this would indicate that inflammation 

plays a role in the initial pathology of these lesions but that there is a reduced 

involvement with increased disease duration. While 5-6 weeks of a cuprizone diet 

induces an acute demyelinating insult, a more prolonged diet (>12 weeks) induces 

chronic demyelination which more closely resembles progressive MS (Zhan et al., 

2020); thus, our study likely captured the pathology of an early-stage cortical lesion. 

The involvement of inflammation observed in our study is in agreement with studies 

conducted on samples from early disease course patients, and points to a role for 

inflammation in the initial development of cortical lesions. It would be interesting to see 

how the pathology of cortical damage evolves in the chronic version of this model.  

Nefiracetam was found to regulate several genes and pathways of interest in the cortex 

of mice with cuprizone-induced demyelination, notably ECM and inflammation-

associated pathways. A limitation of this study is the lack of concurrent imaging-based 

analysis of the cortex of these mice to further clarify the effect of the model and 

nefiracetam treatment on measures such as myelin integrity, glial cell activation, OPC 

presence and peripheral immune cell infiltration. Immunohistochemical analysis of the 

cortex should thus be incorporated into future studies to give a broader physiological 

and functional insight which could be better correlated to the observed gene changes. 

As spontaneous remyelination occurs immediately following demyelination in the acute 

version of the cuprizone model (5-6 weeks), this enables the evaluation of the ability 

of a therapy to accelerate an on-going remyelination process. In contrast, 

remyelination has been found to be limited following more than 12 weeks of cuprizone; 

therefore, this version of the model allows for the assessment of the ability of a therapy 

to induce remyelination in a non-supportive environment which perhaps more closely 

reflects lesions of progressive MS (Zhan et al., 2020). As such, it would be interesting 

to explore the effect of nefiracetam treatment on remyelination in the corpus callosum 

and cortex in a chronic cuprizone model. 

To date, our in vitro mechanistic studies of nefiracetam in the context of remyelination 

have been limited to assessing its effects on oligodendroglial cells. Another aim of this 

thesis was to examine the effects of nefiracetam on other cell types that are crucial to 

de- and remyelination. Actively demyelinating lesions in MS are highly inflammatory 
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and contain large numbers of infiltrating and resident immune cells. The idea that 

nefiracetam modulates cell types other than OPCs, particularly immune cells, within 

demyelinating lesions was compelling. As discussed, it is unlikely that remyelination 

failure in MS occurs due to a single causal factor. Thus, a therapy which modulates 

one factor, or one specific cell type, may have limited utility in MS. Should nefiracetam 

also have a modulatory effect on other cell types which are central to remyelination, it 

may have a greater chance of overcoming the multitude of inhibitory factors present in 

the lesion microenvironment in MS to promote remyelination.  

The results from the RNA sequencing analysis, as well as from a previous cytokine 

array analysis of the spinal cord of mice with EAE, pointed to a potential regulation of 

immune cells and inflammation by nefiracetam. Western blot analysis found that there 

was an increase in markers of microglia/macrophages, monocytes and T-cells in the 

spinal cords of nefiracetam-treated mice with EAE. Further in vitro studies found that 

nefiracetam reduced the secretion of the pro-inflammatory cytokine TNF-α from human 

THP-1 macrophages and M1-like murine BV2 microglia. In THP-1 monocytes and M1-

like macrophages, it was further found that nefiracetam reduces the protein expression 

of CD14, a TLR co-receptor that mediates inflammatory signalling which has been 

found to be upregulated in macrophages isolated from MS patients (Fransson et al., 

2021). Notably, the gene and surface expression of CD14 was reduced by nefiracetam 

in human PBMC-derived macrophages. Finally, it was found that nefiracetam 

modulates the expression of several MMPs which are known to be dysregulated in MS 

(Mirshafiey et al., 2014) at the protein and gene level in THP-1 and PBMC-derived 

macrophages, respectively. The effect of nefiracetam treatment on these targets 

should be further investigated in future studies; in particular, it would be interesting to 

explore how nefiracetam treatment might alter the expression of TNF-α, CD14, and 

MMPs in monocytes and macrophages derived from PBMCs isolated from patients 

with MS. Overall, these findings represent the first evidence of a direct effect of 

nefiracetam on immune cells. The observed effects of nefiracetam on the expression 

of these targets in these cells suggest that, in addition to a direct modulatory action on 

OPCs, nefiracetam may also alter specific signalling pathways in immune cells within 

the lesion to help generate a microenvironment which is conducive to oligodendrocyte 

development and remyelination. 

A critical question that must also be addressed in future studies is which receptor(s) 

nefiracetam is signalling through in OPCs, monocytes, macrophages and microglia. As 
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discussed in section 1.3.1, nefiracetam is known to exert an effect on several systems 

including glutamatergic and cholinergic systems, and N/L-type voltage-gated calcium 

channels. In addition to glutamate receptors, oligodendroglial cells express cholinergic 

receptors (Marinelli et al., 2016) and voltage-gated calcium channels (Paez and Lyons, 

2020). Macrophages have been shown to express metabotropic glutamate receptors 

(Crupi et al., 2019), cholinergic receptors (Fujii et al., 2017), and L-type voltage-gated 

calcium channels (Das et al., 2009). Similarly, microglia express glutamatergic and 

cholinergic receptors, and voltage-gated calcium channels (Liu et al., 2016, Stebbing 

et al., 2015). Thus, there are several potential receptors which nefiracetam could signal 

through in these cells. The relative expression of these receptors in each cell type 

should first be explored; systematic antagonism of different receptors could then be 

performed to identify the functional receptor(s) for nefiracetam.  

A notable observation throughout this thesis is the variability in the dose of nefiracetam 

required to elicit an effect on specific gene/protein targets. In many cases a lower dose 

of nefiracetam produced an effect while higher doses showed reduced efficacy. This 

was also seen in our earlier experiments examining the effect of nefiracetam on OPC 

differentiation, where a low dose of nefiracetam accelerated differentiation but there 

was a loss of effect at higher doses (Figure 1.10). As mentioned, nefiracetam is known 

to exhibit a bell-shaped dose response curve, wherein there is an optimal dose at which 

nefiracetam exerts an effect, with a reduced efficacy observed at lower and higher 

doses. The mechanisms responsible for this dose response curve are not fully 

understood but could be caused by, for example, a negative feedback mechanism 

involving auto-receptors (Terao et al., 2020) or the presence of multiple target binding 

sites on the cell surface including a high affinity activation site and low affinity inhibition 

site (Kasai, 1998). Given that nefiracetam is known to elicit an effect on many different 

signalling systems, it is likely that nefiracetam acts upon multiple targets on the cell. 

The identification of the surface targets for nefiracetam will thus be crucial to better 

understand nefiracetam’s mechanism of action. The variability in the effective dose of 

nefiracetam between specific cell types and their activation states observed in this 

thesis may be due to differences in the relative composition and proportions of the 

receptors present in these cells. This bell-shaped dose response curve will need to be 

taken into account when selecting a dose for clinical trial. 

A key consideration for remyelination therapies is when treatment should be initiated 

in patients. It is generally thought that a remyelination therapy should be administered 
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immediately after a relapse to facilitate improved repair and conserve axonal integrity. 

It has been debated whether limiting treatment to after a clinical relapse would be wise 

as CNS damage and lesion development is known to occur in the absence of overt 

clinical symptoms (Filippi et al., 1998, Miller et al., 1993). Since cumulative axonal loss 

is suspected to contribute to disability and disease progression, ongoing administration 

of a remyelination therapy throughout the disease course may enable a greater overall 

preservation of axons by treating both clinically silent and symptomatic lesions which 

may help to slow disease progression. However, concerns have been raised over the 

chronic administration of remyelination therapies, including the depletion of OPCs and 

the development of a ‘dysmyelinating’ phenotype where axons become inappropriately 

myelinated (Stangel et al., 2017). Our previous studies have found that nefiracetam 

treatment in the absence of a demyelinating insult does not have a measurable effect 

on myelin status. Notably, the results from the monocyte and macrophage studies in 

this thesis suggest that pre-treatment with nefiracetam may prime these cells to be less 

responsive to pro-inflammatory stimuli. Thus, continued nefiracetam treatment may not 

be detrimental to basal myelination and may even have beneficial effects. The potential 

value and/or harm of continuous nefiracetam treatment in patients with MS will need 

to be addressed in future studies and clinical trials.   

An important step in improving treatment outcomes for patients with MS is the accurate 

and timely diagnosis of the disease. Due to the lack of clinical biomarkers which are 

specific for MS, and the heterogeneity of its clinical manifestation, diagnosis of MS is 

often challenging and inefficient. From our in vivo work, we have identified several 

serum-derived proteins, such as DBP, gelsolin, fibulin-1, and vitronectin, which merit 

further investigation as biomarkers of MS. Upon confirmation of the observed results 

in a larger in vivo study, the next step would be to collect and analyse patient serum 

samples to explore whether the changes detected translate to the human disease. As 

discussed, due to the heterogenous nature of MS, the likelihood that a single protein 

change will identify all cases of MS is low; therefore, it would be of importance to 

explore whether a biomarker panel consisting of several of the proteins identified would 

be a better diagnostic tool for MS, and if so, which combination would have the highest 

sensitivity and specificity for the disease. It would also be interesting to see whether 

the expression of these proteins differs depending on the clinical subtype of MS. 

A significant barrier facing the clinical development of nefiracetam is the monitoring of 

remyelination in patients. We therefore aimed to identify a serum-based protein whose 
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expression changes is indicative of nefiracetam’s therapeutic effect on remyelination. 

Two proteins which are altered in response to nefiracetam were identified: Cp and Ig 

kappa chain V-II region 17S29.1. The expression pattern of these proteins suggest that 

they could correlate with myelin status. Indeed, Cp and iron homeostasis have been 

implicated in MS pathology and remyelination. Therefore, the potential role of these 

proteins in the demyelination and remyelination processes could be explored in future 

experiments. It should be noted that it is not strictly essential for biomarkers to be 

directly involved in the process that they are used to monitor, so long as the changes 

in their expression patterns reliably correlate with a change in the outcome measure; 

as such, irrespective of the biological relevance of these proteins to myelin biology, 

they warrant further investigation as biomarkers of remyelination and/or nefiracetam’s 

therapeutic effect.  

The ultimate goal is to bring nefiracetam from bench to bedside. In discussions with 

clinical collaborators, it has been decided that initial clinical trials will be carried out in 

the context of optic neuritis, as it currently provides the most information on a therapy’s 

effect on remyelination and axonal integrity. While nefiracetam has been found to be 

safe and well tolerated in previous clinical trials, this will be the first time nefiracetam 

will be administered in patients with MS; its safety will therefore need to be assessed 

in these patients. As previously mentioned, due to the complex pharmacology of 

nefiracetam, the dosage required to elicit a therapeutic effect on remyelination in 

humans will need to be carefully considered prior to clinical trial. Finally, any approved 

remyelination therapy will likely be administered together with an immunomodulatory 

therapy. Thus, the safety of potential combination therapies in patients will also need 

to be assessed. Additionally, it will be crucial to ensure experimentally that any drug 

administered in combination with nefiracetam does not interfere with its effect on 

remyelination, particularly if it transpires that nefiracetam’s effect on remyelination is, 

in part, mediated through an action on specific immune cell subtypes.  

In conclusion, the body of work presented here has provided further insights into the 

mechanism of action of nefiracetam, as well as possible targets and processes which 

may be relevant to MS and remyelination. As is often the case with scientific research, 

this thesis has arguably raised more questions than it has answered; as such, in the 

very least, the work presented here should provide some food for thought for future 

studies of nefiracetam. 
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Figure S1.1: Characterisation of glutamate response in pre-oligodendrocytes 

(pre-OLs). Pre-OLs were incubated with fluo4-AM to allow for the fluorescent detection 

of calcium and mounted onto a specially designed live cell imaging chamber. The 

calcium intensity (f) in each cell was monitored for 200s. The averaged normalised 

intensity (f/f0) over time was calculated for A. AMPA receptor response and B. 

mGlur1/5 receptor response. 
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Figure S1.2: Graphical summary of results from DeSeq2 analysis. Output of 

DeSeq2 analysis of naïve control vs. saline-treated mice with cuprizone-induced 

demyelination. A. Heatmap of the sample-to-sample distance matrix (with clustering) 

based on the normalized counts (4≥n≥6 animals per group) showing the similarities 

and dissimilarities between samples: the colour represents the distance between the 

samples. Dark blue represents shorter distance. B. M-A plot plotting the log fold 

change against the mean normalised counts. The genes that passed the significance 

threshold are coloured in red. C. Plot with the first two dimensions from a principal 

component analysis (PCA) run on the normalized counts of the samples. The control 

and saline mice cluster separately, demonstrating the distinct differences between the 

groups in terms of their gene expression. 
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Figure S1.3: Multidimensional scaling (MDS) plot from Limma output. The MDS 

plot output from the Limma-voom analysis of saline vs. nefiracetam-treated mice with 

cuprizone-induced demyelination. The distances correspond to the differences in the 

biological coefficient of variation between the samples. The saline-treated mice (red 

font) and nefiracetam-treated mice (black font) do not cluster separately, showing the 

lack of robust effect of the nefiracetam treatment on gene expression. 
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Figure S1.4: Effect of nefiracetam treatment on TNF-α cytokine secretion from 

activated murine BV2 microglia. BV2 microglia were activated with 50ng/mL LPS for 

24 hours before being treated with 1nM, 100nM or 1μM nefiracetam for 24 hours. The 

supernatants were collected and analysed by ELISA for TNF-α expression. Data 

represents mean ± SEM TNF-α secretion (pg/mL) (n=6 biological replicates, N=3 

independent experiments). 
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Figure S1.5: Effect of nefiracetam treatment on pSTAT3 and IRF7 protein 

expression in activated murine BV2 microglia. BV2 microglia were activated with 

50ng/mL LPS for 24 hours before being treated with 1nM, 100nM or 1μM nefiracetam 

for 24 hours. Protein was extracted and analysed for pSTAT3 and IRF7 protein 

expression by Western blot analysis. There is an increased expression of pSTAT3 and 

IRF7 in the LPS activated murine BV2 microglia. 
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Table S1.1: Microarray analysis – saline vs. nefiracetam-treated with cuprizone-

induced demyelination. 

Probe ID Gene Symbol Gene Name FC p-value 

1433095_at Slc1a2 
solute carrier family 1 (glial high affinity 

glutamate transporter), member 2 
-1.66 0.02 

1451604_a_at Acvrl1 activin A receptor, type II-like 1 -1.62 0.02 

1429261_at Tmem238 transmembrane protein 238 -1.56 0.04 

1436266_x_at Cbx1 chromobox 1 -1.54 0.01 

1425205_at Ddx19b 
DEAD (Asp-Glu-Ala-Asp) box 

polypeptide 19b 
-1.44 0.04 

1437736_at Akt1s1 AKT1 substrate 1 (proline-rich) -1.40 0.02 

1425178_s_at Shmt1 
serine hydroxymethyltransferase 1 

(soluble) 
-1.39 0.02 

1419447_s_at Tbc1d1 TBC1 domain family, member 1 -1.39 0.02 

1451692_at Tmco6 
transmembrane and coiled-coil domains 

6 
-1.36 0.03 

1423070_at Rpl21 ribosomal protein L21 -1.35 0.04 

1422218_at P2rx7 
purinergic receptor P2X, ligand-gated ion 

channel, 7 
-1.34 0.04 

1423526_at Arid3b 
AT rich interactive domain 3B (BRIGHT-

like) 
-1.34 0.05 

1422697_s_at Jarid2 jumonji, AT rich interactive domain 2 -1.31 0.01 

1447666_x_at Anapc15 
anaphase prompoting complex C subunit 

15 
-1.31 0.02 

1428773_s_at Bcor BCL6 interacting corepressor -1.29 0.03 

1436008_at Tpd52 tumor protein D52 -1.29 0.01 

1460688_s_at Unc119b unc-119 homolog B (C. elegans) -1.28 0.02 

1426584_a_at Sord sorbitol dehydrogenase -1.28 0.02 

1438668_x_at Atxn2l ataxin 2-like -1.27 0.01 

1418040_at Tmem186 transmembrane protein 186 -1.27 0.04 

1416953_at Ctgf connective tissue growth factor -1.27 0.01 

1457567_at Paip2b 
poly(A) binding protein interacting protein 

2B 
-1.27 0.02 

1429500_at Ppm1a 
protein phosphatase 1A, magnesium 

dependent, alpha isoform 
-1.26 0.04 

1451319_at Senp1 SUMO1/sentrin specific peptidase 1 -1.25 0.04 

1454822_x_at Apcdd1 
adenomatosis polyposis coli down-

regulated 1 
-1.25 0.00 
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1428913_at Dnlz DNL-type zinc finger -1.24 0.02 

1428956_at Tmem177 transmembrane protein 177 -1.24 0.01 

1427536_at Zfp125 zinc finger protein 125 -1.23 0.05 

1460387_a_at Siae sialic acid acetylesterase -1.23 0.04 

1419552_at Echdc1 
enoyl Coenzyme A hydratase domain 

containing 1 
-1.23 0.00 

1451583_a_at Mmgt2 membrane magnesium transporter 2 -1.23 0.02 

1417969_at Fbxo31 F-box protein 31 -1.23 0.04 

1421442_at Flt4 FMS-like tyrosine kinase 4 -1.22 0.05 

1430303_at Cep83 centrosomal protein 83 -1.22 0.04 

1426151_a_at Stx3 syntaxin 3 -1.22 0.03 

1447999_x_at Gapdh  
glyceraldehyde-3-phosphate 

dehydrogenase  
-1.21 0.04 

1456119_at Grm5 glutamate receptor, metabotropic 5 1.20 0.02 

1419462_s_at Gtl3 gene trap locus 3 1.20 0.00 

1438721_a_at Irf3 interferon regulatory factor 3 1.20 0.04 

1437202_at Mysm1 myb-like, SWIRM and MPN domains 1 1.20 0.02 

1443900_at Chd8 
chromodomain helicase DNA binding 

protein 8 
1.20 0.04 

1454891_at Cds2 
CDP-diacylglycerol synthase 

(phosphatidate cytidylyltransferase) 2 
1.20 0.04 

1455478_at Ppfia1 

protein tyrosine phosphatase, receptor 

type, f polypeptide (PTPRF), interacting 

protein (liprin), alpha 1 

1.21 0.03 

1427077_a_at Ap2b1 
adaptor-related protein complex 2, beta 1 

subunit 
1.21 0.00 

1424887_at Klhdc4 kelch domain containing 4 1.21 0.04 

1455617_at Lmbrd1 LMBR1 domain containing 1 1.21 0.03 

1437629_at Arhgef19 
Rho guanine nucleotide exchange factor 

(GEF) 19 
1.21 0.04 

1417449_at Acot8 acyl-CoA thioesterase 8 1.21 0.03 

1435784_at Atg9a autophagy related 9A 1.21 0.03 

1448420_a_at Fbxl12 F-box and leucine-rich repeat protein 12 1.21 0.02 

1426533_at Nop56 NOP56 ribonucleoprotein 1.21 0.02 

1415866_at Unc45a unc-45 homolog A (C. elegans) 1.21 0.02 

1424220_a_at Porcn porcupine homolog (Drosophila) 1.21 0.01 

1429329_at Cox10 
cytochrome c oxidase assembly protein 

10 
1.21 0.04 

1419313_at Ccnt1 cyclin T1 1.21 0.00 

1417807_at Ufsp1 UFM1-specific peptidase 1 1.21 0.02 
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1455212_at Wdr24 WD repeat domain 24 1.21 0.04 

1456740_x_at Cog1  component of oligomeric golgi complex 1 1.21 0.02 

1439058_at Sfpq 

splicing factor proline/glutamine rich 

(polypyrimidine tract binding protein 

associated) 

1.21 0.03 

1424314_at Prpf3 
PRP3 pre-mRNA processing factor 3 

homolog (yeast) 
1.21 0.05 

1451601_a_at Spns2 spinster homolog 2 1.21 0.02 

1423951_at Tm2d3 TM2 domain containing 3 1.21 0.01 

1449749_s_at Tfb1m transcription factor B1, mitochondrial 1.21 0.00 

1418064_at Tfpt TCF3 (E2A) fusion partner 1.22 0.02 

1425922_a_at Mycn 

v-myc myelocytomatosis viral related 

oncogene, neuroblastoma derived 

(avian) 

1.22 0.04 

1429958_x_at Haghl hydroxyacylglutathione hydrolase-like 1.22 0.04 

1428004_at Snrnp25 
small nuclear ribonucleoprotein 25 

(U11/U12) 
1.22 0.00 

1455775_at Zfp938 zinc finger protein 938 1.22 0.03 

1416047_at Fuca2 fucosidase, alpha-L- 2, plasma 1.22 0.04 

1436301_at Dstyk 
dual serine/threonine and tyrosine protein 

kinase 
1.22 0.04 

1449150_at Krba1 KRAB-A domain containing 1 1.22 0.04 

1447924_at Nucks1 
nuclear casein kinase and cyclin-

dependent kinase substrate 1 
1.22 0.04 

1426556_at Zfp280d zinc finger protein 280D 1.22 0.05 

1435250_at Ints8 integrator complex subunit 8 1.23 0.03 

1418764_a_at Bpnt1 bisphosphate 3'-nucleotidase 1 1.23 0.01 

1429167_at Ccdc112 coiled-coil domain containing 112 1.23 0.02 

1423475_at Cnnm2 cyclin M2 1.23 0.03 

1425356_at Zfp142 zinc finger protein 142 1.23 0.03 

1457744_at Ddx46 
DEAD (Asp-Glu-Ala-Asp) box 

polypeptide 46 
1.23 0.00 

1435799_at Sugp2 SURP and G patch domain containing 2 1.23 0.04 

1453609_s_at Ccdc9 coiled-coil domain containing 9 1.23 0.01 

1434524_at Eif2b3 
eukaryotic translation initiation factor 2B, 

subunit 3 
1.23 0.04 

1454952_s_at Ncapd3 
non-SMC condensin II complex, subunit 

D3 
1.23 0.01 

1457420_at Lmtk3 lemur tyrosine kinase 3 1.23 0.04 

1428414_at Ccny cyclin Y 1.23 0.01 
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1449503_at Kpna1 karyopherin (importin) alpha 1 1.23 0.01 

1427231_at Robo1 roundabout homolog 1 (Drosophila) 1.23 0.05 

1451029_at Bcl2l2 BCL2-like 2 1.24 0.04 

1436596_at H2afv H2A histone family, member V 1.24 0.04 

1435763_at Tbc1d16 TBC1 domain family, member 16 1.24 0.04 

1436538_at Ankrd37 ankyrin repeat domain 37 1.24 0.04 

1417794_at Zmym3 zinc finger, MYM-type 3 1.24 0.00 

1426764_at Oaz2 ornithine decarboxylase antizyme 2 1.24 0.03 

1423901_at Trip12 thyroid hormone receptor interactor 12 1.24 0.00 

1423426_at Plbd2 phospholipase B domain containing 2 1.24 0.05 

1437648_at Pcyt1b 
phosphate cytidylyltransferase 1, choline, 

beta isoform 
1.24 0.01 

1417765_a_at Amy1 amylase 1, salivary 1.24 0.03 

1438771_at Brd1 bromodomain containing 1 1.24 0.02 

1420845_at Mrps2 mitochondrial ribosomal protein S2 1.24 0.02 

1439978_at Srcap Snf2-related CREBBP activator protein 1.24 0.05 

1457075_at Ctps2 cytidine 5'-triphosphate synthase 2 1.24 0.03 

1436122_at Zfp667 zinc finger protein 667 1.24 0.03 

1449094_at Gjc1 gap junction protein, gamma 1 1.25 0.04 

1424620_at Nop16 NOP16 nucleolar protein 1.25 0.03 

1456238_at Zfp133-ps zinc finger protein 133, pseudogene 1.25 0.01 

1416378_at Pnkp polynucleotide kinase 3'- phosphatase 1.25 0.04 

1454893_at Fam189b 
family with sequence similarity 189, 

member B 
1.25 0.02 

1456950_at Alms1 Alstrom syndrome 1 1.25 0.01 

1423010_at Sacs sacsin 1.25 0.05 

1426605_at Brcc3 
BRCA1/BRCA2-containing complex, 

subunit 3 
1.25 0.02 

1439552_at Trio 
triple functional domain (PTPRF 

interacting) 
1.26 0.01 

1428682_at Zc3h6 zinc finger CCCH type containing 6 1.26 0.03 

1435603_at Sned1 sushi, nidogen and EGF-like domains 1 1.26 0.01 

1435239_at Gria1 
glutamate receptor, ionotropic, AMPA1 

(alpha 1) 
1.26 0.03 

1426445_at Ctage5 CTAGE family, member 5 1.26 0.04 

1433758_at Nisch nischarin 1.26 0.03 

1456625_at Aasdhppt 

aminoadipate-semialdehyde 

dehydrogenase-phosphopantetheinyl 

transferase 

1.26 0.00 

1448671_at Ube2e3 ubiquitin-conjugating enzyme E2E 3 1.26 0.02 



300 
 

1451685_at Mllt6 

myeloid/lymphoid or mixed-lineage 

leukemia (trithorax homolog, Drosophila); 

translocated to, 6 

1.26 0.04 

1433682_at Arhgef17 
Rho guanine nucleotide exchange factor 

(GEF) 17 
1.26 0.02 

1449186_at Bag4 BCL2-associated athanogene 4 1.26 0.02 

1419617_at Kcnn1 

potassium intermediate/small 

conductance calcium-activated channel, 

subfamily N, member 1 

1.26 0.02 

1441376_at Gabarapl2 
gamma-aminobutyric acid (GABA) A 

receptor-associated protein-like 2 
1.26 0.03 

1424593_at Ecd ecdysoneless homolog (Drosophila) 1.26 0.00 

1417040_a_at Bok BCL2-related ovarian killer 1.27 0.01 

1431013_at Psmd11 
proteasome (prosome, macropain) 26S 

subunit, non-ATPase, 11 
1.27 0.01 

1423984_a_at Meis3 Meis homeobox 3 1.27 0.01 

1421389_a_at Eif2ak4 
eukaryotic translation initiation factor 2 

alpha kinase 4 
1.27 0.02 

1418038_s_at Dusp19 dual specificity phosphatase 19 1.27 0.04 

1415728_at Pabpn1 poly(A) binding protein, nuclear 1 1.27 0.00 

1440156_s_at Tox2 
TOX high mobility group box family 

member 2 
1.27 0.01 

1432144_a_at Rchy1 
ring finger and CHY zinc finger domain 

containing 1 
1.27 0.02 

1424044_at Kdm4b lysine (K)-specific demethylase 4B 1.27 0.01 

1448320_at Stim1 stromal interaction molecule 1 1.27 0.02 

1417562_at Eif4ebp1 
eukaryotic translation initiation factor 4E 

binding protein 1 
1.27 0.03 

1457840_at Plxna4 plexin A4 1.27 0.03 

1449306_at Hsf2 heat shock factor 2 1.27 0.03 

1456503_at Nup214 nucleoporin 214 1.28 0.04 

1435539_at Htt huntingtin 1.28 0.01 

1449584_at Dgkg diacylglycerol kinase, gamma 1.28 0.04 

1416974_at Stam2 
signal transducing adaptor molecule 

(SH3 domain and ITAM motif) 2 
1.28 0.04 

1430527_a_at Rnf167 ring finger protein 167 1.28 0.02 

1442106_at Fancm 
Fanconi anemia, complementation group 

M 
1.28 0.03 

1426024_a_at Dbn1 drebrin 1 1.28 0.02 
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1423544_at Ptpn5 
protein tyrosine phosphatase, non-

receptor type 5 
1.28 0.04 

1434213_x_at Ndufs8 
NADH dehydrogenase (ubiquinone) Fe-S 

protein 8 
1.28 0.04 

1431167_at Dgkg diacylglycerol kinase, gamma 1.29 0.03 

1452945_at Zfp157 zinc finger protein 157 1.29 0.03 

1421906_at Med1 mediator complex subunit 1 1.29 0.02 

1455378_at Rimkla 
ribosomal modification protein rimK-like 

family member A 
1.29 0.05 

1434895_s_at Ppp1r13b 
protein phosphatase 1, regulatory 

(inhibitor) subunit 13B 
1.29 0.04 

1448190_at Mrpl33 mitochondrial ribosomal protein L33 1.29 0.03 

1457133_at Tcerg1l transcription elongation regulator 1-like 1.29 0.01 

1436656_at Tmem150c transmembrane protein 150C 1.29 0.04 

1426847_at Sirt4 sirtuin 4 1.29 0.01 

1448829_at Smc6 
structural maintenance of chromosomes 

6 
1.30 0.02 

1451581_at Ppp6r2 
protein phosphatase 6, regulatory subunit 

2 
1.30 0.02 

1435658_at Slc27a1 
solute carrier family 27 (fatty acid 

transporter), member 1 
1.30 0.01 

1439004_at Rps6ka5 
ribosomal protein S6 kinase, polypeptide 

5 
1.30 0.02 

1444232_at Prkg1 protein kinase, cGMP-dependent, type I 1.30 0.03 

1430184_at Zfp597 zinc finger protein 597 1.31 0.03 

1437314_a_at Trmt1 tRNA methyltransferase 1 1.31 0.02 

1451137_a_at Brd8 bromodomain containing 8 1.31 0.04 

1429894_a_at Map7 microtubule-associated protein 7 1.31 0.01 

1440819_s_at Szt2 seizure threshold 2 1.31 0.01 

1451189_at Zswim1 zinc finger SWIM-type containing 1 1.31 0.05 

1434522_at Wdr4 WD repeat domain 4 1.31 0.04 

1440962_at Slc8a3 
solute carrier family 8 (sodium/calcium 

exchanger), member 3 
1.31 0.03 

1420755_a_at Park2 
Parkinson disease (autosomal recessive, 

juvenile) 2, parkin 
1.31 0.01 

1445004_a_at Pitpnm3 PITPNM family member 3 1.32 0.05 

1431212_a_at Trmt6 tRNA methyltransferase 6 1.32 0.04 

1451734_a_at Dbn1 drebrin 1 1.32 0.00 

1424051_at Col4a2 collagen, type IV, alpha 2 1.32 0.01 
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1439960_at Rpusd2 
RNA pseudouridylate synthase domain 

containing 2 
1.32 0.02 

1456186_at Prdm11 PR domain containing 11 1.33 0.01 

1421533_at Slc7a1 
solute carrier family 7 (cationic amino 

acid transporter, y+ system), member 1 
1.33 0.04 

1437182_at Dido1 death inducer-obliterator 1 1.33 0.02 

1454752_at Rbm24 RNA binding motif protein 24 1.33 0.02 

1449442_at Pex11a peroxisomal biogenesis factor 11 alpha 1.33 0.04 

1456044_at Nedd4l 

neural precursor cell expressed, 

developmentally down-regulated gene 4-

like 

1.33 0.03 

1434900_at Mkl1 
MKL (megakaryoblastic 

leukemia)/myocardin-like 1 
1.33 0.02 

1424317_at Slc25a19 

solute carrier family 25 (mitochondrial 

thiamine pyrophosphate carrier), member 

19 

1.34 0.02 

1428551_at Trmt11 tRNA methyltransferase 11 1.34 0.02 

1438703_at Ankrd26 ankyrin repeat domain 26 1.34 0.03 

1431015_at Tmem129 transmembrane protein 129 1.34 0.04 

1448414_at Rad1 RAD1 homolog (S. pombe) 1.34 0.05 

1423875_at Fam160b1 
family with sequence similarity 160, 

member B1 
1.34 0.00 

1439904_at Fstl5 follistatin-like 5 1.35 0.03 

1439152_at Mthfsd 
methenyltetrahydrofolate synthetase 

domain containing 
1.35 0.01 

1440998_at Zswim8 zinc finger SWIM-type containing 8 1.35 0.02 

1455365_at Cdh8 cadherin 8 1.35 0.03 

1432196_a_at Dscaml1 
Down syndrome cell adhesion molecule 

like 1 
1.35 0.02 

1456838_at Lingo3 
leucine rich repeat and Ig domain 

containing 3 
1.35 0.05 

1423420_at Adrb1 adrenergic receptor, beta 1 1.35 0.01 

1419265_at Poc5 
POC5 centriolar protein homolog 

(Chlamydomonas) 
1.36 0.00 

1430552_a_at Sbf1 SET binding factor 1 1.36 0.04 

1442176_at Arid5b 
AT rich interactive domain 5B (MRF1-

like) 
1.37 0.03 

1453139_at Nudt12 
nudix (nucleoside diphosphate linked 

moiety X)-type motif 12 
1.37 0.03 
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1443865_at Gabra2 
gamma-aminobutyric acid (GABA) A 

receptor, subunit alpha 2 
1.38 0.01 

1451450_at Fam210b 
family with sequence similarity 210, 

member B 
1.38 0.02 

1426620_at Chst10 carbohydrate sulfotransferase 10 1.38 0.03 

1437283_at Tnpo2 
transportin 2 (importin 3, karyopherin 

beta 2b) 
1.39 0.03 

1455493_at Syne1 
spectrin repeat containing, nuclear 

envelope 1 
1.39 0.02 

1450754_at Cacna2d2 
calcium channel, voltage-dependent, 

alpha 2/delta subunit 2 
1.40 0.00 

1422860_at Nts neurotensin 1.40 0.02 

1429309_at Prdm16 PR domain containing 16 1.40 0.03 

1435166_at Cntn2 contactin 2 1.40 0.05 

1424427_at Tada1 transcriptional adaptor 1 1.40 0.01 

1440340_at B3galt6 
UDP-Gal:betaGal beta 1,3-

galactosyltransferase, polypeptide 6 
1.40 0.04 

1418109_at Gspt2 G1 to S phase transition 2 1.41 0.01 

1429410_at Eny2 
enhancer of yellow 2 homolog 

(Drosophila) 
1.42 0.03 

1455303_at Rfxap regulatory factor X-associated protein 1.42 0.02 

1451489_at Slc25a35 solute carrier family 25, member 35 1.43 0.01 

1422052_at Cdh8 cadherin 8 1.44 0.02 

1423814_at Ddx41 
DEAD (Asp-Glu-Ala-Asp) box 

polypeptide 41 
1.44 0.04 

1442927_at Ptk2b PTK2 protein tyrosine kinase 2 beta 1.44 0.01 

1420912_at Aff4 AF4/FMR2 family, member 4 1.44 0.01 

1452298_a_at Myo5b myosin VB 1.45 0.01 

1456721_at Thsd7a 
thrombospondin, type I, domain 

containing 7A 
1.45 0.02 

1431127_at Zbtb43 
zinc finger and BTB domain containing 

43 
1.46 0.00 

1440331_at Kdsr 3-ketodihydrosphingosine reductase 1.47 0.03 

1426391_at Arf1 ADP-ribosylation factor 1 1.47 0.01 

1449462_at Pbld2 
phenazine biosynthesis-like protein 

domain containing 2 
1.48 0.03 

1427528_a_at Epha7 Eph receptor A7 1.49 0.02 

1438662_at Ajap1 adherens junction associated protein 1 1.49 0.00 

1422976_x_at Ndufa7 
NADH dehydrogenase (ubiquinone) 1 

alpha subcomplex, 7 (B14.5a) 
1.49 0.02 
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1455074_at Efcab1 EF hand calcium binding domain 1 1.52 0.03 

1443421_s_at Pcdhb15 protocadherin beta 15 1.53 0.03 

1419756_at Dgkg diacylglycerol kinase, gamma 1.54 0.01 

1423124_x_at Rad54l RAD54 like (S. cerevisiae) 1.55 0.02 

1419442_at Matn2 matrilin 2 1.55 0.04 

1441312_at Cnnm1 cyclin M1 1.62 0.05 

1437063_at Fem1a feminization 1 homolog a (C. elegans) 1.63 0.03 

1440773_at Cep44 centrosomal protein 44 1.67 0.03 

1416318_at Serpinb1a 
serine (or cysteine) peptidase inhibitor, 

clade B, member 1a 
1.70 0.02 

1421581_at Kcnj6 
potassium inwardly-rectifying channel, 

subfamily J, member 6 
1.72 0.02 

1417955_at Ccdc71 coiled-coil domain containing 71 2.03 0.02 
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Table S1.2: RNA sequencing analysis – control mice vs. saline-treated mice with 

cuprizone-induced demyelination. 

Entrez ID Gene Symbol Gene Name FC Adj. p-value 

68458 Ppp1r14a 
protein phosphatase 1, regulatory inhibitor 

subunit 14A 
-7.51 6.72E-89 

57435 Plin4 perilipin 4 -6.87 7.24E-86 

17153 Mal 
myelin and lymphocyte protein, T cell 

differentiation protein 
-6.72 3.48E-174 

226115 Opalin 
oligodendrocytic myelin paranodal and inner 

loop protein 
-5.55 9.09E-58 

338521 Fa2h fatty acid 2-hydroxylase -4.82 1.37E-73 

68743 Anln anillin, actin binding protein -4.57 4.73E-52 

118454 Gjc2 gap junction protein, gamma 2 -4.30 2.07E-46 

94226 S1pr5 sphingosine-1-phosphate receptor 5 -4.25 2.83E-86 

11484 Aspa aspartoacylase -4.13 3.25E-46 

217258 Abca8a 
ATP-binding cassette, sub-family A (ABC1), 

member 8a 
-3.98 2.53E-38 

214112 Nipal4 NIPA-like domain containing 4 -3.90 5.41E-32 

207839 Galnt6 
polypeptide N-

acetylgalactosaminyltransferase 6 
-3.90 4.66E-42 

211945 Plekhh1 
pleckstrin homology domain containing, 

family H (with MyTH4 domain) member 1 
-3.78 1.80E-47 

192897 Itgb4 integrin beta 4 -3.74 8.10E-38 

320111 Prr18 proline rich 18 -3.59 3.27E-27 

230678 Tmem125 transmembrane protein 125 -3.54 2.38E-47 

18823 Plp1 proteolipid protein (myelin) 1 -3.38 4.87E-24 

17433 Mobp 
myelin-associated oligodendrocytic basic 

protein 
-3.34 3.86E-21 

229595 Adamtsl4 ADAMTS-like 4 -3.25 3.00E-28 

17441 Mog myelin oligodendrocyte glycoprotein -3.23 1.74E-17 

18417 Cldn11 claudin 11 -3.17 1.83E-23 

77767 Ermn ermin, ERM-like protein -3.11 5.35E-42 

23831 Car14 carbonic anhydrase 14 -2.93 2.88E-21 

320587 Tmem88b transmembrane protein 88B -2.92 1.05E-16 

27219 Sgk2 serum/glucocorticoid regulated kinase 2 -2.83 5.86E-12 

73940 Hapln2 hyaluronan and proteoglycan link protein 2 -2.81 1.26E-13 

17196 Mbp myelin basic protein -2.79 2.27E-17 

22239 Ugt8a UDP galactosyltransferase 8A -2.75 2.60E-25 

70747 Tspan2 tetraspanin 2 -2.74 5.61E-30 
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665119 Sec14l5 SEC14-like lipid binding 5 -2.70 1.26E-14 

68813 Dock5 dedicator of cytokinesis 5 -2.65 7.05E-30 

29862 Ninj2 ninjurin 2 -2.63 1.38E-13 

242546 Cyp2j12 
cytochrome P450, family 2, subfamily j, 

polypeptide 12 
-2.60 1.97E-11 

72446 Prr5l proline rich 5 like -2.59 2.43E-19 

13799 En2 engrailed 2 -2.58 1.05E-09 

98363 Efhd1 EF hand domain containing 1 -2.56 1.60E-33 

70574 Cpm carboxypeptidase M -2.51 8.97E-38 

17136 Mag myelin-associated glycoprotein -2.50 4.37E-12 

240913 Adamts4 

a disintegrin-like and metallopeptidase 

(reprolysin type) with thrombospondin type 

1 motif, 4 

-2.49 8.92E-18 

71149 Tex52 testis expressed 52 -2.47 6.24E-09 

14912 Nkx6-2 NK6 homeobox 2 -2.45 2.68E-17 

436090 Gpr62 G protein-coupled receptor 62 -2.44 1.63E-34 

71878 Fam83d 
family with sequence similarity 83, member 

D 
-2.41 1.69E-09 

50905 Il17rb interleukin 17 receptor B -2.34 1.91E-08 

218865 Chdh choline dehydrogenase -2.33 6.44E-10 

18584 Pde8a phosphodiesterase 8A -2.32 4.93E-27 

107449 Unc5b unc-5 netrin receptor B -2.26 4.85E-18 

243369 Sspo SCO-spondin -2.24 2.27E-07 

110391 Qdpr quinoid dihydropteridine reductase -2.23 9.00E-31 

208795 Tmem63a transmembrane protein 63a -2.22 1.11E-23 

66222 Serpinb1a 
serine (or cysteine) peptidase inhibitor, 

clade B, member 1a 
-2.18 3.99E-12 

117160 Ttyh2 tweety family member 2 -2.18 1.98E-35 

272714 Gm5067 
ribosome biogenesis regulatory protein 

homolog 
-2.18 8.82E-07 

18025 Nfe2l3 nuclear factor, erythroid derived 2, like 3 -2.17 4.56E-09 

621239 Nhlrc4 NHL repeat containing 4 -2.15 8.37E-07 

14745 Lpar1 lysophosphatidic acid receptor 1 -2.13 7.77E-21 

107239 Carns1 carnosine synthase 1 -2.12 1.74E-17 

15245 Hhip Hedgehog-interacting protein -2.08 1.07E-10 

246707 Emilin2 elastin microfibril interfacer 2 -2.07 5.77E-17 

14409 Gabrr2 
gamma-aminobutyric acid (GABA) C 

receptor, subunit rho 2 
-2.06 8.03E-06 

67971 Tppp3 
tubulin polymerization-promoting protein 

family member 3 
-2.06 2.97E-17 
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76477 Pcolce2 procollagen C-endopeptidase enhancer 2 -2.05 1.02E-14 

66949 Trim59 tripartite motif-containing 59 -2.04 5.00E-11 

13643 Efnb3 ephrin B3 -2.02 5.20E-08 

19144 Klk6 kallikrein related-peptidase 6 -2.02 1.62E-05 

546336 Prrg1 proline rich Gla (G-carboxyglutamic acid) 1 -2.02 3.57E-12 

263406 Plekhg3 
pleckstrin homology domain containing, 

family G (with RhoGef domain) member 3 
-2.02 1.07E-15 

217305 Cd300ld CD300 molecule like family member d 2.00 2.12E-05 

16985 Lsp1 lymphocyte specific 1 2.00 2.37E-13 

14562 Gdf3 growth differentiation factor 3 2.00 1.66E-06 

14201 Fhl3 four and a half LIM domains 3 2.01 2.90E-10 

22146 Tuba1c tubulin, alpha 1C 2.02 1.92E-07 

15212 Hexb hexosaminidase B 2.02 9.10E-32 

74131 Sash3 SAM and SH3 domain containing 3 2.02 2.01E-11 

19253 Ptpn18 
protein tyrosine phosphatase, non-receptor 

type 18 
2.03 1.57E-07 

64380 Ms4a4c 
membrane-spanning 4-domains, subfamily 

A, member 4C 
2.03 1.55E-06 

67844 Rab32 RAB32, member RAS oncogene family 2.03 2.96E-09 

20556 Slfn2 schlafen 2 2.03 2.25E-10 

72027 Slc39a4 
solute carrier family 39 (zinc transporter), 

member 4 
2.03 1.17E-05 

56615 Mgst1 microsomal glutathione S-transferase 1 2.03 2.56E-13 

78896 Ecrg4 ECRG4 augurin precursor 2.03 1.24E-05 

229898 Gbp5 guanylate binding protein 5 2.04 8.86E-10 

64099 Parvg parvin, gamma 2.04 1.48E-23 

76088 Dock8 dedicator of cytokinesis 8 2.04 1.55E-22 

381524 Mexis 

macrophage expressed LXRa(NR1H3)-

dependent amplifier of Abca1 transcription 

lncRNA 

2.04 1.08E-05 

21803 Tgfb1 transforming growth factor, beta 1 2.04 3.02E-26 

14619 Gjb2 gap junction protein, beta 2 2.04 1.04E-12 

70719 Arhgap45 Rho GTPase activating protein 45 2.04 2.75E-20 

12606 Cebpa 
CCAAT/enhancer binding protein (C/EBP), 

alpha 
2.04 3.88E-28 

15894 Icam1 intercellular adhesion molecule 1 2.05 1.37E-12 

20377 Sfrp1 secreted frizzled-related protein 1 2.05 2.66E-27 

54519 Apbb1ip 
amyloid beta (A4) precursor protein-binding, 

family B, member 1 interacting protein 
2.06 3.56E-24 

22271 Upp1 uridine phosphorylase 1 2.06 8.35E-10 
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171285 Havcr2 hepatitis A virus cellular receptor 2 2.06 1.19E-14 

16822 Lcp2 lymphocyte cytosolic protein 2 2.07 5.70E-12 

12263 C2 complement component 2 (within H-2S) 2.07 4.30E-08 

16419 Itgb5 integrin beta 5 2.07 5.58E-38 

545030 Wdfy4 WD repeat and FYVE domain containing 4 2.08 2.89E-17 

107321 Lpxn leupaxin 2.08 9.31E-10 

12508 Cd53 CD53 antigen 2.08 1.18E-14 

20293 Ccl12 chemokine (C-C motif) ligand 12 2.08 4.53E-06 

11727 Ang 
angiogenin, ribonuclease, RNase A family, 

5 
2.09 1.09E-08 

26377 Dapp1 
dual adaptor for phosphotyrosine and 3-

phosphoinositides 1 
2.09 1.62E-13 

279572 Tlr13 toll-like receptor 13 2.09 2.95E-14 

16000 Igf1 insulin-like growth factor 1 2.09 4.72E-23 

269959 Adamtsl3 ADAMTS-like 3 2.10 1.40E-09 

97114 H3c15 H3 clustered histone 15 2.10 8.84E-09 

15002 H2-Ob histocompatibility 2, O region beta locus 2.10 3.25E-07 

12010 B2m beta-2 microglobulin 2.10 2.08E-33 

66824 Pycard PYD and CARD domain containing 2.10 1.68E-11 

58185 Rsad2 
radical S-adenosyl methionine domain 

containing 2 
2.10 5.97E-11 

12258 Serping1 
serine (or cysteine) peptidase inhibitor, 

clade G, member 1 
2.10 9.08E-13 

75472 Cfap126 cilia and flagella associated protein 126 2.10 1.45E-08 

244416 Ppp1r3b 
protein phosphatase 1, regulatory subunit 

3B 
2.11 7.27E-08 

231655 Oasl1 2'-5' oligoadenylate synthetase-like 1 2.11 2.59E-06 

11746 Anxa4 annexin A4 2.11 2.87E-23 

18413 Osm oncostatin M 2.12 2.93E-06 

74580 Pyroxd2 
pyridine nucleotide-disulphide 

oxidoreductase domain 2 
2.12 6.48E-09 

22441 Xlr X-linked lymphocyte-regulated 2.13 1.14E-06 

16912 Psmb9 

proteasome (prosome, macropain) subunit, 

beta type 9 (large multifunctional peptidase 

2) 

2.13 1.06E-09 

547253 Parp14 
poly (ADP-ribose) polymerase family, 

member 14 
2.13 6.72E-17 

66141 Ifitm3 interferon induced transmembrane protein 3 2.13 1.63E-20 

14747 Cmklr1 chemokine-like receptor 1 2.14 3.24E-20 
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22228 Ucp2 
uncoupling protein 2 (mitochondrial, proton 

carrier) 
2.14 5.05E-26 

14190 Fgl2 fibrinogen-like protein 2 2.15 3.75E-07 

71607 Snx20 sorting nexin 20 2.15 4.58E-11 

18024 Nfe2l2 nuclear factor, erythroid derived 2, like 2 2.15 9.73E-36 

12047 Bcl2a1d 
B cell leukemia/lymphoma 2 related protein 

A1d 
2.16 2.37E-07 

58805 Mlxipl MLX interacting protein-like 2.16 4.19E-15 

76408 Abcc3 
ATP-binding cassette, sub-family C 

(CFTR/MRP), member 3 
2.16 4.12E-25 

12273 C5ar1 complement component 5a receptor 1 2.16 1.06E-09 

319236 Trim12c tripartite motif-containing 12C 2.16 1.14E-10 

209027 Pycr1 pyrroline-5-carboxylate reductase 1 2.16 4.03E-11 

216188 Aldh1l2 
aldehyde dehydrogenase 1 family, member 

L2 
2.17 1.09E-19 

211228 Lrrc25 leucine rich repeat containing 25 2.17 8.40E-11 

230787 Themis2 
thymocyte selection associated family 

member 2 
2.17 5.41E-13 

13685 Eif4ebp1 
eukaryotic translation initiation factor 4E 

binding protein 1 
2.17 1.32E-19 

15216 Hfe homeostatic iron regulator 2.18 6.92E-18 

11867 Arpc1b 
actin related protein 2/3 complex, subunit 

1B 
2.18 4.79E-35 

73649 Cybrd1 cytochrome b reductase 1 2.18 8.86E-10 

30794 Pdlim4 PDZ and LIM domain 4 2.18 9.04E-35 

16792 Laptm5 
lysosomal-associated protein 

transmembrane 5 
2.19 2.77E-44 

80285 Parp9 
poly (ADP-ribose) polymerase family, 

member 9 
2.19 1.86E-18 

21937 Tnfrsf1a 
tumor necrosis factor receptor superfamily, 

member 1a 
2.19 2.70E-39 

108101 Fermt3 fermitin family member 3 2.19 1.52E-25 

14159 Fes feline sarcoma oncogene 2.19 9.70E-24 

17082 Il1rl1 interleukin 1 receptor-like 1 2.20 6.09E-07 

16186 Il2rg interleukin 2 receptor, gamma chain 2.20 3.55E-10 

69769 Tnfaip8l2 
tumor necrosis factor, alpha-induced protein 

8-like 2 
2.20 1.18E-15 

56857 Slc37a2 
solute carrier family 37 (glycerol-3-

phosphate transporter), member 2 
2.21 1.87E-21 
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17096 Lyn 
LYN proto-oncogene, Src family tyrosine 

kinase 
2.21 6.66E-28 

219148 Fam167a 
family with sequence similarity 167, 

member A 
2.21 1.55E-08 

16391 Irf9 interferon regulatory factor 9 2.22 4.30E-41 

11542 Adora3 adenosine A3 receptor 2.22 2.43E-12 

11629 Aif1 allograft inflammatory factor 1 2.22 4.16E-17 

394432 Ugt1a7c 
UDP glucuronosyltransferase 1 family, 

polypeptide A7C 
2.23 3.59E-08 

20321 Frrs1 ferric-chelate reductase 1 2.23 2.75E-10 

67775 Rtp4 receptor transporter protein 4 2.23 1.12E-15 

68794 Flnc filamin C, gamma 2.24 5.93E-10 

64095 Gpr35 G protein-coupled receptor 35 2.24 1.21E-08 

21938 Tnfrsf1b 
tumor necrosis factor receptor superfamily, 

member 1b 
2.24 2.78E-25 

12527 Cd9 CD9 antigen 2.25 2.01E-33 

15221 Foxd3 forkhead box D3 2.26 2.12E-08 

237436 Gas2l3 growth arrest-specific 2 like 3 2.26 4.40E-10 

21923 Tnc tenascin C 2.26 2.41E-11 

13733 Adgre1 adhesion G protein-coupled receptor E1 2.26 1.28E-31 

50498 Ebi3 Epstein-Barr virus induced gene 3 2.26 3.09E-15 

14824 Grn granulin 2.27 9.58E-76 

14726 Pdpn podoplanin 2.27 6.96E-31 

16009 Igfbp3 insulin-like growth factor binding protein 3 2.28 5.87E-10 

80891 Fcrls Fc receptor-like S, scavenger receptor 2.28 9.77E-35 

17857 Mx1 MX dynamin-like GTPase 1 2.28 1.91E-07 

30925 Slamf6 SLAM family member 6 2.28 1.72E-07 

19703 Renbp renin binding protein 2.28 1.10E-20 

15162 Hck hemopoietic cell kinase 2.28 1.91E-18 

74055 Plce1 phospholipase C, epsilon 1 2.29 2.83E-25 

212937 Tifab 
TRAF-interacting protein with forkhead-

associated domain, family member B 
2.29 9.95E-23 

22324 Vav1 vav 1 oncogene 2.29 1.40E-19 

545205 Olfr111 olfactory receptor 111 2.30 1.70E-08 

50709 H1f4 H1.4 linker histone, cluster member 2.30 5.39E-10 

16970 Lrmp lymphoid-restricted membrane protein 2.30 1.91E-09 

15944 Irgm1 
immunity-related GTPase family M member 

1 
2.30 2.49E-37 

60440 Iigp1 interferon inducible GTPase 1 2.31 1.33E-13 

83490 Pik3ap1 phosphoinositide-3-kinase adaptor protein 1 2.31 1.32E-16 
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11303 Abca1 
ATP-binding cassette, sub-family A (ABC1), 

member 1 
2.32 5.69E-27 

11520 Plin2 perilipin 2 2.32 8.43E-38 

100306954 Snora17 small nucleolar RNA, H/ACA box 17 2.33 4.64E-08 

21899 Tlr6 toll-like receptor 6 2.34 2.09E-10 

12266 C3 complement component 3 2.34 9.88E-09 

12654 Chil1 chitinase-like 1 2.34 8.33E-35 

74735 Trim14 tripartite motif-containing 14 2.35 1.19E-10 

30935 Tor3a torsin family 3, member A 2.36 9.82E-67 

15001 H2-Oa histocompatibility 2, O region alpha locus 2.37 2.03E-10 

245527 Eda2r ectodysplasin A2 receptor 2.37 1.59E-08 

20375 Spi1 
spleen focus forming virus (SFFV) proviral 

integration oncogene 
2.37 1.21E-31 

215632 Psd4 pleckstrin and Sec7 domain containing 4 2.37 5.25E-13 

12229 Btk 
Bruton agammaglobulinemia tyrosine 

kinase 
2.37 4.83E-13 

24055 Sh3bp2 SH3-domain binding protein 2 2.38 3.17E-24 

21354 Tap1 
transporter 1, ATP-binding cassette, sub-

family B (MDR/TAP) 
2.38 3.12E-22 

17972 Ncf4 neutrophil cytosolic factor 4 2.38 1.86E-10 

328833 Treml2 
triggering receptor expressed on myeloid 

cells-like 2 
2.39 2.38E-10 

20540 Slc7a7 
solute carrier family 7 (cationic amino acid 

transporter, y+ system), member 7 
2.39 9.47E-20 

60533 Cd274 CD274 antigen 2.39 5.03E-18 

16543 Mdfic MyoD family inhibitor domain containing 2.39 1.61E-24 

106512 Gpsm3 
G-protein signalling modulator 3 (AGS3-like, 

C. elegans) 
2.40 1.91E-28 

16181 Il1rn interleukin 1 receptor antagonist 2.41 1.80E-08 

27056 Irf5 interferon regulatory factor 5 2.42 8.33E-33 

22376 Was Wiskott-Aldrich syndrome 2.42 5.29E-23 

80861 Dhx58 DEXH (Asp-Glu-X-His) box polypeptide 58 2.42 4.94E-15 

56501 Elf4 
E74-like factor 4 (ets domain transcription 

factor) 
2.42 1.53E-20 

241230 St8sia6 
ST8 alpha-N-acetyl-neuraminide alpha-2,8-

sialyltransferase 6 
2.42 9.24E-14 

60504 Il21r interleukin 21 receptor 2.43 5.88E-22 

246256 Fcgr4 Fc receptor, IgG, low affinity IV 2.43 6.63E-09 

108670 Epsti1 epithelial stromal interaction 1 (breast) 2.43 3.51E-12 

110557 H2-Q6 histocompatibility 2, Q region locus 6 2.44 5.53E-09 
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117590 Asb10 ankyrin repeat and SOCS box-containing 10 2.45 9.13E-09 

74039 Nfam1 Nfat activating molecule with ITAM motif 1 2.45 2.75E-25 

236451 Phf11b PHD finger protein 11B 2.45 3.53E-10 

319454 Rptoros 
regulatory associated protein of MTOR, 

complex 1, opposite strand 
2.45 3.83E-09 

54445 Unc93b1 unc-93 homolog B1, TLR signaling regulator 2.46 8.10E-38 

21857 Timp1 tissue inhibitor of metalloproteinase 1 2.47 3.07E-09 

67742 Samsn1 
SAM domain, SH3 domain and nuclear 

localization signals, 1 
2.48 3.13E-13 

226527 Cryzl2 crystallin zeta like 2 2.49 6.94E-23 

78781 Zc3hav1 zinc finger CCCH type, antiviral 1 2.49 8.21E-29 

99899 Ifi44 interferon-induced protein 44 2.49 1.49E-12 

17133 Maff 
v-maf musculoaponeurotic fibrosarcoma 

oncogene family, protein F (avian) 
2.50 1.10E-11 

59012 Moxd1 monooxygenase, DBH-like 1 2.50 1.23E-23 

18828 Plscr2 phospholipid scramblase 2 2.50 2.35E-12 

105855 Nckap1l NCK associated protein 1 like 2.50 5.96E-43 

15277 Hk2 hexokinase 2 2.51 1.55E-29 

11425 Apoc4 apolipoprotein C-IV 2.51 5.71E-10 

13423 Dnase2a deoxyribonuclease II alpha 2.51 1.08E-23 

56193 Plek pleckstrin 2.52 4.24E-39 

381810 Lpar5 lysophosphatidic acid receptor 5 2.52 3.98E-11 

171504 Apobr apolipoprotein B receptor 2.53 1.75E-17 

404710 Iqgap3 
IQ motif containing GTPase activating 

protein 3 
2.54 3.82E-12 

12394 Runx1 runt related transcription factor 1 2.54 4.71E-17 

20304 Ccl5 chemokine (C-C motif) ligand 5 2.55 1.54E-09 

71738 Mamdc2 MAM domain containing 2 2.56 3.86E-12 

276950 Slfn8 schlafen 8 2.56 7.26E-19 

94094 Trim34a tripartite motif-containing 34A 2.57 1.20E-17 

18826 Lcp1 lymphocyte cytosolic protein 1 2.57 9.91E-58 

217303 Cd300a CD300A molecule 2.57 1.44E-14 

80287 Apobec3 
apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide 3 
2.57 2.51E-20 

14469 Gbp2 guanylate binding protein 2 2.58 6.75E-22 

72318 Cyth4 cytohesin 4 2.58 2.54E-43 

104759 Pld4 phospholipase D family, member 4 2.58 2.37E-50 

50708 H1f2 H1.2 linker histone, cluster member 2.58 1.35E-30 

434484 Sp140 Sp140 nuclear body protein 2.58 1.22E-13 

50778 Rgs1 regulator of G-protein signaling 1 2.59 8.40E-10 
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320484 Rasal3 RAS protein activator like 3 2.59 4.12E-28 

13033 Ctsd cathepsin D 2.59 8.35E-98 

320635 Cyb5r2 cytochrome b5 reductase 2 2.60 6.49E-11 

100702 Gbp6 guanylate binding protein 6 2.61 2.27E-14 

15015 H2-Q4 histocompatibility 2, Q region locus 4 2.64 3.85E-26 

12524 Cd86 CD86 antigen 2.64 3.66E-18 

81897 Tlr9 toll-like receptor 9 2.64 1.40E-19 

239743 Klhl6 kelch-like 6 2.66 2.18E-16 

20308 Ccl9 chemokine (C-C motif) ligand 9 2.66 9.15E-16 

225471 Ticam2 toll-like receptor adaptor molecule 2 2.66 4.13E-14 

574428 Zmynd15 zinc finger, MYND-type containing 15 2.68 5.26E-11 

109225 Ms4a7 
membrane-spanning 4-domains, subfamily 

A, member 7 
2.70 7.44E-11 

216445 Arhgap9 Rho GTPase activating protein 9 2.71 5.54E-16 

15163 Hcls1 hematopoietic cell specific Lyn substrate 1 2.71 9.78E-39 

17084 Ly86 lymphocyte antigen 86 2.73 3.32E-41 

14999 H2-DMb1 histocompatibility 2, class II, locus Mb1 2.74 6.26E-15 

321019 Gpr183 G protein-coupled receptor 183 2.74 2.01E-23 

381308 Ifi211 interferon activated gene 211 2.75 4.72E-11 

74152 Stra6l STRA6-like 2.75 3.64E-11 

14129 Fcgr1 Fc receptor, IgG, high affinity I 2.75 9.06E-32 

19354 Rac2 Rac family small GTPase 2 2.76 1.29E-29 

14727 Lilr4b 
leukocyte immunoglobulin-like receptor, 

subfamily B, member 4B 
2.76 4.29E-11 

380732 Milr1 mast cell immunoglobulin like receptor 1 2.76 3.54E-11 

214854 Neurl3 neuralized E3 ubiquitin protein ligase 3 2.77 1.80E-17 

58203 Zbp1 Z-DNA binding protein 1 2.79 5.55E-12 

72536 Tagap 
T cell activation Rho GTPase activating 

protein 
2.80 1.42E-13 

14964 H2-D1 histocompatibility 2, D region locus 1 2.81 8.33E-59 

58207 Slc43a3 solute carrier family 43, member 3 2.83 2.93E-13 

13036 Ctsh cathepsin H 2.84 8.57E-42 

11816 Apoe apolipoprotein E 2.88 2.78E-45 

14972 H2-K1 histocompatibility 2, K1, K region 2.89 2.04E-72 

12260 C1qb 
complement component 1, q 

subcomponent, beta polypeptide 
2.90 1.79E-80 

18793 Plaur plasminogen activator, urokinase receptor 2.90 2.75E-24 

246730 Oas1a 2'-5' oligoadenylate synthetase 1A 2.90 1.84E-14 

13032 Ctsc cathepsin C 2.92 4.37E-59 
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68774 Ms4a6d 
membrane-spanning 4-domains, subfamily 

A, member 6D 
2.93 1.58E-19 

24110 Usp18 ubiquitin specific peptidase 18 2.93 2.89E-19 

236312 Ifi209 interferon activated gene 209 2.94 5.96E-13 

14127 Fcer1g 
Fc receptor, IgE, high affinity I, gamma 

polypeptide 
2.96 6.73E-61 

24099 Tnfsf13b 
tumor necrosis factor (ligand) superfamily, 

member 13b 
2.96 8.10E-16 

64138 Ctsz cathepsin Z 2.97 1.97E-117 

15957 Ifit1 
interferon-induced protein with 

tetratricopeptide repeats 1 
2.98 7.35E-37 

16188 Il3ra interleukin 3 receptor, alpha chain 2.98 3.78E-26 

15018 H2-Q7 histocompatibility 2, Q region locus 7 2.98 4.28E-15 

432611 Dnaic2 dynein, axonemal, intermediate chain 2 2.98 9.91E-28 

212032 Hk3 hexokinase 3 2.98 7.61E-26 

76113 Lpo lactoperoxidase 3.00 2.44E-25 

245945 Rbm47 RNA binding motif protein 47 3.01 4.71E-16 

11513 Adcy7 adenylate cyclase 7 3.02 7.22E-46 

55932 Gbp3 guanylate binding protein 3 3.03 3.09E-46 

67951 Tubb6 tubulin, beta 6 class V 3.04 2.37E-22 

434341 Nlrc5 NLR family, CARD domain containing 5 3.04 2.39E-17 

12262 C1qc 
complement component 1, q 

subcomponent, C chain 
3.04 7.02E-66 

16956 Lpl lipoprotein lipase 3.05 3.54E-48 

19204 Ptafr platelet-activating factor receptor 3.05 1.03E-20 

65972 Ifi30 interferon gamma inducible protein 30 3.05 4.74E-36 

140497 Cd300c2 CD300C molecule 2 3.05 1.42E-30 

20128 Trim30a tripartite motif-containing 30A 3.06 2.24E-29 

17079 Cd180 CD180 antigen 3.07 5.98E-23 

17951 Naip5 NLR family, apoptosis inhibitory protein 5 3.07 7.41E-20 

219144 Arl11 ADP-ribosylation factor-like 11 3.08 3.11E-20 

18792 Plau plasminogen activator, urokinase 3.10 3.00E-48 

26570 Slc7a11 
solute carrier family 7 (cationic amino acid 

transporter, y+ system), member 11 
3.11 3.82E-56 

54123 Irf7 interferon regulatory factor 7 3.11 5.67E-35 

233571 P2ry6 
pyrimidinergic receptor P2Y, G-protein 

coupled, 6 
3.11 8.90E-55 

209387 Trim30d tripartite motif-containing 30D 3.13 7.72E-21 
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16913 Psmb8 

proteasome (prosome, macropain) subunit, 

beta type 8 (large multifunctional peptidase 

7) 

3.13 2.29E-44 

667370 Ifit3b 
interferon-induced protein with 

tetratricopeptide repeats 3B 
3.14 1.39E-38 

21391 Tbxas1 thromboxane A synthase 1, platelet 3.15 2.49E-37 

12984 Csf2rb2 
colony stimulating factor 2 receptor, beta 2, 

low-affinity (granulocyte-macrophage) 
3.15 2.01E-36 

17948 Naip2 NLR family, apoptosis inhibitory protein 2 3.16 1.54E-24 

17329 Cxcl9 chemokine (C-X-C motif) ligand 9 3.16 2.56E-14 

15170 Ptpn6 
protein tyrosine phosphatase, non-receptor 

type 6 
3.16 2.61E-49 

12802 Cnr2 cannabinoid receptor 2 (macrophage) 3.16 1.53E-16 

94176 Dock2 dedicator of cyto-kinesis 2 3.16 1.02E-75 

12051 Bcl3 B cell leukemia/lymphoma 3 3.19 3.16E-21 

170743 Tlr7 toll-like receptor 7 3.23 5.33E-34 

13040 Ctss cathepsin S 3.23 4.18E-70 

12259 C1qa 
complement component 1, q 

subcomponent, alpha polypeptide 
3.26 1.74E-83 

22352 Vim vimentin 3.28 3.45E-45 

74645 Tent5c terminal nucleotidyltransferase 5C 3.28 1.96E-28 

23880 Fyb FYN binding protein 3.30 1.12E-46 

12986 Csf3r 
colony stimulating factor 3 receptor 

(granulocyte) 
3.30 4.13E-59 

17970 Ncf2 neutrophil cytosolic factor 2 3.33 3.63E-51 

56743 Lat2 
linker for activation of T cells family, 

member 2 
3.34 2.31E-25 

11813 Apoc2 apolipoprotein C-II 3.34 1.05E-15 

14131 Fcgr3 Fc receptor, IgG, low affinity III 3.35 2.15E-66 

15959 Ifit3 
interferon-induced protein with 

tetratricopeptide repeats 3 
3.40 3.20E-58 

14663 Glycam1 
glycosylation dependent cell adhesion 

molecule 1 
3.46 1.87E-16 

216984 Evi2b ecotropic viral integration site 2b 3.48 3.09E-27 

74096 Hvcn1 hydrogen voltage-gated channel 1 3.49 8.15E-51 

14130 Fcgr2b Fc receptor, IgG, low affinity IIb 3.53 1.95E-51 

246746 Cd300lf CD300 molecule like family member F 3.54 5.50E-17 

13057 Cyba cytochrome b-245, alpha polypeptide 3.55 3.31E-83 

83433 Trem2 
triggering receptor expressed on myeloid 

cells 2 
3.57 5.06E-62 
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14594 Ggta1 
glycoprotein galactosyltransferase alpha 1, 

3 
3.58 1.18E-50 

15368 Hmox1 heme oxygenase 1 3.59 2.08E-53 

12609 Cebpd 
CCAAT/enhancer binding protein (C/EBP), 

delta 
3.60 9.82E-40 

69550 Bst2 bone marrow stromal cell antigen 2 3.61 5.01E-32 

21897 Tlr1 toll-like receptor 1 3.61 7.70E-25 

12767 Cxcr4 chemokine (C-X-C motif) receptor 4 3.63 1.44E-24 

16414 Itgb2 integrin beta 2 3.64 2.04E-103 

15900 Irf8 interferon regulatory factor 8 3.65 9.58E-77 

18414 Osmr oncostatin M receptor 3.66 5.36E-64 

228775 Trib3 tribbles pseudokinase 3 3.67 9.07E-23 

69386 H4c8 H4 clustered histone 8 3.73 1.61E-27 

12983 Csf2rb 
colony stimulating factor 2 receptor, beta, 

low-affinity (granulocyte-macrophage) 
3.74 3.17E-45 

74202 Fblim1 filamin binding LIM protein 1 3.77 2.71E-38 

22177 Tyrobp 
TYRO protein tyrosine kinase binding 

protein 
3.77 5.49E-98 

217203 Tmem106a transmembrane protein 106A 3.83 2.04E-31 

19264 Ptprc 
protein tyrosine phosphatase, receptor type, 

C 
3.91 1.52E-59 

23962 Oasl2 2'-5' oligoadenylate synthetase-like 2 3.92 1.39E-62 

14744 Gpr65 G-protein coupled receptor 65 3.95 3.52E-21 

14960 H2-Aa 
histocompatibility 2, class II antigen A, 

alpha 
3.96 2.56E-20 

104816 Aspg asparaginase 4.02 1.57E-61 

18733 Pirb paired Ig-like receptor B 4.03 1.62E-29 

18566 Pdcd1 programmed cell death 1 4.08 2.55E-21 

76933 Ifi27l2a interferon, alpha-inducible protein 27 like 2A 4.10 1.30E-22 

226421 Rab7b RAB7B, member RAS oncogene family 4.13 4.80E-41 

74748 Slamf8 SLAM family member 8 4.17 4.37E-24 

21815 Tgif1 TGFB-induced factor homeobox 1 4.18 7.99E-44 

80885 Hcar2 hydroxycarboxylic acid receptor 2 4.27 1.04E-22 

56312 Nupr1 nuclear protein transcription regulator 1 4.30 1.78E-89 

11810 Apobec1 
apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide 1 
4.37 1.83E-61 

73656 Ms4a6c 
membrane-spanning 4-domains, subfamily 

A, member 6C 
4.47 2.45E-28 

16768 Lag3 lymphocyte-activation gene 3 4.51 1.52E-87 

20750 Spp1 secreted phosphoprotein 1 4.52 7.48E-30 
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72054 Cyp4f18 
cytochrome P450, family 4, subfamily f, 

polypeptide 18 
4.52 1.19E-24 

18816 Serpinf2 
serine (or cysteine) peptidase inhibitor, 

clade F, member 2 
4.54 8.51E-25 

108052 Slc14a1 
solute carrier family 14 (urea transporter), 

member 1 
4.56 1.32E-129 

14969 H2-Eb1 histocompatibility 2, class II antigen E beta 4.57 1.13E-28 

17476 Mpeg1 macrophage expressed gene 1 4.57 6.20E-125 

98365 Slamf9 SLAM family member 9 4.58 1.02E-42 

93695 Gpnmb glycoprotein (transmembrane) nmb 4.70 9.63E-35 

12045 Bcl2a1b 
B cell leukemia/lymphoma 2 related protein 

A1b 
4.71 1.46E-37 

12475 Cd14 CD14 antigen 4.81 1.91E-81 

12517 Cd72 CD72 antigen 4.82 1.08E-33 

80782 Klrb1b 
killer cell lectin-like receptor subfamily B 

member 1B 
4.84 1.89E-26 

12505 Cd44 CD44 antigen 4.91 6.87E-59 

20612 Siglec1 
sialic acid binding Ig-like lectin 1, 

sialoadhesin 
4.94 3.41E-35 

65221 Slc15a3 solute carrier family 15, member 3 4.97 6.93E-87 

17916 Myo1f myosin IF 4.98 2.09E-79 

12514 Cd68 CD68 antigen 4.99 3.48E-174 

50706 Postn periostin, osteoblast specific factor 5.00 3.62E-40 

107503 Atf5 activating transcription factor 5 5.07 3.71E-106 

12642 Ch25h cholesterol 25-hydroxylase 5.08 1.24E-30 

12332 Capg capping protein (actin filament), gelsolin-like 5.10 4.57E-68 

73690 Glipr1 GLI pathogenesis-related 1 (glioma) 5.13 3.33E-34 

12506 Cd48 CD48 antigen 5.44 1.52E-43 

80719 Igsf6 immunoglobulin superfamily, member 6 5.47 3.15E-47 

13034 Ctse cathepsin E 5.52 3.54E-31 

23886 Gdf15 growth differentiation factor 15 5.54 2.18E-32 

53867 Col5a3 collagen, type V, alpha 3 5.62 4.09E-55 

242341 Atp6v0d2 
ATPase, H+ transporting, lysosomal V0 

subunit D2 
5.65 6.69E-32 

75345 Slamf7 SLAM family member 7 5.69 1.04E-33 

18173 Slc11a1 
solute carrier family 11 (proton-coupled 

divalent metal ion transporters), member 1 
5.71 2.81E-105 

12523 Cd84 CD84 antigen 5.78 1.37E-115 

66102 Cxcl16 chemokine (C-X-C motif) ligand 16 5.85 1.90E-81 

24088 Tlr2 toll-like receptor 2 5.95 4.15E-78 
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19039 Lgals3bp 
lectin, galactoside-binding, soluble, 3 

binding protein 
5.98 0 

12267 C3ar1 complement component 3a receptor 1 6.07 1.56E-140 

11812 Apoc1 apolipoprotein C-I 6.10 7.15E-39 

19143 St14 
suppression of tumorigenicity 14 (colon 

carcinoma) 
6.31 1.81E-56 

217304 Cd300lb CD300 molecule like family member B 6.33 7.44E-39 

11910 Atf3 activating transcription factor 3 6.45 4.10E-60 

17105 Lyz2 lysozyme 2 6.64 2.31E-55 

20303 Ccl4 chemokine (C-C motif) ligand 4 6.98 4.24E-48 

12268 C4b 
complement component 4B (Chido blood 

group) 
7.27 9.66E-104 

14961 H2-Ab1 
histocompatibility 2, class II antigen A, beta 

1 
7.39 3.38E-63 

20305 Ccl6 chemokine (C-C motif) ligand 6 7.90 5.34E-84 

233186 Siglecf sialic acid binding Ig-like lectin F 8.09 2.67E-80 

23833 Cd52 CD52 antigen 8.12 8.87E-107 

14191 Fgr 
FGR proto-oncogene, Src family tyrosine 

kinase 
8.45 4.16E-60 

14580 Gfap glial fibrillary acidic protein 8.67 7.90E-172 

20716 Serpina3n 
serine (or cysteine) peptidase inhibitor, 

clade A, member 3N 
9.18 1.24E-146 

15951 Ifi204 interferon activated gene 204 9.20 9.38E-68 

20311 Cxcl5 chemokine (C-X-C motif) ligand 5 9.36 4.68E-61 

226691 Ifi207 interferon activated gene 207 9.55 8.36E-81 

16149 Cd74 

CD74 antigen (invariant polypeptide of 

major histocompatibility complex, class II 

antigen-associated) 

9.63 3.50E-75 

21816 Tgm1 transglutaminase 1, K polypeptide 9.80 4.13E-59 

20302 Ccl3 chemokine (C-C motif) ligand 3 10.18 3.29E-89 

15945 Cxcl10 chemokine (C-X-C motif) ligand 10 10.36 3.85E-72 

13058 Cybb cytochrome b-245, beta polypeptide 10.81 1.18E-109 

14728 Lilrb4a 
leukocyte immunoglobulin-like receptor, 

subfamily B, member 4A 
11.21 2.04E-80 

12483 Cd22 CD22 antigen 11.74 2.33E-115 

232345 A2m alpha-2-macroglobulin 12.30 3.30E-116 

17085 Ly9 lymphocyte antigen 9 13.86 6.69E-116 

17381 Mmp12 matrix metallopeptidase 12 14.73 1.69E-101 

16854 Lgals3 lectin, galactose binding, soluble 3 18.46 2.70E-190 

13011 Cst7 cystatin F (leukocystatin) 25.87 6.01E-183 
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56644 Clec7a C-type lectin domain family 7, member a 41.83 2.30E-272 

16411 Itgax integrin alpha X 51.41 0 
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Table S1.3: RNA sequencing analysis – saline vs. nefiracetam-treated mice with 

cuprizone-induced demyelination.  

Entrez ID 
Gene 

Symbol 
Gene Name FC P-value 

257931 Olfr317 olfactory receptor 317 -6.92 0.00 

238393 
Serpina3f 

serine (or cysteine) peptidase inhibitor, clade A, 

member 3F 
-5.26 0.00 

100124675 Trbv13-2 T cell receptor beta, variable 13-2 -4.85 0.01 

171395 Pkd1l1 polycystic kidney disease 1 like 1 -4.34 0.01 

27083 Xlr4b X-linked lymphocyte-regulated 4B -4.32 0.01 

252837 Ackr4 atypical chemokine receptor 4 -4.30 0.00 

208890 Slc26a7 solute carrier family 26, member 7 -4.28 0.01 

624224 Clrn2 clarin 2 -4.24 0.01 

100124484 Mir453 microRNA 453 -4.14 0.00 

75396 Spp2 secreted phosphoprotein 2 -3.56 0.00 

12478 Cd19 CD19 antigen -3.51 0.02 

14939 Gzmb granzyme B -3.46 0.03 

54427 Dnmt3l DNA (cytosine-5-)-methyltransferase 3-like -3.46 0.04 

22787 Zp2 zona pellucida glycoprotein 2 -3.43 0.02 

13421 Dnase1l3 deoxyribonuclease 1-like 3 -3.42 0.02 

69602 Otop3 otopetrin 3 -3.35 0.01 

66857 Plbd1 phospholipase B domain containing 1 -3.26 0.04 

12525 Cd8a CD8 antigen, alpha chain -3.20 0.01 

193003 
Pirt 

phosphoinositide-interacting regulator of 

transient receptor potential channels 
-3.20 0.01 

435626 Rufy4 RUN and FYVE domain containing 4 -3.16 0.03 

224840 
Treml4 

triggering receptor expressed on myeloid cells-

like 4 
-3.16 0.00 

320332 H4f16 H4 histone 16 -3.15 0.01 

12765 Cxcr2 chemokine (C-X-C motif) receptor 2 -3.15 0.05 

100628580 Mir5103 microRNA 5103 -3.08 0.03 

20339 Sele selectin, endothelial cell -3.08 0.01 

17167 
Marco 

macrophage receptor with collagenous 

structure 
-3.00 0.00 

68311 Lypd2 Ly6/Plaur domain containing 2 -3.00 0.05 
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100502582 Gm10923 ribosomal protein L23A pseudogene -2.97 0.03 

545486 Tubb1 tubulin, beta 1 class VI -2.93 0.03 

12560 Cdh3 cadherin 3 -2.91 0.04 

723946 Mir345 microRNA 345 -2.89 0.03 

64214 Rgs18 regulator of G-protein signaling 18 -2.85 0.03 

18510 Pax8 paired box 8 -2.83 0.03 

214531 Tmprss13 transmembrane protease, serine 13 -2.81 0.03 

227885 
Gm13498 

heat shock protein 90 alpha (cytosolic), class B 

member 1 pseudogene 
-2.79 0.01 

26972 
Spo11 

SPO11 meiotic protein covalently bound to 

DSB 
-2.77 0.05 

239337 

Adamts12 

a disintegrin-like and metallopeptidase 

(reprolysin type) with thrombospondin type 1 

motif, 12 

-2.77 0.02 

12803 Cntf ciliary neurotrophic factor -2.77 0.01 

59083 Fetub fetuin beta -2.76 0.00 

18489 Reg3b regenerating islet-derived 3 beta -2.74 0.04 

668936 Rpl5-ps2 ribisomal protein L5, pseudogene 2 -2.74 0.00 

18646 Prf1 perforin 1 (pore forming protein) -2.70 0.04 

266793 Snord87 small nucleolar RNA, C/D box 87 -2.68 0.02 

100040766 Mroh2a maestro heat-like repeat family member 2A -2.65 0.02 

12945 Dmbt1 deleted in malignant brain tumors 1 -2.56 0.03 

271375 Cd200r2 Cd200 receptor 2 -2.56 0.03 

74446 
Slc9b1 

solute carrier family 9, subfamily B (NHA1, 

cation proton antiporter 1), member 1 
-2.55 0.04 

67464 
Entpd4 

ectonucleoside triphosphate 

diphosphohydrolase 4 
-2.53 0.02 

338417 Scgb1c1 secretoglobin, family 1C, member 1 -2.53 0.05 

17189 Mb myoglobin -2.52 0.03 

383678 Obp2b odorant binding protein 2B -2.52 0.02 

72361 Ces2g carboxylesterase 2G -2.51 0.02 

628327 Gm6867 predicted gene 6867 -2.49 0.02 

619937 

Hmgb1-

ps10 
high mobility group box1, pseudogene 10 -2.48 0.02 

238455 Macc1 metastasis associated in colon cancer 1 -2.45 0.03 

73673 Rec114 REC114 meiotic recombination protein -2.45 0.04 
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69142 Cd209f CD209f antigen -2.42 0.03 

20558 Slfn4 schlafen 4 -2.41 0.02 

666202 

Gm7977 

tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, theta 

polypeptide pseudogene 

-2.37 0.01 

246787 
Slc5a2 

solute carrier family 5 (sodium/glucose 

cotransporter), member 2 
-2.33 0.03 

244911 C2cd4a C2 calcium-dependent domain containing 4A -2.31 0.05 

240595 Kcnv2 potassium channel, subfamily V, member 2 -2.31 0.04 

209488 Hsh2d hematopoietic SH2 domain containing -2.31 0.04 

16398 Itga2 integrin alpha 2 -2.29 0.05 

544763 Hbq1b hemoglobin, theta 1B -2.29 0.03 

100526519 Mir3070b microRNA 3070b -2.28 0.02 

15891 Ibsp integrin binding sialoprotein -2.27 0.01 

320923 Map7d3 MAP7 domain containing 3 -2.26 0.02 

434218 Trim34b tripartite motif-containing 34B -2.25 0.02 

239463 Fam83a family with sequence similarity 83, member A -2.18 0.02 

665964 
Uba52-ps 

ubitquitin A-52 residue ribosomal protein fusion 

product 1, pseudogene 
-2.18 0.04 

100217442 Snora30 small nucleolar RNA, H/ACA box 30 -2.17 0.05 

666661 Gm8221 apolipoprotein L 7c pseudogene -2.16 0.03 

19428 Rasl2-9 RAS-like, family 2, locus 9 -2.14 0.02 

100040505 Gm9923 Hbs1-like pseudogene -2.11 0.03 

20471 Six1 sine oculis-related homeobox 1 -2.11 0.02 

232974 Erfl ETS repressor factor like -2.05 0.03 

12768 Ccr1 chemokine (C-C motif) receptor 1 -2.02 0.01 

170658 
Ndufs5-ps 

NADH:ubiquinone oxidoreductase core subunit 

S5, pseudogene 
-2.01 0.02 

381175 Ccdc68 coiled-coil domain containing 68 -1.96 0.00 

15423 Hoxc4 homeobox C4 -1.96 0.02 

16495 
Kcna7 

potassium voltage-gated channel, shaker-

related subfamily, member 7 
-1.96 0.02 

16640 
Klra9 

killer cell lectin-like receptor subfamily A, 

member 9 
-1.95 0.03 

14121 Fbp1 fructose bisphosphatase 1 -1.94 0.04 

56744 Pf4 platelet factor 4 -1.92 0.01 
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100033459 Ifi208 interferon activated gene 208 -1.92 0.01 

22018 Tpo thyroid peroxidase -1.91 0.02 

244209 
Cyp2r1 

cytochrome P450, family 2, subfamily r, 

polypeptide 1 
-1.90 0.04 

64918 Bhmt2 betaine-homocysteine methyltransferase 2 -1.88 0.03 

103142 Rdh9 retinol dehydrogenase 9 -1.87 0.04 

633285 Rbm46 RNA binding motif protein 46 -1.82 0.01 

19674 Rcvrn recoverin -1.81 0.03 

208154 Btla B and T lymphocyte associated -1.81 0.05 

100568459 Bc1 brain cytoplasmic RNA 1 -1.79 0.00 

11499 Adam5 a disintegrin and metallopeptidase domain 5 -1.79 0.04 

665685 
Ppp1r2-ps2 

protein phosphatase 1, regulatory (inhibitor) 

subunit 2, pseudogene 2 
-1.77 0.04 

14049 
Eya2 

EYA transcriptional coactivator and 

phosphatase 2 
-1.77 0.00 

353204 Aldoart1 aldolase 1 A, retrogene 1 -1.74 0.02 

71832 Csl citrate synthase like -1.74 0.03 

20472 Six2 sine oculis-related homeobox 2 -1.73 0.02 

235674 Acaa1b acetyl-Coenzyme A acyltransferase 1B -1.73 0.02 

381823 Apold1 apolipoprotein L domain containing 1 -1.72 0.03 

21419 Tfap2b transcription factor AP-2 beta -1.71 0.05 

58182 Prokr1 prokineticin receptor 1 -1.69 0.04 

243755 
Slc13a4 

solute carrier family 13 (sodium/sulfate 

symporters), member 4 
-1.68 0.03 

100503724 
Dnajc19-ps 

DnaJ heat shock protein family (Hsp40) 

member C19, pseudogene 
-1.67 0.04 

12842 Col1a1 collagen, type I, alpha 1 -1.63 0.03 

27027 Tspan32 tetraspanin 32 -1.62 0.05 

18295 Ogn osteoglycin -1.61 0.02 

320664 Cass4 Cas scaffolding protein family member 4 -1.60 0.03 

434401 
Gm5616 

NHP2 non-histone chromosome protein 2-like 1 

pseudogene 
-1.58 0.02 

69068 Tcim transcriptional and immune response regulator -1.53 0.04 

75614 
Rab26os 

RAB26, member RAS oncogene family, 

opposite strand 
-1.53 0.04 

21830 Theg testicular haploid expressed gene -1.52 0.03 
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16598 Klf2 Kruppel-like factor 2 (lung) -1.51 0.04 

74264 Rnf138rt1 ring finger protein 138, retrogene 1 -1.50 0.02 

16421 Itgb7 integrin beta 7 -1.50 0.05 

72690 Grrp1 glycine/arginine rich protein 1 -1.49 0.02 

72297 
B3gnt3 

UDP-GlcNAc:betaGal beta-1,3-N-

acetylglucosaminyltransferase 3 
-1.48 0.01 

791294 Gm9958 predicted gene 9958 -1.48 0.02 

11596 
Ager 

advanced glycosylation end product-specific 

receptor 
-1.45 0.03 

50887 
Hmgn5 

high-mobility group nucleosome binding 

domain 5 
-1.45 0.01 

214642 
Cped1 

cadherin-like and PC-esterase domain 

containing 1 
-1.45 0.03 

15018 H2-Q7 histocompatibility 2, Q region locus 7 -1.44 0.02 

12817 Col13a1 collagen, type XIII, alpha 1 -1.43 0.05 

76927 Tsacc TSSK6 activating co-chaperone -1.43 0.03 

67103 Ptgr1 prostaglandin reductase 1 -1.42 0.05 

229214 Qrfpr pyroglutamylated RFamide peptide receptor -1.42 0.03 

12931 Crlf1 cytokine receptor-like factor 1 -1.40 0.01 

12843 Col1a2 collagen, type I, alpha 2 -1.40 0.05 

29818 
Hspb7 

heat shock protein family, member 7 

(cardiovascular) 
-1.40 0.01 

11601 Angpt2 angiopoietin 2 -1.38 0.02 

66817 Tmem170 transmembrane protein 170 -1.37 0.01 

20969 Sdc1 syndecan 1 -1.36 0.05 

16002 Igf2 insulin-like growth factor 2 -1.36 0.01 

268527 
Greb1 

gene regulated by estrogen in breast cancer 

protein 
-1.35 0.01 

100042880 Rpl17-ps10 ribosomal protein L17, pseudogene 10 -1.33 0.03 

17089 Lyar Ly1 antibody reactive clone -1.33 0.02 

11727 Ang angiogenin, ribonuclease, RNase A family, 5 -1.32 0.01 

23887 Ggt5 gamma-glutamyltransferase 5 -1.31 0.01 

70008 
Ace2 

angiotensin I converting enzyme (peptidyl-

dipeptidase A) 2 
-1.30 0.05 

13179 Dcn decorin -1.30 0.00 

216974 Proca1 protein interacting with cyclin A1 -1.29 0.01 
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100526467 Mir3061 microRNA 3061 -1.28 0.04 

12960 Crybb1 crystallin, beta B1 -1.27 0.05 

100504195 Micalcl MICAL C-terminal like -1.26 0.01 

64685 Nmi N-myc (and STAT) interactor -1.25 0.03 

13361 Dhfr dihydrofolate reductase -1.25 0.00 

19290 Pura purine rich element binding protein A -1.25 0.03 

68201 Ccdc34 coiled-coil domain containing 34 -1.25 0.01 

235533 Gk5 glycerol kinase 5 (putative) -1.24 0.05 

100039707 Mthfsl 5, 10-methenyltetrahydrofolate synthetase-like -1.24 0.01 

66568 Rwdd3 RWD domain containing 3 -1.24 0.03 

78749 Filip1l filamin A interacting protein 1-like -1.23 0.02 

114644 
Slc13a3 

solute carrier family 13 (sodium-dependent 

dicarboxylate transporter), member 3 
-1.22 0.03 

110454 Ly6a lymphocyte antigen 6 complex, locus A -1.22 0.02 

21817 Tgm2 transglutaminase 2, C polypeptide -1.22 0.04 

17300 Foxc1 forkhead box C1 -1.21 0.04 

69386 H4c8 H4 clustered histone 8 -1.21 0.04 

100233175 Gon7 GON7 subunit of KEOPS complex -1.21 0.04 

70571 Tcerg1l transcription elongation regulator 1-like -1.21 0.00 

237859 Nsrp1 nuclear speckle regulatory protein 1 -1.20 0.02 

21827 Thbs3 thrombospondin 3 1.20 0.04 

100503924 Fcor Foxo1 corepressor 1.20 0.04 

12834 Col6a2 collagen, type VI, alpha 2 1.20 0.01 

11441 
Chrna7 

cholinergic receptor, nicotinic, alpha 

polypeptide 7 
1.20 0.03 

93699 Pcdhgb1 protocadherin gamma subfamily B, 1 1.21 0.02 

225182 Rbbp8 retinoblastoma binding protein 8, endonuclease 1.21 0.01 

12695 Patj PATJ, crumbs cell polarity complex component 1.21 0.01 

382137 
Fdxacb1 

ferredoxin-fold anticodon binding domain 

containing 1 
1.21 0.04 

223773 Zbed4 zinc finger, BED type containing 4 1.22 0.01 

171429 Slc26a6 solute carrier family 26, member 6 1.22 0.02 

14088 Fancc Fanconi anemia, complementation group C 1.23 0.02 

14082 Fadd Fas (TNFRSF6)-associated via death domain 1.24 0.02 
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66441 
Magohb 

mago homolog B, exon junction complex core 

component 
1.24 0.04 

19212 Pter phosphotriesterase related 1.24 0.04 

380698 
Obscn 

obscurin, cytoskeletal calmodulin and titin-

interacting RhoGEF 
1.24 0.03 

243905 Zfp568 zinc finger protein 568 1.25 0.02 

12833 Col6a1 collagen, type VI, alpha 1 1.26 0.01 

382639 Zbtb42 zinc finger and BTB domain containing 42 1.26 0.03 

69149 
Kbtbd3 

kelch repeat and BTB (POZ) domain containing 

3 
1.26 0.02 

78617 
Cstad 

CSA-conditional, T cell activation-dependent 

protein 
1.27 0.00 

224273 Crybg3 beta-gamma crystallin domain containing 3 1.29 0.02 

18140 
Uhrf1 

ubiquitin-like, containing PHD and RING finger 

domains, 1 
1.29 0.02 

239618 Pdzrn4 PDZ domain containing RING finger 4 1.30 0.02 

56075 
Pdss1 

prenyl (solanesyl) diphosphate synthase, 

subunit 1 
1.30 0.04 

101700 Trim68 tripartite motif-containing 68 1.30 0.02 

435145 Shisa8 shisa family member 8 1.30 0.01 

629016 Zfp953 zinc finger protein 953 1.30 0.05 

272031 Plppr1 phospholipid phosphatase related 1 1.31 0.03 

245403 Dcaf12l2 DDB1 and CUL4 associated factor 12-like 2 1.32 0.04 

68458 
Ppp1r14a 

protein phosphatase 1, regulatory inhibitor 

subunit 14A 
1.34 0.01 

244954 Prss35 protease, serine 35 1.34 0.02 

14794 
Spsb2 

splA/ryanodine receptor domain and SOCS box 

containing 2 
1.35 0.01 

72155 Cenpn centromere protein N 1.37 0.01 

17068 Ly6d lymphocyte antigen 6 complex, locus D 1.38 0.04 

328971 Spink10 serine peptidase inhibitor, Kazal type 10 1.39 0.04 

57264 Retn resistin 1.39 0.03 

108961 E2f8 E2F transcription factor 8 1.39 0.03 

66222 
Serpinb1a 

serine (or cysteine) peptidase inhibitor, clade B, 

member 1a 
1.40 0.03 

665700 Hmcn2 hemicentin 2 1.40 0.00 
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625018 
C4a 

complement component 4A (Rodgers blood 

group) 
1.41 0.00 

107885 Mthfs 5, 10-methenyltetrahydrofolate synthetase 1.42 0.00 

101613 Nlrp6 NLR family, pyrin domain containing 6 1.43 0.05 

67112 Fgf22 fibroblast growth factor 22 1.43 0.03 

380660 
Acss3 

acyl-CoA synthetase short-chain family 

member 3 
1.44 0.01 

71872 Aox4 aldehyde oxidase 4 1.48 0.04 

109267 
Ssc4d 

scavenger receptor cysteine rich family, 4 

domains 
1.51 0.05 

404710 Iqgap3 IQ motif containing GTPase activating protein 3 1.51 0.01 

319196 
Ankef1 

ankyrin repeat and EF-hand domain containing 

1 
1.53 0.01 

100306945 Snora73b small nucleolar RNA, H/ACA box 73b 1.53 0.01 

242523 
Dmrta1 

doublesex and mab-3 related transcription 

factor like family A1 
1.62 0.02 

230576 Ttc22 tetratricopeptide repeat domain 22 1.65 0.04 

17178 
Fxyd3 

FXYD domain-containing ion transport 

regulator 3 
1.69 0.04 

545205 Olfr111 olfactory receptor 111 1.85 0.02 

432839 
Gprin2 

G protein regulated inducer of neurite 

outgrowth 2 
1.85 0.04 

19217 Ptger2 prostaglandin E receptor 2 (subtype EP2) 1.85 0.04 

71296 
Crnde 

colorectal neoplasia differentially expressed 

(non-protein coding) 
1.91 0.05 

242546 
Cyp2j12 

cytochrome P450, family 2, subfamily j, 

polypeptide 12 
1.96 0.03 

100043497 
Nat8f7 

N-acetyltransferase 8 (GCN5-related) family 

member 7 
1.99 0.01 

50905 Il17rb interleukin 17 receptor B 1.99 0.00 

18675 
Phex 

phosphate regulating endopeptidase homolog, 

X-linked 
2.03 0.03 

244757 Glb1l2 galactosidase, beta 1-like 2 2.03 0.00 

14913 Guca1a guanylate cyclase activator 1a (retina) 2.09 0.01 

17444 Grap2 GRB2-related adaptor protein 2 2.14 0.03 

751555 Mir665 microRNA 665 2.16 0.03 

57246 Tbx20 T-box 20 2.24 0.03 
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80797 Clca3a2 chloride channel accessory 3A2 2.25 0.02 

20296 Ccl2 chemokine (C-C motif) ligand 2 2.26 0.04 

76992 
Fam219aos 

family with sequence similarity 219, member A, 

opposite strand 
2.30 0.02 

666244 Tmsb15b1 thymosin beta 15b1 2.32 0.04 

215001 Wfikkn1 WAP, FS, Ig, KU, and NTR-containing protein 1 2.33 0.04 

241989 Pabpc4l poly(A) binding protein, cytoplasmic 4-like 2.34 0.04 

74717 Spata17 spermatogenesis associated 17 2.38 0.03 

654462 Kncn kinocilin 2.42 0.03 

381073 Npw neuropeptide W 2.45 0.02 

63954 Rbp7 retinol binding protein 7, cellular 2.45 0.05 

100316713 Mir1968 microRNA 1968 2.47 0.04 

110382 C8b complement component 8, beta polypeptide 2.51 0.05 

76615 Got1l1 glutamic-oxaloacetic transaminase 1-like 1 2.52 0.01 

21463 Tcp11 t-complex protein 11 2.53 0.00 

382075 Odf3l1 outer dense fiber of sperm tails 3-like 1 2.56 0.04 

66729 Ankrd61 ankyrin repeat domain 61 2.57 0.02 

378775 
Pcsk2os2 

proprotein convertase subtilisin/kexin type 2, 

opposite strand 2 
2.57 0.04 

74441 
Slco6c1 

solute carrier organic anion transporter family, 

member 6c1 
2.59 0.03 

20888 
Sult1c1 

sulfotransferase family, cytosolic, 1C, member 

1 
2.59 0.03 

19660 Rbp2 retinol binding protein 2, cellular 2.67 0.02 

70061 
Sdr9c7 

4short chain dehydrogenase/reductase family 

9C, member 7 
2.78 0.02 

77875 
Cyp4f41-ps 

cytochrome P450, family 4, subfamily f, 

polypeptide 41 pseudogene 
2.80 0.03 

246779 Il27 interleukin 27 2.80 0.03 

12467 Cct6b chaperonin containing Tcp1, subunit 6b (zeta) 2.86 0.04 

107605 Rdh1 retinol dehydrogenase 1 (all trans) 2.89 0.02 

56734 Tulp2 tubby-like protein 2 2.91 0.05 

66338 Cdrt4 CMT1A duplicated region transcript 4 3.01 0.03 

19373 Rag1 recombination activating 1 3.02 0.03 

723933 Mir369 microRNA 369 3.08 0.05 

272382 Spib Spi-B transcription factor (Spi-1/PU.1 related) 3.08 0.02 
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76426 Fam209 family with sequence similarity 209 3.13 0.01 

18503 Pax1 paired box 1 3.20 0.04 

329731 Tafa3 TAFA chemokine like family member 3 3.33 0.05 

100302601 Snord83b small nucleolar RNA, C/D box 83B 3.40 0.02 

546049 Rps23rg1 ribosomal protein S23, retrogene 1 3.41 0.03 

216635 Hbq1a hemoglobin, theta 1A 3.60 0.02 

78405 Ntf5 neurotrophin 5 3.60 0.03 

258783 Olfr920 olfactory receptor 920 3.63 0.03 

230828 Il22ra1 interleukin 22 receptor, alpha 1 3.71 0.03 

69121 Chrdl2 chordin-like 2 3.78 0.01 

317750 Slc24a5 solute carrier family 24, member 5 5.48 0.00 
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Table S1.4: Mass spectrometry – control mice vs. saline-treated mice with EAE.  

Uniprot Gene Protein Names FC p-value 

A0A075B5V8 Ighv1-47 Immunoglobulin heavy variable 1-47 -8.55 0.00 

A0A075B666 Igkv13-85 Immunoglobulin kappa chain variable 13-85 

(Fragment) -8.21 0.03 

Q19LI2 A1bg Alpha-1B-glycoprotein -6.85 0.01 

P15948 Klk1b22 Kallikrein 1-related peptidase b22 -6.55 0.03 

P15946 Klk1b11 Kallikrein 1-related peptidase b11 -5.67 0.05 

B7ZNJ1 Fn1 Fibronectin -4.52 0.00 

Q9Z1R9 Prss1 Protease, serine 1 (trypsin 1) -2.94 0.00 

A2BIN1 Mup10 Major urinary protein 10 -2.15 0.02 

A0A0R4J1N3 Apoc3 Apolipoprotein C-III -2.01 0.01 

Q9WUB3 Pygm Glycogen phosphorylase, muscle form -2.00 0.03 

P55065 Pltp Phospholipid transfer protein -1.83 0.00 

A0A571BF69 Mgam Maltase-glucoamylase -1.72 0.02 

P13020 Gsn Gelsolin -1.65 0.00 

P32848 Pvalb Parvalbumin alpha -1.64 0.03 

P14847 Crp C-reactive protein -1.63 0.01 

Q06770 Serpina6 Corticosteroid-binding globulin -1.60 0.02 

P10605 Ctsb Cathepsin B -1.59 0.05 

P09813 Apoa2 Apolipoprotein A-II -1.56 0.03 

P09581 Csf1r Macrophage colony-stimulating factor 1 

receptor -1.51 0.00 

O88947 F10 Coagulation factor X -1.44 0.00 

P07724 Alb Serum albumin -1.43 0.00 

P01898 H2-Q10 H-2 class I histocompatibility antigen, Q10 

alpha chain -1.41 0.01 

P01887 B2m Beta-2-microglobulin -1.41 0.00 

Q61730 Il1rap Interleukin-1 receptor accessory protein -1.38 0.01 

P52430 Pon1 Serum paraoxonase/arylesterase 1 -1.38 0.02 

P97298 Serpinf1 Pigment epithelium-derived factor -1.37 0.01 

P49182 Serpind1 Heparin cofactor 2 -1.36 0.03 

P07309 Ttr Transthyretin -1.35 0.02 

Q9WVJ3 Cpq Carboxypeptidase Q -1.35 0.04 

P21614 Gc Vitamin D-binding protein -1.34 0.01 

O70165 Fcn1 Ficolin-1 -1.33 0.04 

P39039 Mbl1 Mannose-binding protein A -1.32 0.01 

Q07968 F13b Coagulation factor XIII B chain -1.30 0.04 
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Q64726 Azgp1 Zinc-alpha-2-glycoprotein -1.30 0.02 

A0A0R4J0S2 Igfals Insulin-like growth factor-binding protein 

complex acid labile subunit -1.30 0.04 

A0A2I3BRQ1 AI182371 Expressed sequence AI182371 -1.28 0.03 

P29699 Ahsg Alpha-2-HS-glycoprotein -1.24 0.00 

A0A0R4J0X5 Serpina1c Alpha-1-antitrypsin 1-3 -1.23 0.03 

Q61838 Pzp Pregnancy zone protein -1.17 0.03 

Q8BND5 Qsox1 Sulfhydryl oxidase 1 -1.16 0.03 

Q921I1 Tf Serotransferrin -1.15 0.04 

P29788 Vtn Vitronectin 1.26 0.02 

P06683 C9 Complement component C9 1.28 0.05 

P01645 Ig Ig kappa chain V-V region HP 93G7 1.36 0.04 

A0A5H1ZRK8 Igkc Immunoglobulin kappa constant (Fragment) 1.44 0.03 

P35700 Prdx1 Peroxiredoxin-1 1.51 0.03 

A0A075B5K2 Igkv9-124 Immunoglobulin kappa chain variable 9-124 1.52 0.02 

A0A075B5Y4 Ighv1-81 Immunoglobulin heavy variable 1-81 

(Fragment) 1.53 0.02 

Q923D2 Blvrb Flavin reductase (NADPH) 1.56 0.01 

A0A075B5N7 Igkv6-13 Immunoglobulin kappa variable 6-13 1.57 0.02 

P08228 Sod1 Superoxide dismutase [Cu-Zn] 1.58 0.05 

Q61171 Prdx2 Peroxiredoxin-2 1.59 0.02 

A0A075B6D5 Igkv19-93 Immunoglobulin kappa chain variable 19-93 1.60 0.02 

A0A075B6A3 Igha Immunoglobulin heavy constant alpha 

(Fragment) 1.62 0.00 

Q61704 Itih3 Inter-alpha-trypsin inhibitor heavy chain H3 1.64 0.01 

A0A0A6YW67 Gm8797 Predicted pseudogene 8797 1.65 0.04 

P12246 Apcs Serum amyloid P-component 1.71 0.04 

A0A075B5V5 Ighv1-39 Immunoglobulin heavy variable 1-39 

(Fragment) 1.80 0.00 

P13634 Ca1 Carbonic anhydrase 1 1.82 0.01 

A0A140T8P6 Igkv12-46 Immunoglobulin kappa variable 12-46 

(Fragment) 1.83 0.04 

P00920 Ca2 Carbonic anhydrase 2 1.88 0.00 

A0A075B5V6 Ighv1-42 Immunoglobulin heavy variable V1-42 1.88 0.00 

A0A075B5U4 Ighv1-18 Immunoglobulin heavy variable V1-18 2.05 0.01 

P15327 Bpgm Bisphosphoglycerate mutase 2.06 0.01 

A0A0B4J1N0 Ighv1-76 Immunoglobulin heavy variable 1-76 2.06 0.02 

A0A140T8N5 Igkv6-23 Immunoglobulin kappa variable 6-23 

(Fragment) 2.14 0.04 

P24270 Cat Catalase 2.15 0.00 
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A0A140T8N0 Igkv9-120 Immunoglobulin kappa chain variable 9-120 

(Fragment) 2.19 0.04 

P01660 Ig Ig kappa chain V-III region PC 3741/TEPC 111 2.32 0.01 

A0A140T8Q3 Igkv6-17 Immunoglobulin kappa variable 6-17 

(Fragment) 2.43 0.01 

A0A075B5U7 Ighv1-22 Immunoglobulin heavy variable 1-22 

(Fragment) 2.75 0.04 

A0A0B4J1H7 Igkv1-135 Immunoglobulin kappa variable 1-135 

(Fragment) 2.83 0.01 

P01671 Ig Ig kappa chain V-III region PC 7175 2.86 0.03 

P08071 Ltf Lactotransferrin 2.92 0.00 

Q543K9 Pnp Purine nucleoside phosphorylase 3.00 0.02 

P11352 Gpx1 Glutathione peroxidase 1 3.06 0.00 

A0A0A6YY53 Ighg2c Immunoglobulin heavy constant gamma 2C 

(Fragment) 3.15 0.00 

P17182 Eno1 Alpha-enolase 3.17 0.01 

Q08879 Fbln1 Fibulin-1 3.58 0.01 

Q9QUM9 Psma6 Proteasome subunit alpha type-6 3.76 0.01 

A0A075B5W2 Ighv1-52 Immunoglobulin heavy variable 1-52 3.76 0.04 

A0A075B5R7 Ighv14-2 Immunoglobulin heavy variable 14-2 

(Fragment) 4.13 0.00 

A0A140T8N9 Igkv6-32 Immunoglobulin kappa variable 6-32 

(Fragment) 5.40 0.01 

A0A0A6YXA5 Ighv1-15 Immunoglobulin heavy variable 1-15 

(Fragment) 5.93 0.00 

P06327 Gm5629 Ig heavy chain V region VH558 A1/A4 7.34 0.00 

P03976 Ig Ig kappa chain V-II region 17S29.1 11.32 0.01 

Q61646 Hp Haptoglobin 51.71 0.00 
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Table S1.5: Mass spectrometry – saline vs. dexamethasone-treated mice with 

EAE.  

Uniprot Gene Protein Names FC  p-value 

A0A0B4J1M0 Ighv1-77 Immunoglobulin heavy variable 1-77 -21.21 0.00 

Q06318 Scgb1a1 Uteroglobin -7.95 0.02 

A0A140T8N3 Igkv13-84 
Immunoglobulin kappa chain variable 13-84 

(Fragment) 
-5.30 0.02 

P07361 Orm2 Alpha-1-acid glycoprotein 2 -5.09 0.03 

A0A140T8P6 Igkv12-46 
Immunoglobulin kappa variable 12-46 

(Fragment) 
-4.52 0.04 

Q9QUM9 Psma6 Proteasome subunit alpha type-6 -4.10 0.04 

A0A0A6YXA5 Ighv1-15 Immunoglobulin heavy variable 1-15 (Fragment) -3.74 0.05 

A0A140T8M3 Igkv8-30 
Immunoglobulin kappa chain variable 8-30 

(Fragment) 
-3.60 0.00 

A0A0B4J1H7 Igkv1-135 
Immunoglobulin kappa variable 1-135 

(Fragment) 
-3.54 0.01 

A0A075B5U7 Ighv1-22 Immunoglobulin heavy variable 1-22 (Fragment) -3.54 0.03 

A0A140T8M4 Igkv8-19 Immunoglobulin kappa variable 8-19 -3.21 0.00 

A0A140T8N9 Igkv6-32 Immunoglobulin kappa variable 6-32 (Fragment) -2.96 0.02 

A0A0B4J1J5 Ighv9-3 
Immunoglobulin heavy variable V9-3 

(Fragment) 
-2.85 0.03 

A0A075B674 Ighv1-78 Immunoglobulin heavy variable 1-78 -2.77 0.01 

A0A075B5N3 Igkv8-28 Immunoglobulin kappa variable 8-28 -2.71 0.03 

O35664 Ifnar2 Interferon alpha/beta receptor 2 -2.70 0.02 

P33587 Proc Vitamin K-dependent protein C -2.68 0.03 

A0A0B4J1N0 Ighv1-76 Immunoglobulin heavy variable 1-76 -2.53 0.02 

A0A140T8N5 Igkv6-23 Immunoglobulin kappa variable 6-23 (Fragment) -2.27 0.04 

Q91X70 C6 Complement component 6 -2.24 0.04 

Q8BII9 Serpina7 Thyroxine-binding globulin -2.22 0.04 

A0A140T8N0 Igkv9-120 
Immunoglobulin kappa chain variable 9-120 

(Fragment) 
-2.21 0.02 

D3YZ29 Gstm7 Glutathione S-transferase Mu 7 (Fragment) -2.08 0.04 

A0A075B5V6 Ighv1-42 Immunoglobulin heavy variable V1-42 -2.05 0.02 

A0A075B6D5 Igkv19-93 Immunoglobulin kappa chain variable 19-93 -2.05 0.01 

A0A075B5P5 Ighg3 
Immunoglobulin heavy constant gamma 3 

(Fragment) 
-2.04 0.02 

P08071 Ltf Lactotransferrin -1.99 0.00 

Q91X72 Hpx Hemopexin -1.94 0.02 
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Q60590 Orm1 Alpha-1-acid glycoprotein 1 -1.67 0.04 

A0A075B664 Iglv2 Immunoglobulin lambda variable 2 -1.67 0.04 

P06683 C9 Complement component C9 -1.67 0.04 

A0A140T8M0 Igkv1-117 
Immunoglobulin kappa variable 1-117 

(Fragment) 
-1.65 0.04 

A0A075B5P3 Ighg2b 
Immunoglobulin heavy constant gamma 2B 

(Fragment) 
-1.65 0.02 

P41317 Mbl2 Mannose-binding protein C -1.64 0.04 

P01029 C4b Complement C4-B -1.63 0.03 

Q9JHH6 Cpb2 Carboxypeptidase B2 -1.58 0.03 

A6X935 Itih4 Inter alpha-trypsin inhibitor, heavy chain 4 -1.57 0.04 

P06684 C5 Complement C5 -1.50 0.04 

P29788 Vtn Vitronectin -1.28 0.04 

Q61703 Itih2 Inter-alpha-trypsin inhibitor heavy chain H2 -1.24 0.04 

A0A0R4J0X5 Serpina1c Alpha-1-antitrypsin 1-3 1.32 0.04 

D3YXF5 C7 Complement component 7 1.38 0.03 

Q60994 Adipoq Adiponectin 1.54 0.05 

P28665 Mug1 Murinoglobulin-1 1.60 0.02 

P31532 Saa4 Serum amyloid A-4 protein 1.63 0.05 

A2BIN1 Mup10 Major urinary protein 10 1.94 0.04 

A0A0R4J0I1 Serpina3k Serine protease inhibitor A3K 2.19 0.00 

Q00898 Serpina1e Alpha-1-antitrypsin 1-5 4.88 0.01 
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Table S1.6: Mass spectrometry – saline vs. nefiracetam-treated mice with EAE.  

Uniprot Gene Protein Names FC p-value 

P03976 Ig Ig kappa chain V-II region 17S29.1 -9.86 0.04 

A0A075B5K0 Igkv14-126 Immunoglobulin kappa variable 14-126 -2.00 0.05 

Q07968 F13b Coagulation gactor XIII B chain -1.24 0.02 

Q9DBB9 Cpn2 Carboxypeptidase N subunit 2 -1.23 0.02 

Q62351 Tfrc Transferrin Receptor -1.23 0.03 

Q61147 Cp Ceruloplasmin 2.17 0.04 
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Table S1.7: Mass spectrometry – saline vs. nefiracetam-dexamethasone 

combination-treated mice with EAE.  

Uniprot Gene Protein Names FC  p-value 

P03976 Ig Ig kappa chain V-II region 17S29.1 -8.05 0.03 

P01679 Ig Ig kappa chain V-VI region J539 -1.73 0.01 

Q91X72 Hpx Hemopexin -1.70 0.01 

P01029 C4b Complement C4-B -1.56 0.01 

Q91X70 C6 Complement component 6 -1.45 0.01 

Q8CFZ6 Clec3b C-type lectin domain family 3, member b -1.43 0.05 

Q8HWB2 H2-Q4 Histocompatibility 2, Q region locus 4 -1.36 0.02 

P06684 C5 Complement C5 -1.32 0.04 

Q8R121 Serpina10 Protein Z-dependent protease inhibitor -1.32 0.04 

Q61703 Itih2 Inter-alpha-trypsin inhibitor heavy chain H2 -1.31 0.00 

Q9QXC1 Fetub Fetuin-B -1.30 0.03 

P09581 Csf1r Macrophage colony-stimulating factor 1 receptor -1.29 0.03 

P97290 Serping1 Plasma protease C1 inhibitor -1.18 0.04 

P07309 Ttr Transthyretin 1.22 0.05 

A0A0R4J0X5 Serpina1c Alpha-1-antitrypsin 1-3 1.28 0.04 

Q03734 Serpina3m Serine protease inhibitor A3M 1.35 0.03 

A0A075B6D5 Igkv19-93 Immunoglobulin kappa chain variable 19-93 1.51 0.04 

P28665 Mug1 Murinoglobulin-1 1.51 0.01 

D3YXF5 C7 Complement component 7 1.58 0.00 

A0A0R4J1N3 Apoc3 Apolipoprotein C-III 1.73 0.01 

Q60994 Adipoq Adiponectin 1.80 0.01 

P31532 Saa4 Serum amyloid A-4 protein 1.86 0.01 

A0A0R4J0I1 Serpina3k Serine protease inhibitor A3K 2.11 0.00 

Q61147 Cp Ceruloplasmin 2.11 0.03 

Q00898 Serpina1e Alpha-1-antitrypsin 1-5 4.30 0.01 

P15945 Klk1b5 Kallikrein 1-related peptidase b5 5.17 0.04 
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Appendix 1 – Scratch Assay R Script 

 

library("EBImage") 

files <- dir(pattern=".tif") 

write.csv(files, "files.csv") 

for(xfile in files) 

{ 

print(xfile) 

a<-readImage(xfile) 

b<-channel(a,"blue") 

b<-b*5 

bte<-erode(b, kern=(makeBrush(5,"disc"))) 

bt<-(thresh(bte,500,500,0.7)) 

bbl<-((gblur(bt,r=4,s=2))*5) 

bblt<-(thresh(bbl,500,500,0.7)) 

bdm<-distmap(bblt) 

bws<-watershed(bdm,0.3,1) 

bn<-normalize(bws) 

cfmr<-computeFeatures.moment(bws, ref=b)  

collate<-matrix(NA, dim(cfmr), 1) 

collate[,1]<-cfmr[,1] 

write.table(collate, "results.csv", append = TRUE, sep = ",", col.names = FALSE) 

check<-paintObjects(bws, a, opac = c(0.75, 0.1, 0.9), 

col=c("#CFC72C","#5BABF6","#FF372C")) 

oldName1<-strsplit(xfile, ".", fixed = TRUE) 

oldName<-unlist(oldName1)  

newName<-paste(oldName[1], ".png") 

writeImage(check, newName) 

  


