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Abstract 
 

The central nervous system does not undergo significant amounts of regeneration following 

injury. Despite this, cellular repair processes occur that help to limit the spread of injuries, maintain 

tissue integrity, and in some cases regenerate lost cells. Here I introduce central nervous system 

fibroblasts as regulators of regenerative processes in the central nervous system, and present 

aging and exercise as factors regulating fibroblasts and the lesioned environment. Fibroblasts are 

connective tissue cells that are found throughout the body. Under pathological conditions they 

contribute to tissue scarification by secreting excessive amounts of extracellular matrix that impairs 

regeneration. Fibroblasts in the central nervous system are normally found at the border regions 

in the meninges, perivascular space, and choroid plexus. In the injured central nervous system 

fibroblasts are elevated in the parenchyma and impair regenerative processes like axon 

regeneration. In this thesis I characterized the elevation of fibroblasts in the toxin induced 

lysolecithin model of central nervous system injury. One primary observation was the association 

of fibroblasts with microglia/macrophage responses, as well as the ability of macrophages to 

promote fibroblast migration in vitro. Central nervous system fibroblasts spatially obscured newly 

myelinating oligodendrocytes in lysolecithin lesions and inhibited the differentiation of 

oligodendrocyte progenitor cells in vitro. I explored the impact of age on the fibroblast response to 

lysolecithin injury. I found that age affected the proportion of the lysolecithin lesion occupied by 

fibroblasts, attenuated the immune response, and ablated the chemoattractant capacity of 

macrophages in vitro. Lastly, I described the changes that occur in the proteome of naïve and 

lysolecithin lesioned spinal cords and serum from exercising and sedentary mice. I also examined 

the effects of exercise on the young and middle-aged fibroblast response. I found that acute 

voluntary access to a running wheel resulted in significant protein changes related to metabolism, 

oxidative stress, and synaptic transmission. However, voluntary wheel running did not result in any 

changes to the fibroblast response in lysolecithin lesions in young and middle-aged mice. This 

thesis highlights the role of fibroblasts in central nervous system injuries, details the potential 

causes and outcomes of their elevation in the parenchyma, and also highlights the implications of 

aging and exercise for the fibroblast response and broader lysolecithin lesion environment.  
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Preface 
 

This thesis is the original work of the author, Brian M. Lozinski, prepared in manuscript style 

format. Figures appear in the text in the sections in which they are mentioned.  

Chapter 1 of this thesis is an expanded version of published and unpublished reviews. Portions 

of the introductory text are used with permission from SAGE publishing and Lozinski and Yong 

(2020) of which I am an author. Figure 1.5 is from figure 1 in Lozinski and Yong (2020). 

Lozinski BM, Yong VW. Exercise and the brain in multiple sclerosis. Multiple Sclerosis Journal. 
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Lozinski BM, Ghorbani S, Yong VW. Unnamed fibrosis review. In preparation for submission.  
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Scientific reports, 11(1), 7239. https://doi.org/10.1038/s41598-021-86593-5  
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Chapter 1: Introduction 
 

Chapter 1 was written by combining materials from published and unpublished materials and was 

a joint effort of Brian M. Lozinski, and Dr. Wee Yong. The published work in this chapter is listed 

below: 

Lozinski, B. M., & Yong, V. W. (2022). Exercise and the brain in multiple sclerosis. Multiple 

sclerosis (Houndmills, Basingstoke, England), 28(8), 1167–1172. This is a pre-copyedited author-

produced version of an article published in Multiple Sclerosis Journal. The version of record is 

available online at https://journals.sagepub.com/doi/10.1177/1352458520969099 and 

https://doi.org/10.1177/1352458520969099 

1.1) Multiple sclerosis (MS) 
 

1.1.1) Overview 
 

Multiple sclerosis (MS) is a neuroinflammatory disease characterized by chronic 

inflammation and demyelination of the central nervous system (CNS). MS is the most prevalent 

neurological disabling disease affecting 1 in 400 people or 93,500 Canadians(Reich et al., 2018). 

Symptoms of MS are sensory, motor, or cognitive in nature and include vision loss, gait 

imbalance, and impaired processing speeds(Filippi et al., 2018). The criteria to diagnose MS 

requires evidence of damage disseminated in space and time(Thompson et al., 2018). 

Dissemination in space can be done through identification of injury in more than one region and 

dissemination in time by the identification of lesions in two separate regions(Brownlee et al., 

2017). These criteria rely on magnetic resonance imaging (MRI), recognition of oligoclonal bands 

in the cerebrospinal fluid (CSF), or further relapses(Brändle et al., 2016). The first clinical 

presentation of a disease with characteristics of inflammatory demyelination that has not met 

these criteria is referred to as clinically isolated syndrome (CIS)(D’Alessandro et al., 2013). When 

a diagnosis is made, roughly 85% of people with MS (PwMS) are diagnosed with relapsing 
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remitting MS (RRMS)(Reich et al., 2018). RRMS is characterized by irregular periods of 

neurological deficits and complete or partial recovery(Filippi et al., 2018). Symptom presentation 

occurs in conjunction with the region that lesions occur(Filippi et al., 2018). The majority of PwMS 

with RRMS will transition to a secondary progressive MS (SPMS) stage of disease(Klineova & 

Lublin, 2018). Conversion to SPMS is associated with continuous and irreversible neurological 

decline unrelated to relapses(Thompson et al., 2018). Approximately 15% of PwMS are 

diagnosed from the beginning with primary progressive MS (PPMS)(Filippi et al., 2018). This 

presentation is similar to SPMS with nearly non-existent relapses and progressive cognitive 

decline(Kantarci et al., 2016). Diagnosis of MS occurs primarily between 20-35 years of age for 

RRMS and approximately 40 years of age for PPMS(Thompson et al., 2018). MS prevalence is 

highest in North America and Europe in northern latitudes, and there is lower risk of MS in 

Africans, Asians and North American Indigenous peoples(Olsson et al., 2016). Sex is also likely 

involved in the risk of MS as it is twice as prevalent in females than males though males have a 

greater association with progression(Filippi et al., 2018; Olsson et al., 2016). Other lifestyle 

factors contribute to both susceptibility and severity of MS including smoking, vitamin D 

deficiency, childhood obesity, and adolescent exposure to Epstein-Barr virus (EBV)(Bjornevik et 

al., 2022; Jagannath et al., 2018; Wesnes et al., 2017). Genetic heritability of MS is roughly 

13.5% based on data from monozygotic and dizygotic twin studies(Baranzini et al., 2010; 

Beecham et al., 2013). Genome wide association studies (GWAS) have identified more than 200 

MS associated single nucleotide polymorphisms (SNPs) for risk of developing MS(Baranzini & 

Oksenberg, 2017; International Multiple Sclerosis Genetics Consortium et al., 2023). Many of 

these SNPs are found in immune response associated genes such as HLA-DRB1*1501(Baranzini 

& Oksenberg, 2017). More recently, a gene variant has also been identified for progression of 

disability in MS(International Multiple Sclerosis Genetics Consortium et al., 2023). The specific 

cause of MS is not known though interactions between lifestyle, environment, and genetics are 

likely critical for the conditions required for MS.  
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1.1.2) Pathology of MS 
 

The pathological hallmark of MS are confluent demyelinating lesions in the CNS gray 

matter (GM) and white matter (WM)(Lassmann, 2018). Regions that lesions can occur are 

heterogeneous and will vary from one person to the next, but common sites include the optic 

nerve, cerebellum, brain stem, spinal cord, deep GM, along the ventricles, and 

subcortically(Dendrou et al., 2015) (Fig 1.1a). Development of MS is associated with the 

presence of infiltrating immune cells in the border regions of the meninges, choroid plexus, and 

perivascular space of postcapillary venules, as well as in the tissue parenchyma(Böttcher et al., 

2020; Machado-Santos et al., 2018; Magliozzi et al., 2010). Demyelinating lesions are divided into 

active, inactive, and remyelinating lesions although chronically active slowly expanding lesions 

have also been described (Fig 1.1b)(Absinta et al., 2021; Kuhlmann et al., 2017). There can be a 

significant amount of heterogeneity in the immunopathological appearance of lesions. Active 

lesions are hypercellular with accumulation of CD8+ T cells and to a lesser extent CD4+ T cells, 

phagocytes such as monocyte derived macrophages and CNS resident microglia, and B 

cells(Kutzelnigg & Lassmann, 2014; Popescu et al., 2013). Inactive lesions are characterized by a 

lack of inflammation, the presence of reactive astrocytes, significant and ongoing axonal loss, few 

oligodendrocyte progenitor cells (OPCs), and variable amounts of remyelination(Kuhlmann et al., 

2017). Remyelinating lesions are highly variable within a lesion, between lesions, and between 

PwMS(Strijbis et al., 2017). Due to a thinner layer of myelin around remyelinated axons 

remyelinated lesions are identified by fainter appearance of common histological myelin stains 

and are referred to as shadow plaques(Prineas & Connell, 1979; Strijbis et al., 2017). Some 

PwMS undergo significant remyelination, as much as 60%, while others show little evidence of 

repair(Albert et al., 2007; Patani et al., 2007; Patrikios et al., 2006). Remyelination is associated 

with higher axonal densities and lower levels of amyloid precursor protein positive damaged 

axons(Bodini et al., 2016; I. D. Duncan et al., 2009; Mei et al., 2016; Schultz et al., 2017). 

However, due to the post-mortem nature of the analysis it is unclear if surviving axons are 

remyelinated or if remyelination protected these axons.  
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Figure 1.1) Common locations of lesions and types of lesions. a) Demyelination of the optic nerve 

is associated with visual impairment while cerebellar demyelination is associated with motor 

deficits(Filippi et al., 2018). Other areas where demyelinating lesions frequently form include the 

deep gray matter, subcortically, along the ventricles, in the brainstem, and the spinal cord. b) MS 

lesions are divided into active hypercellular lesions, chronic active lesions with a rim of activity, 

inactive lesions that are hypocellular, and remyelinated lesions that have thin myelin internodes. 

Created in BioRender. 
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The development of lesions can be tracked using the content of microglia/macrophages 

laden with lipid rich myelin debris and myelin associated proteins(Marschallinger et al., 2020). 

Early active lesions are identifiable based on microglia/macrophages positive for minor myelin 

proteins myelin oligodendrocyte glycoprotein (MOG) and 2',3'-Cyclic-nucleotide 3'-

phosphodiesterase (CNPase)(Kuhlmann et al., 2017). Conversely, microglia/macrophages in late 

active lesions are positive only for major myelin proteins myelin basic protein (MBP) and 

proteolipid protein (PLP)(Kuhlmann et al., 2017). Besides inflammation, active lesions show signs 

of oligodendrocyte loss, variable OPC recruitment, axonal swelling and transections, and 

astrocyte reactivity(Ferguson et al., 1997; Masuda et al., 2019; Trapp et al., 1998; Wheeler et al., 

2020).  

There is also pathology in the normal appearing white matter (NAWM) and gray matter 

(NAGM)(Allen et al., 2001; Howell et al., 2015; Zrzavy et al., 2017). In the NAWM microglia 

become activated and cluster in nodules, axons show signs of Wallerian degeneration, and 

vasculature show signs of blood-brain barrier (BBB) disruption(Allen et al., 2001; Gay & Esiri, 

1991; Kermode et al., 1990; Lassmann, 2018; Zrzavy et al., 2017).  Unlike immune accumulation 

in demyelinating lesions microglia nodules do not localize around injured blood vessels or 

microvasculature(J. van Horssen et al., 2012).  There is a greater extent of NAWM pathology in 

progressive MS indicative of diffuse white matter injury during progressive MS(Kutzelnigg et al., 

2005).  

1.1.3) Immune abnormalities in MS 

The impact of the immune system on MS pathology has been shown through pre-clinical, 

post-mortem, biomarker, and imaging studies(Absinta et al., 2021; Ghorbani et al., 2022; Howell 

et al., 2015; Thouvenot et al., 2019). Auto-reactive lymphocytes escape immune tolerance in the 

periphery and traffic to the CNS(Dong & Yong, 2019). It is unclear what causes this escape from 

tolerance but lymphocytes recognizing self-antigens including MOG, MBP, PLP, and glial cell 

adhesion molecule (GlialCAM) have been identified(Brändle et al., 2016; Goverman, 2011; 

Krogsgaard et al., 2000; Lanz et al., 2022). Infiltration of the CNS by peripheral immune cells 
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occurs at three major border regions: the blood-meningeal barrier in the leptomeninges, the 

blood-CSF barrier in the choroid plexus, and the BBB at the cerebral vasculature(Engelhardt et 

al., 2017). Entrance into the CNS by clonally expanded activated lymphocytes requires 

recognition of surface ligands by homing receptors such as integrin α4β1/very late antigen-4 and 

intercellular adhesion molecule-1 (Bö et al., 1996; Dong & Yong, 2019; Kivisäkk et al., 2003; 

Scalabrini et al., 2005; Steffen et al., 1996). Immune cell infiltration of the CNS first requires them 

to enter across the endothelial barrier into the perivascular space which becomes swollen with 

immune cells forming a perivascular cuff(Stephenson et al., 2018). Crossing from here into the 

tissue parenchyma requires further degeneration of the glial limitans through protease 

secretion(Agrawal et al., 2006).  

1.1.4) Models of MS 
 

Since MS is a disease specific to humans and does not occur naturally in animals there 

are no direct models available. Therefore, several models have been developed to imitate 

specific aspects of MS pathology. Animal models achieve demyelination similar to that seen in 

MS by autoimmune inflammation, viral infection, and toxin-based models(Ghorbani et al., 2022; 

Lozinski et al., 2021; Murray et al., 2001). Experimental autoimmune encephalomyelitis (EAE) is 

the most common model used and produces demyelination through inoculation of animals with a 

CNS specific peptide such as myelin oligodendrocyte glycoprotein peptides 35-to-55 (MOG35-55) 

or proteolipid protein peptides 139-to-151 (PLP139-151) to generate chronic or relapsing remitting 

disease course, respectively(Ghorbani et al., 2022; Krasemann et al., 2017). Characterized by 

ascending paralysis, EAE is a beneficial model for studying the inflammatory aspects of MS and 

has contributed to our understanding of autoimmunity, neuroinflammation, cytokine biology and 

immunogenetics(Ajami et al., 2011; Christy et al., 2013; Ghorbani et al., 2022; Giles et al., 2018; 

Haimon et al., 2022; Mundt et al., 2019; Ransohoff, 2012; Sun et al., 2022). The major limitations 

of EAE are that it does not model progression, it is a poor model to study remyelination, it 

primarily affects the spinal cord, and it does not adequately model the CD8+ cell and B cell 
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contributions to MS(R. W. Jain & Yong, 2021; Magliozzi et al., 2010; Ransohoff, 2012; Rojas et 

al., 2019).  

Viral induced demyelination occurs following the resolution of encephalitis caused by 

Theiler's murine encephalomyelitis virus and mouse hepatitis virus(Murray et al., 2001; 

Ransohoff, 2012). Though these models have been beneficial in understanding the clearance of 

viruses from the CNS they are less commonly used as they do not model the persistent viral 

infection seen in MS(Lassmann & Bradl, 2017).  

Toxin induced demyelination is achieved through oral administration of the copper 

chelator cuprizone and stereotaxic injection of lysophosphatidylcholine (LPC), oxidized 

phosphatidylcholine(Dong et al., 2021) or ethidium bromide(Blakemore et al., 1977; Keough et 

al., 2015; Triarhou & Herndon, 1986). Oral administration of cuprizone for several weeks causes 

demyelination primarily of the corpus callosum and hippocampus although demyelination also 

occurs in the cortex and deep gray matter(Zirngibl et al., 2022). Withdrawal of cuprizone from the 

chow results in extensive and rapid remyelination of the corpus callosum(Zirngibl et al., 2022). 

Cuprizone is a useful model for the study of remyelination and mimics the GM and WM 

pathologies seen in MS. However, opposite to what is seen in MS, WM tracts in cuprizone 

remyelinate more efficiently than GM(Ransohoff, 2012). Furthermore, while MS lesions seen in 

progressive MS and cuprizone lesions both are sparsely populated with T cells the former do not 

contain complement while cuprizone lesions do. Despite these shortcomings cuprizone provides 

a good model of the processes of de- and remyelination.  

Finally, injection of LPC, and formerly ethidium bromide, into the CNS white matter 

provides the ability to study de- and remyelination by induction of focal demyelinated 

lesions(Keough et al., 2015). The LPC model has allowed for the study of de- and remyelination 

with spatiotemporal predictability(Keough et al., 2015; Ransohoff, 2012). Immediately after LPC 

there is the accumulation of myelin debris, axonal swelling and injury, cell death, and the 

formation of an astroglial scar that persists throughout the course of injury(Plemel, Michaels, et 

al., 2017). Soon after, microglia and then monocyte derived macrophages enter the lesion after 
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which microglia become the predominant myeloid population(Plemel et al., 2020). Phagocytes 

such as microglia/macrophages are critical to the removal of myelin and cellular debris from the 

lesion(Rawji et al., 2020). There has been some indication of lymphocytes such as T cells in LPC 

lesions during the immediate days following injury though they are transient and not believed to 

play a significant part in the pathology(Ousman & David, 2000). However, most studies do not 

follow the lesion to chronic stages and so may miss later contribution of T cells. After 3 days there 

is accumulation of OPCs at the rim of the LPC lesion which enter the lesion around 7 days and 

mature into myelinating oligodendrocytes from 14 to 21 days post induction(Keough et al., 2015; 

Ruckh et al., 2012). As many as 30% of axons are lost within the LPC lesion and the remaining 

axons are fully remyelinated within 28 days(Ruckh et al., 2012). While LPC is a useful model it 

lacks the ongoing immune activity present in MS, and due to a lack of specificity for 

oligodendrocytes and myelin causes non-specific cell death(Plemel, Michaels, et al., 2017).     

1.2) Oligodendrocytes and remyelination 
 

1.2.1) Developmental myelinogenesis 
 

The myelination of the CNS occurs in several stages: proliferation and migration of 

OPCs, recognition of axons, differentiation into oligodendrocytes, wrapping of the axon, and 

compaction of the myelin sheath(Charles et al., 2000; Emery et al., 2009; Herbert et al., 2017; 

Nawaz et al., 2015; Snaidero et al., 2014, 2017; Windrem et al., 2004; Zuchero et al., 2015). 

Oligodendrocytes are derived from three waves of OPC development(J. Cai et al., 2005; Orentas 

et al., 1999; Vallstedt et al., 2005). The first arise from the ventral ventricular zone of the forebrain 

and the motor neural progenitor (pMN) domain in the spinal cord during development around 

embryonic day 12.5 (E12.5) in mice, or roughly gestational week 6.5 in humans(Bergles & 

Richardson, 2016). The second wave of development comes from radial glial cells in the dorsal 

spinal cord and the ventricular zone in the forebrain at around E15.5(Goldman & Kuypers, 2015). 

The third wave of OPC development consists of local proliferation in the developing cortex and 

spinal cord at postnatal day 0 (P0)(Goldman & Kuypers, 2015). Migrating throughout the CNS, 

OPCs tile the parenchyma by migrating along the developing vasculature, responding to 
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guidance cues including semaphorins and netrin, and through contact inhibition with other 

OPCs(Hughes et al., 2013; Tsai et al., 2016).  

Maturation of OPCs into myelinating oligodendrocytes begins before birth and continues 

for several decades in humans(Yeung et al., 2014). OPCs first become pre-myelinating 

oligodendrocytes, extending processes out that contact axons(Fancy et al., 2009; Stadelmann et 

al., 2019). OPCs choose which axons to myelinate based on several factors including axon 

diameter, cell surface proteins that positively regulate myelination such as N-cadherin and 

neuregulin I/III, and negative regulators like LINGO-1 and PSA-NCAM(Almeida, 2018; Charles et 

al., 2000; Demerens et al., 1996; Gibson et al., 2014; Mi et al., 2005). Maturation of OPCs 

through the pre-myelinating stage to myelinating oligodendrocytes is regulated by the 

transcription factor myelin regulatory factor (MYRF) which is maintained by transcription factors 

Olig2 and Sox10(Emery et al., 2009). Downstream genes of MYRF including PLP and MBP are 

required for proper myelin formation and compaction(Emery et al., 2009). The process of 

wrapping the axon in concentric sheets of lipid membrane is driven by actin polymerization at the 

leading edge and occurs like a croissant expanding out from the centre(Nawaz et al., 2015). 

Finally, compaction of the myelin sheath occurs once the membrane components such as 

CNPase, MBP, and contactin-associated protein (CASPr) needed for adequate function are 

trafficked to the appropriate positions(G. J. Duncan et al., 2021). The compaction of the myelin 

into tight layers is driven by the formation of a polymeric network of MBP that pushes the 

cytoplasm from the myelin sheath into the edges of the sheath and forming the major dense and 

interperiod lines(Snaidero et al., 2017). The length of myelin that covers the axon is divided into 

sections: starting adjacent to the node of Ranvier is the paranode, followed by the juxtaparanode, 

and finally the internode(Stadelmann et al., 2019). At the paranode, myelin tethers to the axon by 

an adhesion complex of contactin, CASPr, and neurofascin(Stadelmann et al., 2019). Further 

anchoring is found in the juxtaparanode between complexes of contactin and CASPr, and in the 

internode between myelin adjacent protein and gangliosides(Stadelmann et al., 2019). These 

divisions are important to maintaining saltatory conduction of the axon by separating voltage 

gated sodium and potassium channels in the node of Ranvier and paranode 
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respectively(Freeman et al., 2015; Kaplan et al., 1997, 2001; Susuki et al., 2013). Each layer of 

myelin is connected via gap-junctional proteins and cytosolic channels maintained by 

CNPase(Lappe-Siefke et al., 2003; Snaidero et al., 2017). Importantly, covering of the axon by 

myelin isolates the axon from nutrients found in the extracellular environment(Micu et al., 2017).  

Therefore, the oligodendrocyte must provide metabolic trophic support to the axon. The 

cytoplasmic channels and gap junctions linking myelin layers are critical for transmission of 

trophic factors to the inner membrane of the myelin sheath for export into the periaxonal 

space(Snaidero et al., 2017).  

Myelination is influenced by other CNS resident cells such as astrocytes and microglia. 

Oligodendrocytes are connected to astrocytes through gap-junctions allowing them to meet the 

metabolic demands of myelinating up to 50 separate axons(Chong et al., 2012; Kettenmann & 

Ranson, 1988; Philippot et al., 2021; Waxman et al., 1990). Astrocytes are in turn connected to 

the vasculature by their endfeet providing nutrients to the oligodendrocytes through this pan glial 

syncytium(Díaz-Castro et al., 2023; G. R. J. Gordon et al., 2008). Myelin does not remain static 

throughout life but dynamically changes its length, extending and retracting in response to 

neuronal activity such as occurs when learning new skills(Gibson et al., 2014; Hughes et al., 

2018; Jensen & Yong, 2016). Microglia are critical to the maintenance and plasticity of myelin 

sheaths in adult mice indicated by hypermyelination occurring in microglia deficient mice that 

precedes the loss of myelin integrity and demyelination (McNamara et al 2023). Oligodendrocyte 

stability varies between white matter tracts of mice from 90% survival over 2 years in the corpus 

callosum to 60% in the spinal cord(R. B. Tripathi et al., 2017). Surprisingly, oligodendrocytes are 

believed to be more stable in humans with a turnover rate of just 0.32% per year(Yeung et al., 

2014). The process of myelination continues in humans into our thirties after which white matter 

volumes begin to decline(Bethlehem et al., 2022).  

1.2.2) Remyelination 
 

Remyelination occurs spontaneously following demyelination of the brain and spinal 

cord(Franklin & Simons, 2022). Like developmental myelination, remyelination is the result of 
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OPC migration, proliferation, and differentiation (Fig 1.2a)(Boyd et al., 2013; Fancy et al., 2009; 

Levine & Reynolds, 1999). Remyelination in both humans and mice is associated with greater 

neuroprotection and axonal survival(Kornek et al., 2000; Mei et al., 2016; Schultz et al., 2017). 

Re-establishment of the myelin sheath restores saltatory conduction, metabolic support, and 

provides mechanical protection from injury (Fig 1.2b)(Coman et al., 2006; Irvine & Blakemore, 

2008; Jeffery & Blakemore, 1997; Lappe-Siefke et al., 2003; Micu et al., 2017; K. J. Smith et al., 

1979, 1981). Ultrastructurally, remyelinated myelin consists of a paranode, juxtaparanode, and 

internode as well as major dense and interperiod lines consistent with compact myelin(Coman et 

al., 2006; Sasaki et al., 2006). The major difference between developmental and remyelinated 

myelin is a thinner myelin sheath following remyelination(I. D. Duncan et al., 2017).  

Remyelination has been described extensively in experimental models though it is less 

well characterized in humans. Post-mortem studies of MS samples suggest that remyelination 

occurs to varying degrees between both lesions and individuals(Patani et al., 2007; Patrikios et 

al., 2006; Strijbis et al., 2017). Remyelination is more commonly seen in perivascular, deep white 

matter, and cortical lesions and is more extensive in the gray matter than the white matter 

suggesting a role of anatomical location in remyelination efficiency(Albert et al., 2007; 

Goldschmidt et al., 2009; Merkler et al., 2005). In vivo imaging studies using positron emission 

tomography and myelin specific probes indicate an inverse correlation of remyelination with 

clinical disability(Bodini et al., 2016). However, it is unclear if this is due to a protective effect of 

remyelination or a lack of activity allowing remyelination to occur. Indeed, remyelination 

negatively correlates with disease activity(Bramow et al., 2010; Patrikios et al., 2006). 

Unfortunately, remyelination often fails to occur sufficiently for functional benefits(Boyd et al., 

2013).  
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Figure 1.2) Process and benefits of remyelination. a) Developmental myelination and 

remyelination result from the migration, proliferation, and differentiation of oligodendrocyte 

progenitor cells (OPCs). Differentiation of OPCs into myelinating oligodendrocytes occurs over 

several stages: OPCs target and contact an axon, membrane trafficking outgrowth, lateral and 

radially wrapping of the axon, and finally compaction of the myelin sheath. b) myelination and 

remyelination provide benefits for the underlying axons that include maintenance of saltatory 

conduction by clustering of voltage gated channels around the nodes of Ranvier, providing trophic 

support including lactate to the otherwise isolated axon, and providing physical protection from 

immune mediated injury. Made in BioRender.   
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1.2.3) Remyelination failure 

 

Remyelination fails due to an imbalance in permissive and inhibitory signals together with 

the ability of OPCs to respond to them (Fig 1.3). These signals affect OPC proliferation, 

migration, and differentiation. One hypothesis asserts that a bottleneck during OPC differentiation 

is the primary cause of remyelination failure. Histological analyses of MS lesions indicates that 

they possess OPCs in comparable numbers across lesion types and pre-myelinating 

oligodendrocytes that lack compact myelin(Chang et al., 2000, 2002; Kuhlmann et al., 2008; 

Lucchinetti et al., 1999; Maeda et al., 2001; Scolding et al., 1998; Wolswijk, 1998; Yeung et al., 

2019).  It can be inferred from these studies that OPCs are able to enter lesions but fail to mature 

into myelinating oligodendrocytes. This hypothesis was tested in a model of experimental 

demyelination in which the OPC proliferative signal platelet derived growth factor (PDGF)-AA was 

over expressed leading to increased OPC numbers but not remyelination(Woodruff et al., 2004). 

Critically, PDGFAA promotes OPC proliferation but also impairs differentiation and could explain 

the lack of observed remyelination(Frost et al., 2003; Wolswijk & Noble, 1992). As well, post-

mortem studies represent snapshots in time and do not contain the resolution to represent all 

possible context within lesions. An alternative possibility is that OPCs are present in insufficient 

numbers for extensive remyelination. Other studies have indicated that there are reduced OPC 

numbers in MS lesions and significant accumulation of macromolecules that impede OPC 

migration(Boyd et al., 2013; D. M. Chari et al., 2003). It is likely that deregulation affects many 

aspects of the OPC response including intrinsic and extrinsic factors (Fig 1.3). As such, there is 

evidence that suggests that impaired remyelination may depend on the stage of lesion formation 

(Hess et al 2020). Hess et al identified a subset of active lesions that lacked myelin sheaths 

despite mature oligodendrocytes being present, and significant loss of oligodendrocytes in 

mixed/inactive lesions due to the hostile environment within these lesions. Two important 

regulators of remyelination efficiency are age-related attenuation and the accumulation of 

extracellular matrix (ECM) molecules(Ghorbani et al., 2022; Neumann et al., 2019; S. Shen et al., 

2008; Stephenson et al., 2018).  
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Figure 1.3) Permissive and inhibitory regulators of OPC function. OPC development and 

remyelination are regulated by many positive and negative factors. Regulators can be divided into 

membrane bound proteins (e.g. LINGO1), intracellular proteins (e.g. RXR), extracellular proteins 

(e.g. Wnt), Semaophorins (e.g. Sema3A), growth factors (e.g. PDGFA), cytokines (e.g. IL1β), 

chemokines (e.g. CXCL12), and ECM components (e.g. CSPGs). Many factors promote one 

stage of response while inhibiting another. For example, PDGFA inhibits OPC differentiation by 

promoting proliferation. Other factors can be permissive or inhibitory depending on the receptors 

they act on. For instance, γ-aminobutyric acid (GABA) signaling through GABAA receptors inhibits 

OPC migration and proliferation while GABA signaling through GABAB receptors promotes OPC 

migration and proliferation. Made in BioRender 
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1.2.4) Aging 
 

Aging is the accumulation of cellular dysfunctions that lead to decline in physical and 

cognitive functions(López-Otín et al., 2023). Though aging is not associated with an elevated 

incidence of MS it has been linked to progression(Koch et al., 2007). Importantly, many PwMS 

live long lives and age-related changes at the cellular and organ level are important 

considerations for pathology and treatment(McGinley et al., 2021). Age-related cellular 

dysfunction includes certain hallmarks such as chronic inflammation, stem cell exhaustion, and a 

decline in tissue regeneration(Eming et al., 2014; López-Otín et al., 2023). While there have been 

studies of an age-related effect on remyelination in human samples, much of our understanding 

of age and remyelination comes from animal models(Goldschmidt et al., 2009; Patani et al., 2007; 

Patrikios et al., 2006). From these studies the accumulation of cellular dysfunction with age 

clearly delays the remyelination process(Shields et al., 1999). Delaying OPC response can result 

in them missing the defined window in which they can extend processes to enwrap axons(Czopka 

et al., 2013). This loss of myelin sheath results in axon pathology that has been described in MS 

lesions such as retraction bulbs and swellings and contributes to disability(Gritsch et al., 2014; 

Locatelli et al., 2012; Oluich et al., 2012; Pohl et al., 2011; Trapp et al., 1998).  

Age-related remyelination impairment is multifactorial and affects intrinsic and extrinsic 

factors. Accumulation of intrinsic factors in OPCs reduces their ability to respond to chemical and 

mechanical environmental signals (Fig 1.4). In OPCs histone deacetylases (HDACs) are 

important to promote the expression of pro-differentiation transcription factors through the 

inhibition of differentiation inhibitors Hes5 and Id2(S. Shen et al., 2008). In aged OPCs HDAC 

recruitment to the promoters of these inhibitors are impaired leading to elevated levels of the 

differentiation inhibitors. As well, due to accumulation of DNA damage and reduced mitochondrial 

function aged OPCs have impaired capacity to respond to soluble signals in the environment 

including growth signals that promote differentiation(Neumann et al., 2019). Additional deficits in 

aged OPCs include a reduced ability to respond to neuronal activity that results from reduced 

levels of N-methyl-D-aspartate receptors (NMDAR)(S. O. Spitzer et al., 2019). Interestingly, 
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OPCs are also affected with age by mechanical signals from the environment. The aged CNS 

becomes increasingly rigid due to the accumulation of ECM and impairs OPC proliferation and 

differentiation due to the mechanosensitive ion channel Piezo1 expressed on OPCs(Segel et al., 

2019). The ECM that accumulates in the aged CNS includes inhibitory ECM such as chondroitin 

sulfate proteoglycans (CSPGs), hyaluronan, collagen, and fibronectin(Ghorbani et al., 2022; Jong 

et al., 2019; Mohan et al., 2010; Sobel, 2001; Sobel & Mitchell, 1989; J. van Horssen et al., 

2006). Aside from inhibitory ECM, MS lesions accumulate other macromolecules such as 

oxidized lipids and myelin debris remnants(Dong et al., 2021; Kuhlmann et al., 2017). Myelin 

debris remnants that accumulate in MS lesions impair OPC differentiation(Plemel et al., 2013). 

Under normal conditions phagocytes like microglia and macrophages remove and process myelin 

and cellular debris(D. Chari et al., 2006; Dong et al., 2021; Kotter et al., 2005). With age, the 

phagocytic and processing capacity of these immune cells is impaired leading to formation of 

cholesterol crystals within cells and accumulation of inflammatory foamy macrophages(Bosch-

Queralt et al., 2018; Rawji et al., 2020). Though ECM is known to be inhibitory to OPC function 

there is little known about how it is affected by age.    
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Figure 1.4) Intrinsic and extrinsic age-associated dysfunctions regulating OPC function. Age 

impacts OPC responses intrinsically by reduced epigenetic regulation, growth factor sensitivity, 

neuronal response, and increased sensitivity to environmental stiffness. These contribute to 

impairing OPC migration, proliferation, and differentiation. Extracellular factors also contribute to 

age associated OPC impairment. Increasing tissue stiffness, altered extracellular matrix (ECM) 

composition, accumulation of debris, and a more inflammatory environment all contribute to 

impair OPC responses. Made in BioRender 
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1.2.5) Extracellular Matrix (ECM) 
 

The ECM is an organized macromolecular substrate that provides physical support for 

tissue integrity and maintenance of tissue homeostasis(Bonnans et al., 2014). It acts as a ligand 

for cell surface receptors to regulate cellular functions including proliferation, migration, and 

differentiation(Bonnans et al., 2014; Petersen et al., 2017; Sellers et al., 2009; Stoffels et al., 

2014). In the healthy CNS the ECM in the parenchyma consists primarily of hyaluronan, 

tenascins, and CSPGs(Ghorbani & Yong, 2021; Sorokin, 2010). The basement membrane of the 

vasculature is composed of a cross-linked network of collagen VII, collagen IV, and 

laminins(Ghorbani & Yong, 2021; J. V. Horssen et al., 2005; S. Wang et al., 2006). The functional 

role of the ECM is to provide structural support for cells, transmit information mechanically, bind 

and sequester growth factors, and regulate inflammation(Massagué, 2012; Sorokin, 2010). These 

functions are contextual and can be altered if proteolytically cleaved or damaged following injury. 

Following tissue damage ECM is deposited as a part of the ongoing tissue remodeling to restore 

the tissue to a similar state as prior to the injury(Eming et al., 2014; Ito et al., 2007; Lorenz et al., 

1993; Talbott et al., 2022). In this scenario the ECM in the parenchyma may vary from de novo 

ECM in content or abundance. MS lesions contain greater amounts of ECM compared to 

uninjured or NAWM(Mohan et al., 2010; Sobel, 2001; J. van Horssen et al., 2006). As well, ECM 

is found in greater amounts in inactive lesions compared to active suggesting ongoing tissue 

remodeling and wound healing(Mohan et al., 2010). In MS lesions the ECM also has spatial 

variability with CSPGs and hyaluronan aggregated at the lesion edge while heparin sulfate 

proteoglycans (HSPGs), biglycan, decorin, fibronectin, collagens, laminins, and thrombospondin 

are distributed throughout the lesion centre(Ghorbani & Yong, 2021; Van Horssen et al., 2007).  

OPC responses are regulated by ECM interactions both directly through receptor binding 

and indirectly through modulation of immune and other CNS cells(Andreuzzi et al., 2022; 

Ghorbani et al., 2022; Stoffels et al., 2014; Suzuki et al., 2019; R. B. Tripathi et al., 2017). Direct 

interactions of ECM with OPCs occurs through ECM ligands binding to cell surface receptors on 

OPCs(Ghorbani & Yong, 2021; Pu et al., 2018). OPCs express several ECM receptors including 
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integrin-αvβ1, integrin-α6β1, integrin-αvβ3, CD44, toll like receptor 2 (TLR2), TLR4, activin A 

receptor 1 (ACVR1), leukocyte common antigen (LAR), protein tyrosine phosphatase (PTPσ), 

and Nogo receptor (NgR)(Ghorbani & Yong, 2021; Harlow et al., 2015; J.-Y. Huang et al., 2012; 

Miron et al., 2013; Srivastava et al., n.d.). By expressing a wide array of receptors OPCs 

recognize many ECM components and respond to environmental changes and injury. The effect 

of OPC-ECM interactions is dependent on the structural and biochemical properties of the ECM 

components, some of which will be discussed below.  

Fibronectin is a glycoprotein that forms dimers and acts as a scaffold for cell adhesion 

and migration(Pu et al., 2018; Sobel & Mitchell, 1989) (Pu 2018). The aggregated and fibrillar 

forms of fibronectin lead it to have inhibitory and permissive effects on OPC responses(Buttery, 

1999; Milner et al., 1996; Qin et al., 2017; Stoffels et al., 2014; A. Tripathi et al., 2017; Werkman 

et al., 2020). Unaggregated fibrillar fibronectin binds to OPC αvβ3 and αvβ6 integrins promoting 

their migration and proliferation(Milner et al., 1996). Conversely, aggregated fibronectin, which 

accumulates in MS lesions, impairs OPC differentiation and acts as a scaffold for other inhibitory 

ECM such as thrombospondin 1 (Tsp1)(Ghorbani & Yong, 2021; Sikkema et al., 2018).   

Hyaluronan is the most abundant ECM component in the healthy CNS and is found as a 

high molecular weight polymer in MS lesions(Back et al., 2005). Structurally, hyaluronan is 

composed of unsulfated polymers of glycosaminoglycan (GAG) chains(Pu et al., 2018). High 

molecular weight hyaluronan is produced during inflammation by astrocytes and interacts with 

other ECM such as the CSPG versican forming a scaffold for cell adhesion(Seyfried et al., 2005). 

OPCs binding of high molecular weight hyaluronan polymers through TLR4 inhibits expression of 

pro-differentiation genes by inactivating protein kinase B (AKT)/forkhead box O3 (FoxO3) 

signaling(Srivastava et al., n.d., 2020). During injury hyaluronan is cleaved into fragments that 

bind TLR2 on OPCs and signal through myeloid differentiation primary response 88 (MyD88) 

impairing their differentiation and remyelination(Sloane et al., 2010).  

CSPGs are sulfated proteoglycans covalently linked to one or more sulfated GAG 

chains(Stephenson et al., 2018). The family of CSPGs is composed of aggrecan, versican, 
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brevican, neurocan, phosphacan, and neuron-glial antigen 2(Pu et al., 2018). In the healthy CNS 

they contribute to the tissue substrate by forming aggregates with tenascins and hyaluronan(Pu 

et al., 2018; Sorokin, 2010; Wu et al., 2005). The function of CSPGs will vary based on 

differences in the core protein and GAG side chains(Pu et al., 2018). They have been implicated 

as inhibitors of CNS regeneration due to their abundance in spinal cord injuries and repulsive 

effects on axon regrowth(Sofroniew, 2018). OPCs interact with CSPGs through LAR, PTPσ, and 

NgR1/3(Dickendesher et al., 2012; Fisher et al., 2011; Y. Shen et al., 2009).  As such, CSPGs 

impair OPC differentiation and process outgrowth contributing to remyelination failure(Lau et al., 

2012; Pendleton et al., 2013). Indirectly, versican and aggrecan can bind to 

microglia/macrophage TLR2/6 causing MyD88/Nuclear factor kappa B (NFkB) signaling and 

expression of inflammatory mediators like tumor necrosis factor (TNF)-α, interleukin (IL)-6, and 

reactive oxygen species(Kang et al., 2017; S. Kim et al., 2009; Stephenson et al., 2018).  As well, 

versican promotes polarization of T cells to cytotoxic T helper (Th)1 and Th17 

phenotypes(Ghorbani et al., 2022). Interferon (IFN)-γ and IL-17 produced by Th1 and Th17 cells 

impair OPC differentiation and cause apoptosis(Ghorbani et al., 2022; Moore et al., 2015; 

Psenicka et al., 2021).  

Collagen is a triple helix of three polypeptide α-chains of varying lengths that form homo 

and hetero trimers(Shoulders & Raines, 2009). There are 28 identified collagens with several 

collagens found in the glial limitans and basement membrane(Sorokin, 2010). As essential 

structural components of the basement membrane collagen VII, collagen IV and laminins form 

cross-linked structures that provide tensile strength to the tissue and support for cellular 

anchoring(Mouw et al., 2014). Not normally present in the CNS parenchyma, collagen is found to 

be elevated in demyelinating MS lesions(Mohan et al., 2010; J. van Horssen et al., 2006). The 

role of collagen in MS lesions is not well defined. However, OPCs growth on collagen substrates 

have impaired differentiation(Soderblom et al., 2013). As well collagen impairs the expression of 

CCL2 by microglia/macrophages important for further immune recruitment(Kotter et al., 2005; 

Mohan et al., 2010).  
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HSPGs are structurally similar to CSPGs differing in the polysaccharides that make up 

their GAG side chains(Kjellén & Lindahl, 1991, 2018). Members of the HSPG family include 

glypican, syndecan, perlecan, agrin, collagen XVIII, CD44, neuropilin-1, betaglycan, and 

serglycin(Pu et al., 2018). HSPGs bind growth factors including fibroblast growth factor-2 (FGF2) 

and PDGF(Bonnans et al., 2014; Kjellén & Lindahl, 1991). Both FGF2 and PDGF promote OPC 

migration, and proliferation while impairing their differentiation(Armstrong et al., 2002; Bansal et 

al., 2003; McKinnon et al., 1990, 1993; Winkler et al., 2002).  

Laminins are fibrous glycoproteins that bind to many ECM including collagen IV, HSPGs, 

nidogen, and dystroglycan(Leiton et al., 2015). As with most ECM, laminins are important for 

structural support. As well, laminin α2 promotes OPC survival and differentiation while laminin α4 

and α5 bind to α6β1-integrin and positively regulate OPC migration and survival(De La Fuente et 

al., 2017; Relucio et al., 2012).  

1.2.6 Promoting Remyelination 
 

Seeking to improve remyelination efficiency is a growing area of interest. Remyelination 

has many benefits for PwMS and is the most extensive form of regeneration in the CNS(Franklin 

& Simons, 2022). Strategies to promote remyelination seek to improve OPC function and/or 

overcome inhibitors in the lesion environment(Plemel, Liu, et al., 2017). OPC function can be 

improved both pharmacologically and holistically. Targeting inhibitors of remyelination such as 

leucine rich repeat and immunoglobin-like domain-containing protein 1 (LINGO1) have also 

shown promising results to promote remyelination(Jepson et al., 2012).  Genetic deletion and 

monoclonal antibodies targeting LINGO1 resulted in reduced EAE scores, increased 

remyelination, and axon survival(Mi et al., 2005). Clinical trials of anti-LINGO1 monoclonal 

antibodies marketed under the name Opicinumab have indicated it is well tolerated and 

moderately improved conduction latency of visually evoked potential(Tran et al., 2014).  

Therapeutically improving cellular functions targeting intrinsic dysfunction has also been 

done. Pharmacological antagonism of the muscarinic acetylcholine receptors (mAChR) on OPCs 
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with Benzatropine, Quetiapine, or Clemastine was shown to improve OPC differentiation in vitro 

and in vivo, promote remyelination, and increase axon density(Green et al., 2017; Mei et al., 

2014, 2016). Additionally, retinoid x receptor (RXR) γ and α were implicated in defective OPC and 

microglia/macrophage functions respectively(J. K. Huang et al., 2011; Natrajan et al., 2015). In 

separate studies, treatment with 9-cis retinoic acid reversed age-associated declines in OPC 

differentiation and myelination, and microglia/macrophage phagocytosis. However, in a phase 2a 

trial an RXR agonist, bexarotene, was not well tolerated and its use was recommended 

against(Brown et al., 2021). This highlighted the need for well tolerated therapeutics. One such 

candidate was Vitamin B3, also known as niacin, which had been shown to improve remyelination 

outcomes in experimental demyelination(Rawji et al., 2020). Niacin binds hydroxycaroboxylic acid 

receptor 2 on microglia/macrophages reversing the effects of age and increasing phagocytosis 

leading to greater amounts of remyelination(Rawji et al., 2020). Niacin is also converted into 

nicotinamide adenine dinucleotide (NAD), a critical coenzyme for redox reactions involved in 

metabolism as well as a cofactor in non-redox NAD-dependent enzyme functions(Covarrubias et 

al., 2021). By being converted to NAD+ niacin can affect many aspects of age such as cell 

senescence, DNA repair, and immune aging(Covarrubias et al., 2021). Indeed, microglia are 

interesting candidates to target for the promotion of remyelination as they can produce permissive 

factors such as IGF1 and play an important role in maintaining myelin health (McNamara et al 

2023, Bellver-Landete et al 2019). The antidiabetic drug metformin has also shown positive 

results in restoring age related OPC dysfunction and increasing remyelination(Neumann et al., 

2019). Metformin restores OPC function in an AMP dependent kinase (AMPK) dependent 

manner. AMPK has been shown to also be modulated by calorie restriction and exercise. The 

benefits of exercise for remyelination and PwMS generally will now be discussed.  

1.2.7) Exercise 
  

Exercise was previously thought to be harmful to PwMS due to overheating and the 

potential to exacerbate symptoms(van Praag, 2009). Exercise has now been shown to confer a 

range of benefits for PwMS including improvements to fatigue, quality of life, cognition, and 
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depression, as well as mobility and balance (Fig 1.5)(Motl et al., 2017). However, there are many 

challenges for PwMS when engaging in regular exercise including heat insensitivity, fatigue, and 

decreased mobility leading to PwMS exercising less than the average population(Klaren et al., 

2013).  Recently, opinions have shifted to the point that exercise is proposed to treat symptoms 

and even prevent or delay MS in those at risk(Dalgas et al., 2019). This shift is due to a growing 

body of literature showing exercise to be both safe and beneficial to PwMS(Learmonth et al., 

2021). 

Analysis of the EnvIMS database of 1904 cases and 3694 controls in three European 

countries found that self-reported vigorous (increased respiratory rate and perspiring) but not light 

(no increase in respiratory rate or perspiration) exercise was inversely associated with the risk of 

developing MS(Wesnes et al., 2017). Recent clinical trials also found exercise to improve 

cognition and mobility and noted that those with poor fitness level at baseline may benefit 

more(Sandroff et al., 2019). Also, a 6-month randomized controlled trial of internet delivered 

behavioral modification successfully increased physical activity in PwMS, and improved fatigue 

and mental health (depression and anxiety)(Pilutti et al., 2014). In a longitudinal study of youth 

with pediatric-onset MS, those with higher levels of moderate-to-vigorous physical activity were 

associated with lower depression and fatigue(Stephens et al., 2019).  

This has led to the development of recommended guidelines for clinicians to promote 

activity in PwMS based on differing levels of disability(Kalb et al., 2020). It was recommended 

that ≥150 minutes per week of moderate-to-vigorous exercise or lifestyle activity should be the 

target for most people with considerations for increasing disability and other challenges(Kalb et 

al., 2020). One survey of PwMS found that 62% of respondents were interested in receiving 

exercise programs and 69% were interested in information regarding exercise and physical 

activity(Flachenecker et al., 2020; Kalron et al., 2021). The interest in exercise and information 

related to it suggests that recommended levels of exercise are more likely to be adopted when 

key findings of the benefits of exercise for the CNS beyond fatigue, cognition, and mental health 

are highlighted. The terms “exercise” and “physical activity” are used interchangeably though 
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physical activity involves movement while exercise is physical activity performed in a regimented 

fashion with the purpose of improving physical fitness(Motl et al., 2017).  

Most of our understanding of the benefits of exercise and physical activity come from 

animal models. Understanding how exercise affects disease can be informed by how pathology 

changes when exercise is initiated at different stages of disease. Prophylactic initiation of 

exercise close or prior to immunization has shown broad benefits. Rats that began running 1 day 

post-immunization had resultant delayed onset of clinical signs and lower duration of the first 

relapse(Le Page et al., 1994). Similarly, both forced swimming and voluntary running paradigms 

begun prior to immunization reduced the amount of demyelination and preserved dendritic spines 

and axonal loss(Rossi et al., 2009; Shahidi et al., 2020). Functionally, exercise prevented EAE 

associated memory decline by increasing hippocampal neurogenesis when initiated prior to and 

during EAE(T. W. Kim & Sung, 2017). Interestingly, male mice were more responsive to reduction 

of EAE severity than female mice in a voluntary wheel running paradigm suggesting sex-specific 

effects(Mifflin et al., 2017). It should be noted that employing an exercise paradigm initiated 

before clinical signs of EAE are apparent could prevent immune abnormalities that give rise to 

disease. However, it is challenging to initiate exercise in mice that are severely afflicted with the 

paralysis characteristic of EAE, so most studies do not address whether exercise directly 

improves CNS functions after EAE pathology has been established.  

Following cuprizone induced demyelination, mice allowed voluntary access to a running 

wheel had attenuated axonal injury, reduced decline in levels of myelin proteins, and diminished 

microglia activation(Mandolesi et al., 2019). Similarly, exercise after lysolecithin demyelination 

has shown that exercise impinges on cells of the oligodendrocyte lineage. Specifically, running 

wheel activity activated PGC1α ((peroxisome proliferator-activated receptor (PPAR) gamma co-

activator-1α) within OPCs and increased the number of remyelinated axons, along with thicker 

myelin sheaths, compared to sedentary controls(Jensen et al., 2018). Other indirect effects of 

exercise may also influence remyelination such as increased axonal activity promoting OPC 

recruitment or decreasing oxidative stress leading to neuron survival(Barres & Raff, 1993; Souza 
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et al., 2016). Interestingly, remyelination by exercise was bolstered when combined with 

clemastine. Indeed, the combination of medication and exercise in mice led to more surviving 

axons after lysolecithin demyelination compared to exercise or clemastine alone groups, and 

~98% of axons were remyelinated(Jensen et al., 2018). Whether this is due to exercise creating a 

more tractable environment for remyelination, altering the immune landscape, or supporting axon 

survival is not clear.  

There are several mechanisms by which exercise improves CNS function. Exercise 

elevates levels of important neurotrophic factors such as brain-derived neurotrophic factor 

(BDNF)(Marlatt et al., 2012), growth hormones, neurotransmission(Jensen et al., 2018), and 

multiple signaling pathways in brain cells(Di Liegro et al., 2019). As well, exercise lowers levels of 

transcripts of genes related to the Nogo inhibitory pathway for CNS regeneration(Shahidi et al., 

2020). Endurance (treadmill running) but not strength (climbing) training decreased oxidative 

stress in the spinal cord, while increasing levels of the nuclear factor erythroid 2–related factor 2 

(Nrf2) transcription factor and downstream anti-oxidant glutathione peroxidase and glutathione 

levels(Souza et al., 2016).  

Exercise also has important effects on the immune system. In EAE, exercise modulates 

both the innate and adaptive immune responses in peripheral blood as well as in the 

brain(Gentile et al., 2019). Running wheel activity decreased the proliferation of microglia and 

increased their expression of insulin-like growth factor-1 (IGF-1)(Kohman et al., 2012). EAE 

severity was attenuated in naïve mice following adoptive transfer of lymph node cells from 

treadmill exercising compared with sedentary mice; cells from higher intensity running were less 

pro-inflammatory than those from lower intensity running(Fainstein et al., 2019).  

Maintaining the integrity of the BBB is important in MS as increased permeability is 

associated with leukocyte extravasation into the parenchyma and formation of demyelinating 

lesions. In aging mice and in EAE, exercise reduced BBB dysfunction through the upregulation of 

gap junction proteins(Souza et al., 2016). In aging mice, this was found to be associated with 

increased numbers of pericytes in blood vessels(Soto et al., 2015). Pericytes can increase the 
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proliferation and differentiation of OPCs within a demyelinated lesion through the secretion of 

laminin α2(De La Fuente et al., 2017). As well, in the hippocampus of exercising mice, improved 

neurogenesis was associated with increased angiogenesis(Baek, 2016). Exercise is known to 

increase cerebral angiogenesis through interaction of lactate with its receptor hydroxycarboxylic 

acid receptor 1 on pericytes(Morland et al., 2017). This presents a potential therapeutic avenue 

by which exercise, through expanding pericyte numbers and their coverage of blood vessels, can 

decrease BBB dysfunction, increase angiogenesis, and promote the OPC regenerative response 

for remyelination.  

Neuronal activity influences OPCs to remyelinate denuded axons(Barres & Raff, 1993; 

Guo et al., 2019). Recent studies found that motor learning immediately after cuprizone induced 

demyelination, when neurons were hyperexcitable, did not have the same benefit of increased 

oligodendrogenesis and myelin sheath plasticity as delaying the learning task by several days, 

when partial remyelination has restored neuronal function(Bacmeister et al., 2020). There may be 

a period following specific injuries in which the CNS is particularly amenable to repair by physical 

activity, and this remains to be investigated in future studies.  

In summary, exercise in models of MS shapes the immune response to reduce its pro-

inflammatory potential, and it also acts directly on oligodendrocyte lineage cells to reduce myelin 

loss or to promote their regeneration(Guo et al., 2019). Exercise also has the effect of improving 

the lesion microenvironment to make it more conducive for regenerative processes. 

It has long been recognized that activity dependent tasks such as piano playing, juggling, 

and general cognitive training increase the organization and integrity of brain white 

matter(Bengtsson et al., 2005). Functional MRI studies in PwMS have shown that exercise 

improves connectivity among different brain regions(Akbar et al., 2020). In addition, 8 weeks of 

voluntary upper limb task–oriented movement restored normal brain activity in PwMS with mild 

upper limb sensorimotor deficits as shown by functional MRI; this restoration coincided with 

reduced compensatory activity from other brain areas decreasing the overall brain 

burden(Bonzano et al., 2019). Transcranial magnetic stimulation (TMS) has also supported the 
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contention that exercise induces connectivity. PwMS with poor fitness have a longer corticospinal 

silent period measured by TMS; encouragingly, a single 40-minute bout of harness-supported 

treadmill walking in highly disabled PwMS reversed the TMS deficit and increased cortical 

excitability(Chaves et al., 2020).  

MRI studies document that exercise reduces the loss of brain volume in PwMS in several 

areas including the cortex and deep gray matter(Feys et al., 2017; Kjolhede et al., 2018; Motl & 

Sandroff, 2015). In pediatric-onset PwMS, those with a high level of physical activity have lower 

MRI brain lesion burden and greater dentate gyrus volume than those with low activity(Longoni et 

al., 2018). Several methods of physiotherapy have been studied for how they may impact white 

matter in PwMS. In one study, the use of facilitation physiotherapy in which PwMS were given 

sensorimotor stimuli and stretching was shown to increase fractional anisotropy and decrease 

mean diffusivity and axial diffusivity in diffusion tensor imaging of the corpus callosum(Ibrahim et 

al., 2011). Another study using video game balance board training showed increased fractional 

anisotropy and radial diffusivity in the superior cerebellar peduncle, which the authors suggested 

to be due to enhanced remyelination; however, the imaging changes did not persist following the 

12-week training period(Prosperini et al., 2014). In support of exercise-induced repair as occurs in 

animal models, resistance training over 24 weeks in PwMS improved multiple sclerosis functional 

composite (MSFC) scores and brain cortical thickness on MRI, which the authors suggested to be 

a possible indication of neuroprotection or even repair(Kjolhede et al., 2018).  

A substantial literature in preclinical models, and sparse but emerging data in clinical 

studies, support the contention that exercise promotes well-being of the CNS with regard to 

neurogenesis and oligodendrogenesis, neuroprotection, connectomics, and remyelination. More 

data are required to link exercise and brain functions and repair. Moreover, several unknowns are 

evident, including whether exercise will have broad benefits for the CNS in the majority of PwMS, 

or whether this is influenced by age and the stage of disability in PwMS. For the likely 

responders, it remains unclear whether the intensity and type of exercise regimen, or the period 

of time after a relapse, affects brain function. As well, as seen in the balance board study, the 
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benefits of exercise may be transient if the program is not maintained(Prosperini et al., 2014). 

There is evidence to support exercise promoting oligodendrocyte, pericyte, and immune changes. 

If progressive forms of MS have less adaptive versus innate immune responses compared to 

relapsing-remitting MS, does this affect the outcome of exercise on the brain? Moreover, how 

does one maximize benefits of exercise without exacerbating other issues such as heat sensitivity 

or pain? These are all issues to be addressed in future studies. Finally, at least in animals with 

lysolecithin demyelination, exercise alters many signaling cascades, indices of 

neurotransmission, and phagocytic functions within lesions(Jensen et al., 2018) which may allow 

the microenvironment of a lesion to be particularly conducive for a pro-remyelinating medication 

to act upon. In this regard, the result aforementioned that the addition of clemastine to exercise 

after lysolecithin demyelination resulted in more surviving axons and near complete remyelination 

compared to either intervention alone invites the hypothesis that other pro-remyelinating 

medications with direct effects on OPCs or oligodendrocytes may also benefit from the more 

conducive lesion microenvironment, and regulatory/anti-inflammatory immune changes, that an 

exercise regimen confers(Jensen et al., 2018).  
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Figure 1.5) Postulated mechanisms of action of exercise in the CNS. Exercise exerts effects in 

both the peripheral circulation as well as the CNS. Within the CNS findings from animal models 

indicate exercise influences remyelination, neuroinflammation, growth factor levels, and blood–

brain barrier integrity. This leads to reduced demyelination, adhesion molecules and leukocyte 

trafficking into the CNS parenchyma, inflammatory cytokine levels, and reactive astrogliosis; in 

addition, exercise is documented to increase remyelination including myelin thickness, BDNF and 

NGF levels, microglial IGF1, pathways that detoxify oxidative stress, tight junction proteins, and 

pericyte coverage of the vasculature. These results from animal models appear to translate to 

PwMS, as human trials show exercise to restore brain activity and to reduce lesion burden and 

loss of brain volume. Images were created with BioRender software(Lozinski & Yong, 2020).  
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1.3) Wound healing and CNS fibrosis 
 

1.3.1) Stages of wound healing and fibrosis 
 

A proper wound healing response is vital for tissue regeneration and involves discrete 

stages of inflammation, tissue remodeling, and their resolution(Talbott et al., 2022). The 

inflammatory response is critical for the removal of pathogens and debris from the injury site. It 

also recruits and activates tissue specific effector cells. Immune and effector cells then deposit a 

variety of ECM molecules to reconstitute matrix lost to injury(Talbott et al., 2022). Successful 

wound healing recapitulates the tissue environment and restores function(Rodrigues et al., 2019). 

Deregulation of wound healing following repeated, chronic, or pronounced injury leads to fibrotic 

scarring due to excessive build-up of cells and ECM(Soliman et al., 2021; Talbott et al., 2022).  

Fibrosis is characterized by increased tissue stiffness and disrupted tissue architecture 

(Figure 1.6)(Distler et al., 2019). It is identified by markers of accumulation of ECM components, 

altered protease expression, increased levels of pro-fibrotic signaling molecules, and the 

presence of pro-fibrotic cells such as fibroblasts and myofibroblasts(Talbott et al., 2022). Even in 

conditions not classically associated with fibrosis, disease outcomes such as hypoxia and 

epigenetic reprogramming of cells are described with fibrosis-linked responses such as 

progressive scarification and exacerbated tissue injury(Distler et al., 2019; Henderson et al., 

2020). 
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Figure 1.6) Overview of fibrosis and interconnectivity of stages. Fibrosis progresses through 

several stages. The first stage of inflammation involves accumulation of a heterogeneous 

population of cells such as macrophages, dendritic cells, and lymphocytes (top). This is followed 

by the activation of effector cells such as fibroblasts, myofibroblasts, and fibrocytes, that drive the 

process of tissue remodeling (middle).  The result of effector cell activation is the production and 

deposition of extracellular matrix components including collagen, fibronectin, laminins, and 

proteoglycans (bottom). As a result of fibrosis there can be secondary injury that results from 

epigenetic modification of cells, tissue hypoxia, and increased tissue stiffness. Made in 

BioRender 
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 Fibrosis occurring in many organs has shared and unique tissue specific 

characteristics(Distler et al., 2019). The primary injury varies based on anatomical location and 

trigger(Henderson et al., 2020). For instance, liver and kidney fibrosis can occur due to viral 

hepatitis and diabetes, respectively.  Resident and infiltrating immune cells contribute to fibrosis 

during initial innate and later adaptive responses(Soliman et al., 2021) (Figure 2). Two primary 

signaling axes, IL-4/IL-13 and IL-1/IL-17A/transforming growth factor-β (TGFβ), are core pro-

fibrosis pathways (Fig 1.7)(Wilson et al., 2010). Macrophages, the most abundant immune cell 

type in fibrosis, are recruited by damage associated molecular patterns (DAMPs), pathogen 

associated molecular patterns (PAMPs), and chemokines(Wynn & Vannella, 2016). Early arriving 

macrophages possess an inflammatory phenotype and secrete pro-inflammatory TNF-α, IL-1β 

and IFN-γ which fuel inflammation(Wynn & Vannella, 2016). Later stage macrophages assume a 

tissue remodeling regulatory phenotype characterized by the expression of TGF-β, IL-10, and 

mannose receptor 1(MRC1/CD206) (Wynn & Vannella, 2016). Inflammatory macrophages 

contribute to fibrosis by exacerbating the injury, while regulatory macrophages stimulate effector 

cells to deposit ECM and express other tissue remodeling genes(Henderson et al., 2020).   

Effector cells responsible for tissue remodeling originate from resident and/or recruited 

fibroblasts, epithelial cells, endothelial cells, and other tissue resident cells and immune 

cells(Distler et al., 2019). Effector cells are recruited by chemokines and growth factors 

elaborated at sites of injury where they then proliferate and upregulate ECM, proteases, and 

growth factors(Pakshir et al., 2019). Often, positive feedback loops between effector and immune 

cells and the fibrotic environment promote further fibrosis by upregulation of pro-fibrotic 

genes(Henderson et al., 2013; Parker et al., 2014; Xia et al., 2008).  

Organ failure and increased morbidity are outcomes of fibrosis-related disorders such as 

cardiac fibrosis following myocardial infarction(Bitterman & Henke, 1991). Prominently, fibrosis-

related disorders are responsible for 45% of fatalities in the United States of America(Bitterman & 

Henke, 1991). This highlights the severity of fibrosis for tissue function and recovery which is 

made more significant in a tissue environment that is not prone to regeneration, such as the CNS. 
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Figure 1.7) Fibrosis-related signaling pathways. a) Fibrosis canonically occurs through type 2 

cytokines including IL-4 and IL-13 and the IL-1/IL-17/TGF-β signaling axis. Type 2 cytokines 

promote fibrosis in TGF-β dependent or independent ways. DAMPs including TSLP, IL-33, and 

IL-25 stimulate the production of IL-4, IL-13, and IL-5. These cytokines cause Th2 cells to 

produce more type 2 cytokines, macrophages to produce TGF-β, and stromal cells, including 

fibroblasts, to produce ECM components. The second pathway stimulating fibrosis is the IL-1/IL-

17/TGF-β axis. IL-1, along with other inflammatory cytokines like IL-6 and TNF-α, stimulates IL-

17A expression in neutrophils and T cells. IL-17A increases expression of TGF-β and fibroblast 

expression of TGFβRIII leading to greater fibrosis. b) Fibrosis is regulated by innate and adaptive 

immunity. Early phases of fibrosis are influenced more by innate immune cells including 

macrophages, neutrophils, monocytes, and microglia (in the CNS).  Cytokines such as IL-1β, IL-

6, and IL-23 affect both fibrosis and immune responses. During later stages of fibrosis 

lymphocyte derived IL-17A, IFN-γ, and granulocyte-macrophage colony stimulating factor (GM-

CSF) promote and impede fibrosis-related responses. IFN-γ may impede fibrosis by limiting Th2 

differentiation and type 2 cytokine signaling but can contribute to fibrosis by stimulating immune 

infiltration leading to greater tissue injury. GM-CSF is anti-fibrotic and dampens pro-fibrotic 

cytokine production and alternatively activated macrophage polarization. Made in BioRender 
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1.3.2) CNS Fibrosis 

 

Functional regeneration of the CNS does not occur in adult humans(Rentsch & Rust, 

2022) due to factors including age-related changes in neural cells and the tissue environment, 

and the formation of inhibitory scar tissue after injury(Franklin & Simons, 2022; Sofroniew, 2020). 

Scarring of the CNS comes in two forms: fibroblast-based scarring and astrocyte-based gliosis; 

even though interactions between many cell types occur similarly. In spinal cord injury, fibroblasts 

occupy the centre of the lesion while reactive scar forming astrocytes either surround the lesion 

or retain their original locations; in MS lesions, these cells are more intermingled(Anderson et al., 

2018; D. Dias, 2020).  The fibroblast scar is composed of meningeal and perivascular fibroblasts, 

and perhaps pericytes, that become elevated in the parenchyma following injury(D. O. Dias et al., 

2021; Dorrier, Aran, et al., 2021; Goritz et al., 2011; Yahn et al., 2020).  This contributes to 

impairment of axonal regrowth due to elevated deposition of collagens and CSPGs into the 

lesion(Shearer et al., 2003). However, there are complexities as complete depletion of CNS 

associated fibroblasts results in the loss of tissue integrity and an open tissue defect(Goritz et al., 

2011) while partial depletion maintains tissue integrity and promotes increased axon regrowth(D. 

O. Dias et al., 2018). Part of the complexity may arise from the common use of platelet derived 

growth factor receptor-β (PDGFRβ)-driven Cre-recombinase based transgenic mouse lines to 

identify mural cells including pericytes and smooth muscle cells(Henderson et al., 2020), but 

PDGFRβ is highly expressed in fibroblasts(Vanlandewijck et al., 2018).  

The molecular impediments to CNS regeneration within fibrotic lesions include inhibitory 

molecules, reduced levels of growth signals, and products of particular inflammatory cells(Dorrier, 

Jones, et al., 2021; Sofroniew, 2020). In neonatal mice infiltration by peripheral macrophages is 

resolved rapidly compared to adult mice, implying that it is microglia that act to promote axonal 

regeneration following crush injury(Y. Li et al., 2020). Additionally, there is a clear 

interconnectedness of the cells within CNS lesions as highlighted by altered levels of astrocytes, 

macrophages, and fibroblasts following depletion of each individually(D. O. Dias et al., 2018; 

Wanner et al., 2013; Zhu et al., 2015). Indeed, both astrocytes and fibroblasts interact reciprocally 
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with immune cells informing each cell’s phenotype (Fig 1.8)(Dorrier, Aran, et al., 2021; Rawji et 

al., 2020). This emphasizes the importance of the cellular components of CNS injury to the 

success of regeneration.  

While tissue stiffness generally increases in fibrosis-related non-CNS disorders, many 

forms of CNS injury are reported to result in reduced stiffness(Wuerfel et al., 2010). This may be 

due to the acute period of CNS injury in which measurement is taken as chronicity of the insult 

does associate with increasing stiffness(Cooper et al., 2020). Thus, neurofibrosis can be 

considered a form of fibrosis and presents further questions about the role of fibrosis-related 

responses in CNS pathologies including MS.   

1.3.3) Fibroblasts 
 

Fibroblasts occupy all organs, including the CNS, and are responsible for the secretion 

and maintenance of connective tissues (Fig 1.9)(Buechler, Fu, et al., 2021; Plikus et al., 2021). 

As well, fibroblasts play important roles in wound healing, tissue repair, immune regulation, 

mechanotransduction, metabolism, and progenitor renewal(Abbasi et al., 2020; Buechler, Fu, et 

al., 2021; Lappano et al., 2020; Mascharak et al., 2021). Most fibroblasts originate from paraxial 

and lateral plate mesoderm precursors and neural crest mesenchyme(Herriges & Morrisey, 2014; 

Soriano, 1997). Fibroblasts can also arise from epithelial and endothelial-to-mesenchymal 

transition driven by TGF-β, PDGF, Wnt, and other signals within the organs they occupy(Plikus et 

al., 2021). Several markers are thought to be universal identifiers of fibroblasts such as platelet 

derived growth factor-α (PDGFRα), Thy1, dermatopontin (Dpt), peptidase inhibitor (Pi16), and 

collagen 15a1(Buechler, Pradhan, et al., 2021). Other common markers used to identify 

fibroblasts include collagen 1a1, PDGFRβ, and vimentin (Vim)(Mascharak et al., 2021; Plikus et 

al., 2021).  
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Figure 1.8) Fibroblast interactions with resident CNS cells. There is significant 

interconnectedness between cell types. Cell-cell, cell-ECM-cell, and soluble factors signal 

between effector cells leading to reduced or greater stimulation of fibrosis-related pathways such 

as TGF-β signaling in fibroblasts or collagen-1 activation of astrocytes. Made in BioRender 
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Figure 1.9) Regions of the CNS occupied by fibroblasts. Fibroblasts occupy border regions of the 

CNS including the meninges, chordoid plexus, and perivascular spaces. Meningeal fibroblasts in 

the spinal cord, midbrain, and hindbrain arise from the somatic and cephalic mesoderm and 

forebrain fibroblasts arise from neural crest cells. Perivascular fibroblasts originate from 

meningeal fibroblasts postnatally. Choroid plexus fibroblasts are thought to come from stromal 

fibroblasts and head mesenchyme. Made in BioRender 
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Following injury, fibroblasts become activated and transition into a myofibroblast that 

contributes to tissue regeneration as an effector cell. In the process of becoming activated, 

fibroblasts upregulate contractile and ECM related genes(Bageghni et al., 2019; Boothby et al., 

2021; Jones et al., 2009; Nouchi et al., 1991). Fibroblast activation is prominently controlled by 

TGF-β mediated expression of α-smooth muscle actin (αSMA) and ECM related genes through 

SMAD2/3 signaling(Kuppe et al., 2021; Nouchi et al., 1991; Peng et al., 2022; Verrecchia et al., 

2001). As well, migration of fibroblasts to the injury and their proliferation are driven by 

PDGFRα/β signaling. After fibroblasts have secreted large amounts of ECM into the injury, they 

promote collagen stabilization through synergizing of PDGF and TGF-β signaling(Walker et al., 

2019; X. Zhou et al., 2018). PDGF isoforms PDGF-AA, PDGF-AB, and PDGF-BB bind to 

PDGFRα/β and activate several signaling cascades including MAPK and PI3K important for 

fibroblast self-renewal, proliferation, and migration(Donovan et al., 2013). The regenerative 

capacity of fibroblasts appears to be an autonomous characteristic that is retained even after 

transplantation into new tissue niches(Sinha et al., 2022). However, to some degree fibroblasts 

are informed by the environment they occupy as shown in vitro by the upregulation of ECM genes 

in fibroblasts cultured on pulmonary fibrosis related ECM(Parker et al., 2014). Similarly, in vivo 

comparisons of fibroblast populations in rheumatoid and osteoarthritic synovium describe differing 

expansion of lining and sublining fibroblasts based on NOTCH3 expression and proximity to 

endothelial cells(M. H. Smith et al., 2023; K. Wei et al., 2020). Cancer associated fibroblasts have 

also been shown to rely on stiffer matrix to maintain their phenotype(Calvo et al., 2013; M. H. 

Smith et al., 2023; Zhang et al., 2016).  

Within the injury, activated fibroblasts/myofibroblasts secrete a plethora of ECM including 

fibronectin, collagen, laminin, proteoglycans, elastin, and other microfibrillar proteins(Plikus et al., 

2021). As well, cell contraction polarizes the ECM matrix and transmits mechanical signals to 

other cells (Fig 1.10)(D. Cai et al., 2014; McWhorter et al., 2013; Tse et al., 2011). This allows 

fibroblasts to transmit positional cues, generate regional niches, and regulate immune recruitment 

and activation(Brügger & Basler, 2023; Buechler, Pradhan, et al., 2021; Ceccato et al., 2020; 

McGee et al., 2013). Macrophages and other immune cells are densely packed into sites of tissue 
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damage and closely associate with fibroblasts(Buechler, Fu, et al., 2021). Fibroblast-macrophage 

interactions have been described as a biological circuit that maintains their numbers through 

paracrine and autocrine signaling(X. Zhou et al., 2018). Fibroblasts secrete a variety of cytokines, 

chemokines, and growth factors including those critical for macrophage homeostasis(X. Zhou et 

al., 2022). Fibroblast derived macrophage colony stimulating factor (M-CSF) and macrophage 

derived PDGF act in paracrine and autocrine manners to maintain fibroblast and macrophage 

numbers within a stable range(X. Zhou et al., 2022).  

Much of our understanding of age-related cellular decline originates from in vitro study of 

fibroblasts. This includes the description of replicative senescence and Hayflick numbers resulting 

from repeated passage of fibroblasts in culture(Hayflick, 1965). More recently, studies have 

shown aged fibroblasts to be more activated and express inflammatory cytokines like TNF-α and 

IL-1β, and chemokines such as CCL2 and CXCL11(Mahmoudi et al., 2019; Tinaburri et al., 2021; 

Vidal et al., n.d.). As well, aged fibroblasts have a reduced wound healing capacity, increasing 

expression of cytoskeletal proteins and becoming increasingly stiff(Schulze et al., 2010). 

Interestingly, aged dermal fibroblasts lose their cellular identity becoming ill-defined and gaining 

adipogenic and inflammatory traits(Salzer et al., 2018). These changes contribute to an overall 

reduction in regenerative capacity with age. 

In the CNS fibroblasts are much less abundant than the heart, skin, or lung. The 

parenchyma of the CNS is devoid of fibroblasts, and they instead occupy the meninges, 

perivascular space, and choroid plexus borders of the CNS(Dorrier, Jones, et al., 2021). 

Meningeal fibroblasts in the midbrain, hindbrain, and spinal cord arise from mesoderm 

progenitors while forebrain meningeal fibroblasts are derived from neural crest cells(Couly et al., 

1992; Couly & Douarin, 1987; Jiang et al., 2002). Conversely, perivascular fibroblasts develop 

postnatally possibly from meningeal fibroblasts in the pia(Dorrier, Jones, et al., 2021). Little is 

known about choroid plexus fibroblast development although ultrastructural studies suggest they 

may be derived from head mesenchyme(Wilting & Christ, 1989).  
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Figure 1.10) Functions of CNS fibroblasts. CNS fibroblasts have a number of critical functions in 

healthy and inflammatory states. Developmentally they are thought to contribute to the 

development of the CNS glymphatic system. As well, fibroblasts maintain tissue niche such as 

the dura and arachnoid in the meninges. In their position maintaining these niches, fibroblasts 

contract to transmit mechanical signals and polarize the surrounding tissue. They also aid in 

solute transport across tissue boundaries. During inflammation fibroblasts contribute to immune 

regulation by promoting T cell recruitment and maintaining immune-stromal niche in the 

meninges. Furthermore, they are involved in aiding and impairing regeneration in response to 

inflammatory signals including TGF-β and IFN-γ. Made in BioRender 
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Different populations of CNS fibroblasts can be identified by specific lineage markers. 

Fibroblasts that occupy the different layers of the meninges can be identified by certain markers; 

pial fibroblasts express S100 Calcium Binding Protein A6 (S100A6) and nerve growth factor 

receptor (NGFR), arachnoid fibroblasts express Cellular retinoic acid-binding protein 2 (CRABP2) 

and Aldehyde Dehydrogenase 1 Family Member A2 (ALDH1A2), and dural fibroblasts express 

Forkhead box protein P1 (FOXP1) and XYD Domain Containing Ion Transport Regulator 5 

(FXYD5)(DeSisto et al., 2020). The function of the different populations of CNS fibroblasts are not 

well understood. However, like fibroblasts in all organs, CNS fibroblasts provide structural support 

within and between their occupied niches(DeSisto et al., 2020; Pikor et al., 2015). Choroid plexus 

fibroblasts express nestin suggesting that they may function as a progenitor cell pool although it 

is unclear for what cells(Dani et al., 2021). Some studies have suggested that perivascular 

fibroblasts are involved in fluid transfer of CSF transfer though it is not certain(Lam et al., 2017; 

Rasmussen et al., 2022).  

Despite their well-defined involvement in wound healing and tissue regeneration there is 

little known about the involvement of fibroblasts in CNS injury and disease. Fibroblasts are known 

to become elevated in the parenchyma after acute injury such as in spinal cord injury or stroke(D. 

Dias, 2020; D. O. Dias et al., 2021; Goritz et al., 2011; Shibahara, Ago, Nakamura, et al., 2020). 

They have also been described in EAE and implicated in maintaining an immunogenic niche in 

the meninges(Dorrier, Aran, et al., 2021; Pikor et al., 2015; Yahn et al., 2020). Despite this, 

fibroblasts have not been directly described in MS. Some descriptions of their existence suggest 

that they remain in the border areas(Iacobaeus et al., 2017). However, given their position at the 

site of injury onset, their expression of ECM, and their ability to inform immune responses makes 

them worthy or additional study. As well, it is unclear what effect fibroblast derived tissue fibrosis 

that follows acute CNS injury has on remyelination, or whether it is altered during aging.  
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1.4) Concluding remarks 
 

Remyelination is the most abundant form of regeneration that occurs in the CNS and 

contributes to functional recovery(Franklin & Simons, 2022). The failure of remyelination to occur 

sufficiently for functional benefits is mediated in part by age and accumulation of inhibitory ECM. In 

this chapter, we have highlighted the process and benefits of remyelination as well as inhibitors 

and promoters of it. As well, I have described the central role of fibroblasts in wound healing and 

fibrosis, and the minimal literature of their involvement in CNS pathology.  

CNS fibroblasts express substantial amounts of ECM important for structural support, but 

which is inhibitory for regeneration. As well, fibroblasts are found in close proximity to 

microglia/macrophages and astrocytes and have the capacity to inform their functions(Anderson et 

al., 2016; Dorrier, Aran, et al., 2021; Wanner et al., 2013). In peripheral injury fibroblasts are known 

to secrete cytokines, chemokines, and growth factors that polarize immune phenotypes. With age, 

fibroblasts lose their regenerative capacity and express more inflammatory mediators. It has 

recently been shown that fibroblasts become elevated in EAE lesions in response to lymphocyte 

derived IFN-γ and may influence oligodendrocyte responses(Dorrier, Aran, et al., 2021).  

Many outstanding questions remain including whether age affects accumulation of CNS 

fibroblasts in lesions. As well, fibroblasts are known to associate with microglia/macrophage in CNS 

injuries though it is not clear what role these myeloid cells have in the fibroblast response. 

Fibroblasts produce many of the ECM inhibitory to OPC responses, but it is not known whether 

their elevation within CNS lesions contributes to impaired remyelination. Finally, physical activity 

has been shown to promote remyelination(Jensen et al., 2018), contribute to the regenerative 

capacity of muscle fibroblast populations(Saito et al., 2020), and influence the niches that 

fibroblasts occupy in the CNS(He et al., 2017). It is of interest to study whether physical activity 

may contribute to CNS regeneration by affecting fibroblast responses to injury.  
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1.5) Hypothesis and Aims 
 

In this proposal I will test the hypothesis that CNS fibroblasts became elevated within CNS 

lesions, negatively influence OPC responses, and are impacted by age. I will also test the 

hypothesis that voluntary running wheel exercise alters the LPC lesion environment and fibroblast 

response. My thesis has three aims: 

1. Characterize the fibroblast response in LPC lesions and determine the causes  

  and outcomes of this response. 

2. Examine the effect of aging on the LPC fibroblast response and determine  

  mechanisms contributing to these changes. 

3. Investigate the effect of voluntary physical activity on CNS injuries, including the  

  fibroblast response to LPC injury. 

Overall, my thesis seeks to provide clarity and greater understanding of how central 

nervous system fibroblasts contribute to CNS regeneration and factors that influence it. There is 

currently little to no data on how age affects CNS fibroblast responses to injury or how physical 

activity influences CNS lesions including fibroblast accumulation. My work provides insights into 

the regulation of CNS regeneration by CNS fibroblasts, including how this is affected by age and 

physical activity.   
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Chapter 2: Response of fibroblasts to CNS injury 
 

2.1) Abstract  
  

The purpose of this chapter was to characterize the response of fibroblasts to lysolecithin 

(LPC) induced CNS injury and investigate the causes and outcomes of this response. The main 

findings of this chapter include the observation that fibroblasts are elevated in LPC lesions, and 

express markers of activation. This response corresponded with the onset of inflammation in LPC 

lesions, and macrophages were able to stimulate fibroblast migration in vitro. Regions of the LPC 

lesion occupied by fibroblasts were devoid of oligodendrocytes and newly myelinating 

oligodendrocytes. This was seen in vitro as fibroblasts impaired oligodendrocyte progenitor cell 

(OPC) differentiation in co-cultures. We attempted several methods of perturbing the system using 

transgenic mice that unfortunately were unsuccessful. Thus, fibroblasts are elevated in LPC lesions, 

their migration is stimulated by macrophages, and they inhibit OPC differentiation.  

 The findings presented in this chapter are in preparation for publication.  

Author contributions to this chapter include S. Ghorbani for tamoxifen treatment of mice used in 

figures 2.12 and AAV injections in figure 2.11, C. Li and D. Moezzi helped harvesting meningeal 

tissue used to generate fibroblast cultures used in figures 2.9 and 2.10, M. MØrch for tamoxifen 

treatments in figure 2.4 and BMDMs used in figure 2.3. F. Visser provided AAV for figure 2.11. Lab 

of G. Gordon provided PDGFRβ-Cre mice used in figure 2.11. All other experiments, and the writing 

of this chapter, were completed by B.M. Lozinski. V.W. Yong supervised B.M. Lozinski, M. MØrch, 

C. Li, D. Moezzi, and S. Ghorbani, and contributed input. 
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2.2) Introduction  
 

Multiple sclerosis (MS) is a neuroinflammatory disease of the central nervous system (CNS) 

characterized by demyelination, axon loss, and lifelong disability(Lassmann, 2018). Remyelination 

is the endogenous regenerative response to demyelination and restores myelin sheaths and 

function of denuded axons(Franklin & Simons, 2022). During remyelination oligodendrocyte 

progenitor cells (OPCs) migrate, proliferate, and mature into myelinating oligodendrocytes(Emery, 

2010). Outcomes of remyelination are heterogeneous and it often fails(Rawji et al., 2020). The CNS 

does not normally undergo significant amounts of regeneration due to scarring those forms and 

impedes regenerative processes(Y. Li et al., 2020; Sofroniew, 2018, p. 201).  Fibrosis is the 

scarification of tissue that results from accumulation of cells and inhibitory extracellular matrix 

(ECM)(Henderson et al., 2020).  Accumulation of inhibitory ECM contributes to remyelination failure 

by impeding OPC migration, proliferation, and differentiation(Lassmann, 2018). For example, 

hyaluronan binds toll-like receptor (TLR)4 on OPCs impairing their differentiation by inhibiting AMP-

activated protein kinase (AMPK) signaling(Srivastava et al., n.d., 2020). Hyaluronan and other ECM 

including chondroitin sulfate proteoglycan (CSPGs), collagens, and laminins are elevated in MS 

lesions(Back et al., 2005; Ghorbani et al., 2022; Mohan et al., 2010; J. van Horssen et al., 2006).  

In non-CNS tissue, fibroblasts are the primary cells involved in fibrosis and fibrosis-related 

disorders like pulmonary fibrosis(Wynn & Vannella, 2016). By producing significant amounts of 

many types of ECM fibroblasts normally contribute to the structural support needed in connective 

tissues(Plikus et al., 2021). Under pathological conditions fibroblasts are activated and upregulate 

contractile and ECM genes transitioning to a myofibroblast phenotype(Plikus et al., 2021; Shook et 

al., 2018). As well, they contribute to inflammation by polarizing immune responses through 

secreting cytokines and chemokines including macrophage-colony stimulating factor (M-CSF), C-

X-C motif chemokine 12 (CXCL12), and transforming growth factor (TGF)-β(Buechler, Pradhan, et 

al., 2021). Innate immunity is critical for tissue remodeling but can contribute to fibrotic scarring in 

severe or chronic inflammation(Wynn & Vannella, 2016).   
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In the CNS fibroblasts are restricted to the meninges, perivascular space, and choroid 

plexus(Dorrier, Jones, et al., 2021). Upon injury to the brain or spinal cord, fibroblasts become 

elevated in the parenchyma(D. O. Dias et al., 2021). These cells are necessary for maintaining 

tissue integrity but contribute to impeding axon regrowth(Anderson et al., 2018; D. O. Dias et al., 

2018; Goritz et al., 2011). In the experimental autoimmune encephalomyelitis (EAE) model of MS 

CNS fibroblasts are elevated by interferon (IFN)-γ signaling(Dorrier, Aran, et al., 2021). However, 

little else is known about the mechanisms regulating fibroblast elevation in the parenchyma 

following injury or the outcomes of it. 

In this chapter we sought to characterize the fibroblast response to toxin induced focal 

demyelination focusing on their role in impairing remyelination and the mechanisms regulating their 

elevation. We examined the time-course of the fibroblast response including how it compared to 

the microglia/macrophage response.  The outcome of these experiments contributes to our 

understanding of fibroblast responses to CNS injury and the implications of this for CNS 

regeneration.  

2.3) Materials and Methods 
 

2.3.1) MS Specimens 
 

Postmortem frozen brain tissues from people with MS brain tissue were obtained from The 

Multiple Sclerosis and Parkinson’s Tissue Bank situated at Imperial College, London 

(https://www.imperial.ac.uk/ medicine/multiple-sclerosis-and-parkinsons-tissue-bank). All samples 

at their local sites were collected with full informed consent for autopsy, and their use for research 

has been approved by local institutional ethics committee. The use of these human tissues in 

Calgary for research was approved by the Conjoint Health Research Ethics Board at the University 

of Calgary (Ethics ID REB15-0444). MS sections were characterized using Luxol fast blue (LFB) 

and Hematoxylin & Eosin (H&E) to identify lesions. Autopsy samples were preserved, and lesions 

were classified using Luxol fast blue and H&E staining as previously described (Dong 2021). 
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2.3.2) Mice 
 

All experiments were conducted with ethics approval from the Animal Care Committee at 

the University of Calgary under regulations of the Canadian Council of Animal Care. Female 

C57BL/6J mice were acquired from Jackson laboratories. CX3CR1CreER (JAX 021160), iDTR 

[Rosa26iDTR (JAX 007900)], PDGFRβ-P2A-CreERT2 (JAX 030201), Ai9 [Rosa26TdTomato (JAX 

007905)], NG2CreER (JAX 008538), and TaumGFP (JAX 021162) mice were acquired from The 

Jackson Laboratory. CX3CR1CreER and Rosa26iDTR were bred in the single barrier mouse unit at 

the University of Calgary to produce female CX3CR1-iDTR mice, which were used for 

microglia/macrophage depletion experiments. PDGFRβ-P2A-CreERT2, Rosa26TdTomato, and 

Rosa26iDTR mice were bred in the single barrier mouse unit at the University of Calgary to produce 

female PDGFRβ-Ai9 and PDGFRβ-iDTR mice, which were used in fate mapping and depletion 

experiments, respectively. NG2CreER and TaumGFP mice were bred in the single barrier mouse unit 

at the University of Calgary to produce female NG2-MapteGFP mice, which were used in myelin 

genesis experiments. All young female mice were 6-10 weeks of age, and all middle-aged female 

mice were 48-52 weeks of age. Pdgfrb-Cre (Jax #008046) mice were used for AAV experiments 

(gift from Dr. Grant Gordon). Male and female CD1 pups P0-2 were used for OPC and meningeal 

fibroblast cultures. C57BL6 female mice 6-10 weeks of age were used for BMDM cultures. All mice 

were maintained on a 12-h light/dark cycle with food (Pico-Vac Mouse Diet 20) and water given 

ad libitum. 

2.3.3) Microglia/Macrophage Depletion 
  

CX3CR1-iDTR mice were intraperitoneally injected with 2mg tamoxifen (20mgml-1; T5648, 

Sigma) dissolved in corn oil (C8267) once a day for 3 consecutive days to induce diphtheria toxin 

receptor (DTR) expression on microglia/macrophages. Tamoxifen treated C-X3-C Motif Chemokine 

Receptor 1 (CX3CR1)-iDTR mice were intraperitoneally injected with phosphate buffered saline 

(PBS) or 1µg of diphtheria toxin (DT) on D0, D1, D3, and D5 or D5, D7, D9, and D10 after surgery. 

Wildtype C57BL6 mice were treated I.P. with C-C chemokine receptor type 2 (CCR2)-antagonist 
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(RS504393; Tocris Cat # 2517) for 7 days prior to surgery and 7 days following. RS503492 was 

dissolved in 10% Dimethyl sulfoxide (DMSO) in PBS.  

2.3.4) Spinal Cord Surgery 
 

Lysolecithin/lysophosphatidylcholine (LPC) demyelination was accomplished as previously 

described(Keough et al., 2015). Mice were anaesthetized with intraperitoneal injections of ketamine 

(100 mgkg-1) and xylazine (10 mgkg-1). Buprenorphine (0.05 mgkg-1) was injected subcutaneously 

immediately prior to surgery and 12 h post-surgery as an analgesic. The surgery site was shaved 

and disinfected with 70% ethanol and betadine. Ophthalmic gel was applied to both eyes to prevent 

drying throughout the surgery and recovery period. Animals were positioned on a stereotaxic frame 

and a midline incision 2-3 cm long was made between the shoulder blades using a #11 scalpel 

blade. The T2 vertebra was exposed by separating the muscle and adipose tissue with a retractor. 

The intervertebral space between T3 and T4 was identified using T2 as a landmark. The T3-T4 

tissue was blunt dissected apart and the dura was removed using a 30-gauge metal needle. Using 

a 32-gauge needle attached to a 10 μL Hamilton syringe, 0.5 μL of 1% w/v LPC (Sigma-Aldrich, 

L1381) was injected into the ventral column of the spinal cord at a rate of 0.25 μLmin-1 for 2 min. 

The needle was left in place for 2 min following the injection to avoid back flow. The muscle and 

skin were then sutured, and mice were placed in a thermally controlled environment for recovery. 

2.3.5) Spinal Cord Tissue Isolation 
  

LPC mice were anaesthetized with intraperitoneal injections of ketamine (100 mgkg-1) and 

xylazine (10 mgkg-1). LPC spinal cords were collected at 3-, 7-, 14-, or 21-days post-surgery. Mice 

were then transcardially perfused with a total of 15mL of PBS. Spinal cords were dissected from 

the back of the mouse, and the tissue between the lower cervical and lower thoracic regions was 

collected into 4% paraformaldehyde (PFA) in PBS for 24-hour fixation. Spinal cords were then 

transferred to 30% w/v sucrose solution for cyroprotection for at least 72-hours. Spinal cords were 

then frozen in FSC 22 frozen section media (Leica). Using a cryostat (ThermoFisher Scientific), 
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spinal cord tissue was coronally cut in 20µm sections onto Superfrost Plus microscope slides (VWR) 

and stored at -20oC until analysis.    

2.3.6) Immunofluorescence staining 
  

Slides were thawed at room temperature then rehydrated with PBS for 10 minutes and 

permeabilized with 0.2% TritonX-100 in PBS for 10 minutes. Tissue was blocked by adding horse 

serum blocking solution (0.01 M PBS, 10% horse serum, 1% bovine serum albumin (BSA), 0.1% 

cold fish skin gelatin, 0.1% Triton-X100, and 0.05% Tween-20) for 1 hour at room temperature. 

Primary antibodies were resuspended in antibody dilution buffer (PBS, 1% BSA, 0.1% cold fish 

stain gelation, 0.1% Triton X-100) and added to tissue overnight at RT. Slides were then washed 

three times, 5 minutes each, using PBS, and stained with TrueBlack Lipofuscin Autofluorescence 

Quencher according to the manufacturer's instructions (Biotium) for 2 min at room temperature. 

Tissues were washed three more times, 5 minutes each, then incubated with secondary antibodies 

and 1 µgmL-1 of DAPI resuspended in antibody dilution buffer for 1 hour at RT. Slides were then 

washed three more times, 5 minutes each, and coverslips were mounted onto slides using 

Fluoromount-G solution (SouthernBiotech). EAE slides were thawed at RT, fixed with 4% PFA for 

10 minutes, washed twice with PBS. All remaining steps were the same as above. Antibodies used 

for immunofluorescence identification of specific targets: anti-mouse myelin basic protein (MBP, 

BioLegend, PA1-10008), anti-mouse Periostin (POSTN, R&D Systems, AF2955), anti-mouse α-

smooth muscle actin-Cy3 (αSMA, Millipore, C6198), anti-mouse Fibronectin (FN1, Millipore, 

AB2033), anti-human leukocyte common antigen (CD45, Thermofisher, MA5-17687), anti-

mouse/human platelet derived growth factor receptor β (PDGFRβ, R&D Systems, AF1042), anti-

mouse ionized calcium-binding adaptor molecule1 (Iba1, Wako, 019-19741), anti-mouse CD45-

AF488 (Biolegend, 103122), Collagen Type I Alpha 1 Chain (Col1a1, Invitrogen, PA1-26204), anti-

mouse glial fibrillary acidic protein (GFAP, Biolegend, PCK-591P), anti-mouse neurofilament-heavy 

chain (NFH, RPCA-NF-H), anti-mouse platelet derived growth factor receptor α (PDGFRα, R&D 

Systems, AF1062), anti-mouse Olig2 (Millipore, ab9610), GFP (Aveslab, GFP-1020), anti-mouse 

sulfatide O4 (R&D Systems, MAB1326). The following secondary antibodies from Jackson 
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ImmunoResearch were used at 1:400 dilution: Alexa Fluor 488 donkey anti-mouse IgM, Alexa Fluor 

488 donkey anti-rabbit IgG, Alexa Fluor 488 donkey anti-rat IgG, Alexa Fluor 488 donkey anti-goat 

IgG, cyanine Cy3 donkey anti-goat IgG, cyanine Cy3 donkey anti-chicken IgY, Alexa Fluor 647 

donkey anti-rat IgG, Alexa Fluor 647 donkey anti-rabbit IgG.  

2.3.7) Confocal Immunofluorescence Microscopy 

 

Laser confocal immunofluorescence images were acquired at RT using the Leica TCS Sp8 

laser confocal microscope or Leica Sp8 Falcon. Images acquired on the Leica TCS were done 

using a ×25/0.5 NA water objective. The 405-nm, 488-nm, 552-nm and 640-nm lasers were used 

to excite the fluorophores from antibodies bound to samples and detected by two low-dark-current 

Hamamatsu PMT detectors and two high-sensitivity hybrid detectors on the Sp8. Images acquired 

on the Leica SP8 Falcon were done using a x20/0.8 NA air objective with 405nm and white light 

laser (470-670nm) used to excite the fluorophores from antibodies bound to samples. Fluorescence 

was detected by one low-dark-current Hamamatsu PMT detector, one cooled high sensitivity, single 

molecule detection hybrid detector, and two high sensitivity hybrid detectors. All images were 

acquired using the following parameters: in 8 bits, in a z-stack using unidirectional scanning, 1 

times frame averaging, 1 airy unit pinhole, ×1 zoom, 0.57 μm or 1 μm per optical section, and 2,048 

x 2,048 or 1024 x 1024 pixels x–y resolution. Equal laser, gain and offset settings to maximize 

contrast and minimize saturation were consistently used for all samples within each set of 

experiments. For volume measurements every section with a lesion was imaged. For all other 

analysis, lesion epicentres were acquired.  

2.3.8) Cell Culture 

 

2.3.8.1) Mouse meningeal fibroblasts 

 

Brains from postnatal day P0-2 CD1 mouse pups were isolated, the meninges were 

removed using a dissection microscope and transferred to serum free RPMI buffer (Sigma) on ice 

until all meninges were collected. Meninges were then digested for 18 minutes at 37oC in 1 μgmL-
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1 DNase I (Sigma) and 3.7 μgmL-1 collagenase D (Sigma) triturating every 6 minutes. Meninges 

were centrifuged at 300xg for 3 minutes and supernatant was discarded. Cells were resuspended 

in growth medium (DMEM (Gibco) supplemented with 10% FBS, 1% non-essential amino-acids 

(NEAA), 1% GlutaMAX, 1% sodium pyruvate, and 1% Penicillin- Streptomycin (all from Gibco)). 

Cells were then transferred to T-75 flasks and incubated at 37oC with 5% CO2. Medium was 

changed every 3 days and cells were passaged when 90% confluent. Cells were passaged by 

adding 2.5% trypsin for 5 minutes at 37oC. Trypsin was inactivated by adding growth medium, then 

cells were centrifuged at 300xg for 10 minutes. Cells were resuspended in 10mL of growth medium 

and run through 100 μm filter. Filtered cells were transferred to either T-75 flasks, or 96-well plates. 

Cells were used after at least one passage.   

2.3.8.2) Mouse oligodendrocyte progenitor cells (OPCs) 

 

Mouse OPCs were cultured as previously described(Ghorbani et al., 2022). Briefly, cortices 

from P0 CD1 pups were removed and dissociated with a digestion cocktail containing papain (1.54 

mg/ml, Worthington), DNase (60 μg/ml, Sigma), and L-cysteine (360 μg/ml, Sigma) for 30 minutes 

at 37 °C. Cells were cultured in mixed glial culture growth medium (DMEM (Gibco) supplemented 

with 10% FBS, 1% GlutaMAX, 1% sodium pyruvate, and 1% Penicillin- Streptomycin (all from 

Gibco))  in T-75 culture flasks pre-coated with poly-L-lysine (100 μg/ mL, Sigma). Medium changes 

were performed after 3–4 h, on day 3 and 6. Medium was supplemented with 5 μg/ml insulin (Sigma) 

from day 6. On day 9, flasks were shaken for 45 minutes on an orbital shaker at 50 rpm and then 

medium was replaced with 10-12mL of fresh mixed glial culture medium supplemented with 5ug/mL 

insulin. Flasks were then shaken at 220 rpm overnight at 37 °C, 5% CO2. The supernatant 

containing OPCs and microglia were transferred to a 100 mm tissue culture dish and incubated at 

37 °C and 5% CO2 for 30 min with gentle swirling by hand after 15 minutes. Medium enriched with 

unadhered OPCs were harvested and centrifuged at 300xg for 10 min. Cells were seeded at a 

density of 3,200 cells/cm2 in 100 μL of oligodendrocyte differentiating medium (DMEM containing 

2% (v/v) B27 supplement (Gibco), 1% (v/v) oligodendrocyte supplement cocktail (see below), 1% 

(v/v) GlutaMAX™ (Gibco), 100 μM sodium pyruvate (Gibco), 1% (v/ v) Penicillin-Streptomycin 
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(Gibco), 50 μg/mL holo-transferrin (Sigma), 5 μg/mL N-acetyl-L-cysteine (Sigma), 50 ng/mL ciliary 

neurotrophic factor (PeProTech), 10 μg/ml Biotin (Sigma) and 0.01% (v/v) Trace Elements B 

(Fisher Scientific)) and grown at 37 °C and 8.5% CO2 for 24–72 h. 96-well flat bottom black/clear 

plates pre-coated with poly-L-lysine was used.  

2.3.8.3) Mouse bone marrow-derived macrophages (BMDMs) 

 

Mice were sterilized and hair and skin cleared from the lower half of the mouse to expose 

the lower limbs. Femurs from C57BL6 mice <6 months old were collected in calcium and 

magnesium free Hank’s buffered salt solution (HBSS), and then cells from bone marrow were 

collected by flushing with DMEM supplemented with 10% FBS, 1% Penicillin- Streptomycin and 1% 

Glutamax (all Gibco) using a 12mL syringe and 25g needle. Samples were then centrifuged at 

300xg for 10 minutes, supernatant was discarded, and cells were then resuspended in BMDM 

culture medium (10% supernatant from L929 cell line enriched in macrophage-colony stimulating 

factor], 10% FBS, 1% penicillin-streptomycin, 2% minimum essential medium (MEM) nonessential 

amino acid solution (all except L929 from Gibco). Cells were cultured in 100 mm culture plates at 

37oC with 8.5% CO2 for 9 days with half-medium change at day 5 and full change at day 7. At day 

9 BMDMs were collected by adding 3mL of cold PBS and scraping cells off of the plates. Cell 

suspensions were collected into 50mL tubes and centrifuged at 300xg for 10 minutes, then 

supernatant was discarded, and cells were resuspended in 1mL of BMDM culture medium for 

counting.  

2.3.8.4) Cocultures 
 

OPCs and meningeal fibroblasts were added to poly-L-lysine coated 96-well plates at the 

same time in 100 µL of OPC differentiating medium. Cocultures were incubated at 37oC with 8.5% 

CO2 for 72 hours. Cells were fixed by adding 33 µL of 16% PFA for 10 minutes and stored in 100 

µL of PBS until staining. Cells were blocked with 50 µL of Licor Blocking Buffer at RT for 1 hour on 

an orbital shaker. Licor blocking buffer were aspirated and mouse anti-O4 primary antibody was 

added in Licor antibody dilution buffer at 1:250 dilution overnight at 4oC. Cells were washed 3 times 
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for 5 minutes each in PBS and incubated with donkey anti-mouse IgM AF488 secondary antibodies 

at 1:200 dilution for 1 hour at RT covered in tinfoil on an orbital shaker. Cells were washed 3 times 

for 5 minutes each in PBS and permeabilized for 5 minutes with 0.02% Triton-X100 in PBS. 

Permeabilizing solution was removed and cells were washed once with Licor blocking buffer, then 

incubated overnight at 4oC with anti-PDGFRβ (1:50; R&D systems;AF1042) and anti-MBP (1:100; 

Abcam; ab7349). Cells were then washed in PBS-Tween 0.1% and stained with secondary 

antibodies 1:200 in Licor blocking buffer for 1 hour at RT on an orbital shaker. Cells were washed 

3 more times for 5 minutes each and suspended in 100uL of PBS with 1ug/mL DAPI. Plates were 

kept at 4oC in tinfoil until ready to image.   

2.3.9) Transwell migration assay 

 

BMDMs were plated in 24 well plates at a density of 260,000 cells/cm2 overnight at 37oC 

with 8.5% CO2. Cells were serum starved in BMDM culture medium with 1% FBS for 24 hours prior 

to experiments. Meningeal fibroblasts were added to transwell inserts (Corning, 29442-120)   at a 

density of 150,000 cells/cm2. Fibroblasts were allowed to migrate for 16-18 hours after which they 

were fixed and stained. Cells remaining in the upper chamber were removed using a cotton swab 

after which inserts were fixed with acid alcohol (1% HCl in 95% ethanol) for 15 minutes, washed in 

PBS for 5 minutes, transferred to hematoxylin for 15 minutes, and washed in PBS again for 1 

minutes. Inserts were cut out using a #11 scalpel and mounted on Superfrost Plus microscope 

slides (VWR) using a small amount of water to adhere and Fluoromount-G solution 

(SouthernBiotech) to apply coverslips. Mounted transwell inserts were imaged on an Olympus 

VS110 slide scanner on a 10x/0.4 NA objective and VS-ASW-S5 (V2.9) with Batch Converter 

software.  

2.3.10) Fluorescent image analysis 

 

Leica Application Suite X was used for image acquisition, ImageJ was used for image 

threshold and particle analysis, and QuPath 0.3.1 was used for transwell and slide scanner image 

analysis. The z-stacks of confocal images were analyzed using ImageJ. For each image z-stack, 
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maximum-intensity projections were created for each channel/marker. All images were blinded prior 

to analysis. ROI for lesions were drawn using DAPI or MBP for LPC lesions. Fibroblast occupied 

regions were defined using PDGFRβ. Threshold intensity was determined using at least 3 images. 

The Analyze Particles function was then used to create a mask and to quantify the positive signals 

in each ROI using size exclusion of 2-infinity. Threshold intensity, size exclusion, and circularity 

settings for particle analysis were kept constant across all samples for each experimental set. For 

the representative images shown, the maximum-intensity projection of each channel/marker in a z-

stack was merged and displayed using pseudocolors in ImageJ. Only the brightness and contrast 

settings were adjusted, and consistently between samples, to better display the images. 

Oligodendrocytes were counted manually using Olig2 and DAPI as a guide.  

2.3.11) Quantitative fluorescence microscopy analysis 

 

Labeled cells in 96-well flat-bottom black/clear plates were imaged using a ×10/0.5 NA air 

objective on an ImageXpress Micro XLS High-Content Analysis system (Molecular Devices). The 

following filters were used for detection: DAPI, excitation of 387/11 and emission of 447/60; FITC, 

excitation of 482/35 and emission of 536/40; Cy3, excitation of 531/40 and emission of 593/40; and 

Cy5, excitation of 628/40 and emission of 692/40. For each well of cells, 9–12 FOVs were imaged 

for quantitative analysis. Multiwavelength cell scoring analysis in the MetaXpress High-Content 

Image Acquisition and Analysis software (Molecular Devices) was used to quantify cell survival 

from the fluorescence microscopy images gathered. For fold change values, all numbers were 

divided by the mean of the control samples. The fold-change values from all samples and 

experiments were then plotted for statistical analysis. For the representative images shown, each 

channel/marker for the sample was merged and displayed using pseudocolors. Only the brightness 

and contrast settings were adjusted, and consistently between samples, to better display the 

images. 
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2.3.12) Fibroblast depletion experiments  
 

Pdgfrb-Cre (Jax #008046) mice were retro-orbitally injected with 3x10^11gV/mouse of 

PHP.eB adeno associated-virus (AAV) loaded with a CAG-DIO-TK-T2A-eGFP construct 14 days 

prior to LPC surgery. HSV-TK plasmid was obtained from addgene (Addgene plasmid # 22053). 

Following LPC surgery mice were treated twice daily with GCV or saline for 14 days. Tissue was 

collected as previously described.  

2.3.13) Statistical analysis 
 

Data were collated using Microsoft Excel. Graphs were generated using GraphPad Prism 

8. Data shown are the individual data points, whereby each point on a bar graph represents a 

biological replicate (for in vivo experiments) or replicate (for in vitro experiments), and the mean ± 

s.d. No statistical methods were used to predetermine sample sizes, but our sample sizes were 

similar to those reported in previous publications(Dong et al., 2021; Plemel et al., 2020; Rawji et 

al., 2020). No inclusion or exclusion criteria were used unless otherwise stated. Animals and tissue 

culture samples were randomized when assigned to various experimental groups and conditions. 

Data collection and analysis were not performed blind to the conditions of the experiment (unless 

otherwise stated), as all image and data analysis were completed with the same acquisition 

conditions and analysis thresholds. Statistical tests are as listed in figure legends. Asterisks indicate 

significance where *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.4) Results 
 

2.4.1) Fibroblasts are elevated in LPC lesions 
 

We began with characterization of LPC lesions at timepoints that correspond with the 

beginning of the OPC response (7 day post-injury, dpi) and when remyelination is robust (21 

dpi)(Keough et al., 2015). To confirm the presence of fibroblasts in the CNS parenchyma following 

toxin induced demyelination, lysophosphatidylcholine (LPC) was injected into the ventral spinal 

cord white matter (SCWM) of PDGFRβ-Ai9 mice (Fig 2.1a.) (Keough et al., 2015). Though PDGFRβ 

is expressed by fibroblasts, pericytes, and smooth muscle cells it was recently shown that pericytes 

and smooth muscle cells do not contribute to fibrotic scarring in the spinal cord(Dorrier, Aran, et al., 

2021). Lesions were identified by immunofluorescence staining for nuclei accumulation (DAPI) and 

myelin basic protein (MBP) disruption (Figure 2.1e). Fibroblasts were present within LPC lesions 

7- and 21 dpi (Fig 2.1b-e). Total lesion volume was reduced at 21 dpi compared to 7 dpi (Fig 2.1b, 

f,i).  The total TdTom+ volume remained unchanged (Fig 2.1c,d) and the proportion of lesion 

volume occupied by fibroblasts was greater twenty-one dpi compared with seven dpi (Fig 2.1g,h). 

As well, the area of the lesion epicenters decreased over time (Figure 1b), and the proportion of 

the lesion epicenter occupied by fibroblasts increased over time (Fig 2.1d,k).  

Since activated fibroblasts are associated with greater ECM and tissue fibrosis, we next 

characterized fibroblast activation within LPC lesions. Sections were stained for markers of 

activation including the contractile protein smooth muscle actin (SMA), and ECM molecules 

periostin (POSTN) and fibronectin (FN1) (Fig 2.1j). There was significant overlap of TdTom with all 

activation markers (Fig 2.1l-n). POSTN+TdTom+ and SMA+TdTom+ levels increased from 7-to-

21-dpi while FN1+TdTom+ levels decreased over that period (Fig 2.1l, m, n). SMA expression was 

present throughout the lesion and FN1 and POSTN were primarily located in close proximity to 

TdTom+ fibroblasts. Overall, these results show that activated fibroblasts are elevated in LPC 

lesions throughout the course of injury. 
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Figure 2.1) Characterization of PDGFRβ+ fibroblasts in LPC lesion. a) Schematic of experimental 

procedure and time course. b-d) Histograms comparing spinal cord lesion and TdTomato spread 

b) total lesion volume based on intense MBP disruption, c) total TdTom volume, d) TdTom-positive 

proportion of spinal cord lesion. e) Representative serial images of immunofluorescent labeling of 

day 7 and day 21 after LPC injection. f-i) Graphs quantifying histograms in b-d comparing day 7 

and day 21 after LPC injection. f)  Total lesion volume area under the curve, g) total TdTom volume 

area under the curve, h) TdTom-positive proportion of lesion volume, i) number of tissue sections 

with lesions. j) Representative confocal images of TdTom (Red) with periostin (POSTN), fibronectin 
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(FN1), and smooth muscle actin (SMA) (green; left to right). k) percentage of the lesion region of 

interest (ROI) occupied by TdTom. l-n) percentage of TdTom positive for l) POSTN, m) SMA, n) 

FN1. Data were collected from two experiments. Sample size n = as shown number of mice from 

two experiments. Significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001. Two-tailed, 

unpaired t-test comparing 7- and 21-days post injection. Mean shown as horizontal lines. 
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2.4.2) Fibroblasts are present in MS lesions  
 

Having shown that fibroblasts are elevated in toxin induced demyelinating lesions we asked 

whether fibroblasts could be detected in MS lesions. To determine the presence of fibroblasts in 

MS, three frozen MS sections from different donors were stained for PDGFRβ and CD45 for 

immune cells. PDGFRβ+ cells were visible in all three sections (Fig 2.2a). Anatomically, PDGFRβ+ 

cells appeared located in close proximity to blood vessels (Fig 2.2a, b). Immunoreactivity was 

prominent in close proximity to CD45+ leukocytes (Fig 2.2b). PDGFRβ+ cells were identifiable both 

in lesions, and at the lesion boundary and NAWM. 

2.4.3) Macrophages promote meningeal fibroblast migration in vitro 
 

Macrophages are critical regulators of fibrosis(Duffield, Forbes, et al., 2005; Duffield, 

Tipping, et al., 2005) and together with microglia are the primary immune cells in LPC(Ousman & 

David, 2000; Plemel et al., 2020). We asked whether macrophages were involved in the fibroblast 

response. We looked first at 3, 7, 14, and 21 dpi for markers of microglia/macrophage (Iba1) and 

fibroblasts (PDGFRβ) (Figure 2.3a). The area of the lesions did not significantly change at 3, 7, and 

14 dpi though day 21 was reduced (Figure 2.3b). The microglia/macrophage response increased 

significantly from occupying approximately 10% of the lesion at 3 dpi to >40% at 7dpi (Fig 2.3a, c). 

The fibroblast response followed a similar course increasing from 3 to 7dpi though there was no 

detectable immunoreactivity at 3dpi (Fig 2.3a, d). While the microglia/macrophage response 

peaked at 7 dpi the fibroblast appeared to plateau at 7 – 21 dpi (Fig 2.3c, d). The data at 3 dpi 

indicate that the immune response begins prior to the elevation of fibroblasts in the lesion.  

Next, to answer whether macrophages could stimulate fibroblast migration we utilized a 

transwell migration assay. Meningeal fibroblasts were added to transwell inserts in the presence of 

bone marrow derived macrophages (BMDMs) or medium alone for 24 hours after which they were 

fixed and stained with hematoxylin (Figure 2.3e). After 24 hours fibroblasts on the underside of the 

insert had an elongated morphology and the hematoxylin-positive % area of the insert was greater 

in the BMDM+ wells. (Fig 2.3f,g).  
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Figure 2.2) PDGFRβ-positive fibroblasts are present in MS tissues. a) Representative confocal 

images of PDGFRβ (green) and DAPI (blue) in MS tissue sections from three separate donors. b) 

Representative images from AB172 PD1-B2, top left) hematoxylin and eosin stain labeled with 

lesion and normal appearing white matter (NAWM) boundary, top right) confocal image of PDGFRβ 

(green) DAPI (blue) and CD45 (red) at the lesion border/NAWM, bottom left) confocal image of 

PDGFRβ (green) DAPI (blue) and CD45 (red) within the lesion, bottom right) high magnification 

inset identifying PDGFRβ-positive fibroblasts and CD45-positive leukocytes.  



61 
 

 

Figure 2.3) Microglia/macrophage precedes fibroblast response and promote fibroblast migration. 

a) Representative confocal images of PDGFRβ and Iba1 immunoreactivity 3-, 7-, 14-, and 21- days 

post LPC injection. b-d) Graphs comparing b) lesion ROI, c) Iba1-positive proportion of lesion ROI, 

d) PDGFRβ-positive proportion of lesion ROI. e) Schematic of Boyden chamber-transwell migration 

assay. Meningeal macrophages are added to the upper chamber with or without bone marrow 

derived macrophages (BMDMs) added to the bottom chamber.  f) Representative brightfield images 

of hematoxylin stained transwell inserts after 16-18 hours with or without BMDMs added. g) Graph 

of percentage of the insert positive for hematoxylin comparing BMDM and no BMDM groups. 

Significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Sample sizes n = 

as shown, a) number of mice across at least two experiments, b) number of technical replicates. b-

d) Kruskal-Wallis followed by a Dunn’s multiple comparisons; g) Two-tailed, unpaired t-test 

comparing groups. Mean shown as horizontal line.    
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2.4.4) Elevation of fibroblasts in LPC lesions occurs independent of microglia/macrophage 

response 

We hypothesized that macrophages contributed to the elevation of fibroblasts seen in LPC 

lesions by promoting their migration. To test this hypothesis in vivo we utilized the CX3CR1-iDTR 

model to deplete microglia/macrophages. Mice were treated for 3 days with tamoxifen after which 

LPC was induced within 2 weeks to avoid hematopoietic cell turnover. Mice were then treated with 

diphtheria toxin (DT) or saline on days 0, 1,3, 5, or 5, 6, 8, 10.  Tissues were collected at 10 dpi, 6 

hours after the final injection. The tissue was then stained for CD45 to label all leukocytes and Iba1 

to label microglia/macrophages. There were no observable changes in lesion area, nor the 

proportion of the lesion positive for CD45, Iba1, PDGFRβ, and Col1a1 (Fig 2.4a-e). The similar 

density of Iba1+ or CD45+ cells between the DT or PBS groups would suggest that the DT did not 

adequately ablate the targeted microglia.  

We also tried another method of limiting macrophage involvement in LPC lesions in which 

mice were treated with a CCR2 antagonist RS504393 for one week prior to LPC then daily for one 

week at which point tissue was collected. Treatment with the CCR2-antagonist resulted in greater 

lesion area though it did not affect the proportion positive for Iba1, PDGFRβ, or Col1a1 (Fig 2.5).  

At this point the in vivo role of microglia/macrophages on the fibroblast response is inconclusive 

though there is evidence to suggest reciprocal interactions between fibroblasts and 

microglia/macrophages(Shibahara, Ago, Tachibana, et al., 2020).  
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Figure 2.4) CX3CR1-iDTR mediated microglia/macrophage depletion experiment. a) 

Representative confocal images of CD45 and Iba1 immunoreactivity in PBS and DT treatment 

groups 7 days after LPC injection.  Graphs of b) Lesion ROI area, percentage of ROI positive for c) 

Col1a1 and d) PDGFRβ. e) graphs quantifying the percentage of ROI positive for Iba1 and CD45 

in 0-5 and 5-10 treatment groups. Sample sizes n = as shown number of mice across two 

experiments. b-d) Two-way ANOVA followed by a Tukey’s multiple comparisons; e) Two-tailed, 

unpaired t-test comparing groups. Mean shown as horizontal lines.   
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Figure 2.5) CCR2-antagonist monocyte depletion experiment. Graphs showing lesion ROI (top left), 

percent of ROI positive for Iba1 (top right), PDGFRβ (bottom left), Col1a1 (bottom right). Two-tailed, 

unpaired t-test comparing groups. Significance is indicated as *P < 0.05, Sample sizes n = as 

shown number of mice from one experiment. Mean shown as horizontal line. 
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2.4.5) CNS Fibroblasts impair OPCs by inhibiting their differentiation 
 

Fibroblasts express many factors inhibitory for OPC function including inhibitory ECM 

components, NOTCH1, and Wnts(DeSisto et al., 2020; Dorrier, Aran, et al., 2021; Yahn et al., 

2020). We sought to determine whether fibroblasts were associated with impaired OPC function 

and impaired myelination. As such, LPC lesioned tissue sections were labeled with OLIG2 for 

oligodendrocyte lineage cells and PDGFRβ for fibroblasts. We first characterized the axon 

pathology and OPC timeline in LPC (Fig 2.6).  Lesions had intense MBP staining indicative of 

myelin debris and GFAP immunoreactivity primarily around the rim of the lesion, though some 

remained within the lesion (Fig 2.6a). The density of axons was reduced in LPC lesions but there 

were no clear axonal swellings that would indicate ongoing injury (Fig 2.6a-c). Consistent with 

previous studies(Jensen et al., 2018) the OPC response is significant 7 dpi and declines to normal 

levels by 21 days (Fig 2.6 d-f).  

Following 7, 14 and 21 days after LPC injection OLIG2+ cells were entirely lacking within 

PDGFRβ occupied areas (Fig 2.7a, b). To determine if this translated to reduced levels of newly 

myelinating oligodendrocytes, LPC demyelination was induced in CSPG4-Cre;Mapt-eGFP mice, 

allowing for identification of oligodendrocyte lineage cells based on GFP expression(Ghorbani et 

al., 2022). GFP+ immunoreactivity was minimal 7 dpi though it increased at 14 dpi (Fig 2.7c). As 

well, the fibroblast occupied niche within the lesion contained significantly less GFP+ staining 

compared to the rest of the lesion (Fig 2.7c, d).  

While there is a decrease in axon density after LPC (Fig 2.7a-c), there was no difference 

in NFH+ axon density between the fibroblast occupied niche and the rest of the lesion (Fig 2.8a,b). 

This suggests fibroblasts in LPC lesions are an obstacle to the OPC regenerative response.  
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Figure 2.6) Characterization of lesion pathology and oligodendrocyte responses a, d) 

Representative confocal images of day 7, 14, and 21 LPC lesions labelled with a) DAPI (blue), 

MBP (red), NFH (white), GFAP (magenta), c) DAPI (blue), PDGFRα (green), PDGFRβ (red), Olig2 
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(white). b-f) Graphs comparing NAWM to LPC lesions 7, 14, and 21 dpi b) axon (NFH+) counts/mm2, 

c) axon (NFH+) average size, e) oligodendrocyte lineage cell (Olig2+) counts/ROI, f) 

oligodendrocyte progenitor cell (Olig2+PDGFRα+) counts/ROI. Significance is indicated as *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Sample sizes n = as shown number of mice from at 

least two experiments. Kruskal-Wallis followed by a Dunn’s multiple comparisons. Data are the 

mean ± s.d. 
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Figure 2.7) Oligodendrocytes do not occupy fibroblast niche in LPC lesions. a, c) Representative 

confocal images of day 7, 14, and 21 LPC lesions labelled with a) DAPI (blue), Olig2 (red), 

PDGFRβ (white), c) DAPI (blue), GFP (green), PDGFRβ (white). b) Graphs comparing Olig2-

positive cells contacting or note contracting PDGFRβ-positive immunoreactivity 7, 14, and 21 dpi. 

d) Graph comparing GFP-positive area in PDGFRβ-positive and PDGFRβ-negative regions of 

LPC lesions 7, 14, and 21 dpi. Significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. Sample sizes n = as shown number of mice from b) at least two experiments d) 

one experiment (day 7 and 21) and two experiments (day 14). Kruskal-Wallis followed by a 

Dunn’s multiple comparisons. Mean is shown by horizontal lines. 
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Figure 2.8) Axon densities are unchanged in fibroblast niche. a) Representative confocal images 

of day 21 LPC lesions labelled with a) DAPI (blue), NFH (red), PDGFRβ (white), b) Graph 

comparing PDGFRβ-positive niche compared with whole lesion. Sample sizes n = as shown 

number of mice from two experiments. Two-tailed, unpaired t-test comparing groups. Data are the 

mean ± s.d. 
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Figure 2.9) Fibroblasts impeded OPC differentiation in vitro. a) Schematic of experimental design. 

OPC enriched cultures were added to meningeal fibroblast cultures. b) representative widefield 

microscopy images of OPC cultured alone or with meningeal fibroblasts labelled with DAPI (blue), 

PDGFRβ (white), O4 (green), MBP (red). c-g) Graphs comparing OPCs cultured alone with co-

cultures. c) mean O4+ processes per cell, d) mean O4+ outgrowth per cell, e) fold change in 

PDGFRβ+ fibroblast counts, f) fold change in O4+ cells OPCs, g) fold change in O4+MBP+ mature 

oligodendrocytes. Olig2-positive cells contacting or note contracting PDGFRβ-positive 

immunoreactivity 7, 14, and 21 dpi. d) Graph comparing GFP-positive area in PDGFRβ-positive 

and PDGFRβ-negative regions of LPC lesions 7, 14, and 21 dpi. Significance is indicated as *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Sample sizes n = as shown c,d) number of technical 

replicates, e-g) number of technical replicates from two experiments. Two-tailed, unpaired t-test 

comparing groups. Data are the mean ± s.d. 
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To test the hypothesis that CNS fibroblasts impair OPC responses, we cultured meningeal 

fibroblasts and OPCs together (Fig 2.9a, b). OPCs cultured in the presence of meningeal fibroblasts 

had significantly fewer mean processes and outgrowth per cell (Fig 2.9c-e) despite no change in 

the density of O4+ OPCs (Fig 2.9f). As well, there were significantly fewer MBP+O4+ cells in the 

co-cultures (Fig 2.9g).  

Next, we increased the number of fibroblasts in culture, and this resulted in further 

reduction in OPC differentiation (Fig 2.10a-c). Surprisingly, staggering the order in which cells were 

added to co-cultures did not have an effect on the inhibition (Fig 2.10d-f). To test whether the 

fibroblasts inhibitory effects were due to cell-cell interactions or soluble factors we cultured OPCs 

with fibroblasts or fibroblast culture medium (Fig 2.10g-j). Though culturing OPCs in fibroblast 

conditioned medium did appear to reduce indications of differentiation, only co-cultures showed 

significant reductions Fig 2.10g-j). These data provides evidence that CNS fibroblasts can impair 

OPC differentiation in a cell-cell dependent manner and may contribute to reduced myelination. 

To seek to test the hypothesis that fibroblasts impair OPC differentiation in vivo, we used 

two methods to attempt to deplete CNS fibroblasts. First, an adeno-Cre system to express 

thymidine kinase in PDGFRβ+ cells was used. Treatment of thymidine kinase expressing cells with 

ganciclovir causes these cells to undergo apoptosis in proliferating cells (Fig 2.11a). Following LPC 

mice were treated for 14 days with ganciclovir but this resulted in no change in lesion or PDGFRβ 

volumes (Fig 2.11b-f). We then used an inducible diphtheria toxin receptor (DTR) mediated cell 

ablation model. DTR expression was induced by Cre expression in PDGFRβ+ cells following 

tamoxifen treatment. Mice were injected I.P. with diphtheria toxin (DT) daily for 7 days after LPC. 

There were no significant differences in lesion or PDGFRβ volume between DT and control groups 

(Fig 2.12).  
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Figure 2.10) Fibroblasts reduce OPC differentiation in a dose dependent manner. a) 

Representative widefield microscopy images of fibroblasts alone (top), OPCs alone (middle), and 

co-cultures (bottom) labelled with DAPI (blue), PDGFRβ (white), O4 (green), MBP (red). b) Graphs 

comparing total DAPI+ cells with 10, 100, 1k, 10k, 100k fibroblasts added. c) Mean outgrowth per 

cell with 10, 100, 1k, 10k, 100k fibroblasts added. d-f) Graphs comparing OPCs cultured alone, 

added before fibroblasts or after fibroblasts showing d) percentage of culture O4-positive, e) 

percentage of culture MBP-positive, f) mean outgrowth per cell. g-j) Graphs comparing OPCs 

cultured alone, with fibroblast conditioned medium (CM), or with fibroblasts showing g) total DAPI+ 

cells, O4+ h) mean branches per cell, i) mean outgrowth per cell, j) mean processes per cell. 

Significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Sample sizes n = 

as shown number of technical replicates. Kruskal-Wallis followed by a Dunn’s multiple comparisons. 

Mean shown as horizontal line.  
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Figure 2.11) PDGFRβ-TK adeno-cre system did not deplete fibroblasts. a) Schematic of AAV-Cre 

recombinase system and experimental design. b) Representative widefield microscopy images of 

eriochrome cyanine (EC) and immunofluorescent labeling of DAPI (blue) and PDGFRβ (green). c, 

e) histograms showing lesion and PDGFRβ spread. d, f) graphs quantifying d) lesion volume in c, 

f) PDGFRβ volume in e.  Sample sizes c, d) n = 8 PBS, n = 6 GCV, e, f) n = 7 PBS, n = 6 GCV 

from two experiments. Two-tailed, unpaired t-test comparing groups. 
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Figure 2.12) PDGFRβ-DTR mice treated with diphtheria did not deplete fibroblasts. a) 

representative confocal images of PBS and DT treated mice labeled with DAPI (blue), PDGFRβ 

(green). b, c) histograms showing lesion and PDGFRβ spread. d, e) Graphs showing total d) lesion 

volume, e) PDGFRβ volume. f, g) Graphs showing peak area of f) lesion epicentre, g) PDGFRβ 

epicentre. Sample size, n = 6 mice for all groups from two experiments. Two-tailed, unpaired t-test 

comparing groups   
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2.5) Discussion  
 

Previous work has demonstrated that CNS fibroblasts are elevated in CNS lesions 

following acute, chronic, and neuroinflammatory insults(D. O. Dias et al., 2021; Dorrier, Jones, et 

al., 2021). We have demonstrated that the elevation of fibroblasts spatially and temporally parallels 

the microglia/macrophage response and has detrimental effects on OPC function.  

Prior investigation into the involvement of CNS fibroblasts in OPC function used the EAE 

neuroinflammation model of MS(Dorrier, Aran, et al., 2021; Yahn et al., 2020). The stochastic 

nature of lesion formation in EAE makes it difficult to accurately study CNS regeneration. In contrast, 

the defined course of injury and recovery as well as the reproducible spatial position of lesions 

makes the toxin induced LPC model ideal for studying regenerative processes(Keough et al., 2015; 

Kotter et al., 2005; Ousman & David, 2000; Plemel, Michaels, et al., 2017).  

Immune-fibroblast interactions have been shown to be critical for cancer and immune 

tolerance(Buechler, Fu, et al., 2021; Nitta et al., 2020). In both LPC and MS lesions we observe 

fibroblasts in close proximity to immune cells. In LPC the onset of inflammation closely aligns with 

the incidence of fibroblast elevation. Indeed, we describe here that meningeal fibroblasts showed 

greater migration when added to BMDM cultures compared to medium alone. There are 

undoubtedly many factors expressed by macrophages that influence fibroblast responses. 

Expression of TGF-β, amphiregulin (Areg), PDGF, and IL-6 by macrophages act on fibroblasts to 

influence their activation, proliferation, and migration(Buechler, Fu, et al., 2021). Interestingly, many 

of these factors are found in significant levels in lesions of LPC and MS(Hinks & Franklin, 1999; 

Wheeler et al., 2023). Additional research is needed to elucidate the in vivo role of inflammation on 

the fibroblast populations in CNS injury.  

It is likely that the models used in our study to deplete microglia/macrophages were 

unsuccessful due to more rapid than anticipated hematopoietic cell turnover(Patel et al., 2021). 

The CX3CR1-DTR model used to deplete microglia and CNS associated macrophages involves a 

3-4 week waiting period following tamoxifen treatment to allow for monocyte renewal(Plemel et al., 
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2020). However, the half-life of blood monocytes is 20-50 hours which may have resulted in DTR- 

cells obscuring any depletion that occurred(Patel et al., 2021).   

We find that the elevation of fibroblasts in CNS lesions does not occur immediately but 

reaches its peak at 7 days. The existence of fibrosis in LPC lesions has been previously described 

at the ultrastructural level but comprehensive descriptions have been lacking(Blakemore et al., 

1977; Dorrier, Aran, et al., 2021). Despite the partial reduction in lesion size at later points of LPC, 

fibroblasts remained at comparable levels throughout the injury. This consistent presence of 

fibroblasts in the core of the LPC lesions allows them access to OPCs, microglia/macrophages, 

and injured and degenerating axons at critical stages of regeneration(Blakemore et al., 1977; G. J. 

Duncan et al., 2017; Plemel, Michaels, et al., 2017).  

The fibroblast occupied niche within LPC lesions has a scarcity of oligodendrocyte lineage 

cells and newly myelinating oligodendrocytes. While it remains uncertain whether fibroblasts 

occupy these regions due to a lack of oligodendrocytes or vice versa we have shown that CNS 

fibroblasts have the potential to impede OPC function. This is despite the similar axonal density 

between fibroblast occupied regions and the rest of the lesion area. CNS fibroblasts express an 

array of ECM inhibitory to OPC function including FN1 and Col1a1(Dorrier, Aran, et al., 2021). As 

well, secretion of ECM by CNS fibroblasts creates and maintains defined tissue niches during 

development and inflammation(DeSisto et al., 2020; Pikor et al., 2015). Further studies are needed 

to determine whether CNS fibroblasts cells contribute to the formation of specific regional 

environments in CNS lesions.  

The lack of fibroblast depletion in the PDGFRβ-DTR and GCV models that we utilized 

makes it difficult to conclude with certainty that fibroblasts are responsible for impeding 

oligodendrocyte lineage cells and newly myelinating oligodendrocytes in certain areas of the lesion. 

The PHP.eB AAV vector used in this study has broad tropism for CNS cells(Chan et al., 2017; 

Mathiesen et al., 2020). The uptake of this AAV occurs through LY6A and PKD2(Jang et al., 2022). 

Transcriptomic studies of CNS vascular cells suggests that these receptors are expressed at low 

levels by fibroblasts potentially explaining the lack of depletion(Vanlandewijck et al., 2018). 
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Alternatively, CNS fibroblasts have significant self-renewal capacity and may be able to overcome 

depletion(Dorrier, Aran, et al., 2021; Xu et al., 2022). Finally, it is possible that other cells normally 

negative for PDGFRβ such as endothelial cells or meningeal epithelial barrier cells undergo 

endothelial and epithelial to mesenchymal transition upregulation genes normally expressed by 

fibroblasts(Derk et al., 2021; Sun et al., 2022).  

In summary, our findings of this chapter provide a characterization of the fibroblast 

response following CNS injury, identifies potential mechanisms of their elevation in the LPC lesion 

environment, and proposes fibroblasts as mediators of OPC function. In the next chapter we 

expand our focus to investigate the potential consequences of aging on the fibroblast response to 

injury in the CNS. 
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Chapter 3: Aging exacerbates the fibroblast response to CNS injury 
 

3.1) Abstract 
 

In light of findings from chapter 2 that show that fibroblasts are elevated in LPC lesions and 

that macrophages can promote their migration, this chapter investigates the influence of age in 

regulating the fibroblast response to CNS injury. These findings represent the first characterization 

of how age affects the fibroblast response to CNS injury.  

The findings presented in this chapter are in preparation for publication.  

Author contributions to this chapter include S. Ghorbani for EAE tissue used in figure 3.2, C. Li and 

D. Moezzi for meningeal tissue used to generate fibroblast cultures used in figures 3.7, M. MØrch 

for help generating BMDMs used in figure 3.7. All other experiments, and the writing of this chapter, 

were completed by B.M. Lozinski. V.W. Yong supervised B.M. Lozinski, M. MØrch, C. Li, D. Moezzi, 

and S. Ghorbani, and contributed input. 

3.2) Introduction 
 

In most organs, fibroblasts are the cells responsible for deposition and maintenance of 

tissue extracellular matrix (ECM)(Rodrigues et al., 2019). During tissue injury fibroblasts display a 

range of functions including ECM remodeling, growth factor and cytokine secretion, and providing 

mechanical stability, that are critical for tissue regeneration(Ashcroft et al., 1997; Y. Chen et al., 

2021; Yuan et al., 2022). Recently, fibroblasts have been increasingly recognized for their 

involvement following injury to the central nervous system (CNS)(Dorrier, Aran, et al., 2021; Goritz 

et al., 2011; Soderblom et al., 2013; Yahn et al., 2020). These fibroblasts originating in the 

meninges and perivascular spaces around blood vessels become elevated in the CNS 

parenchyma(D. O. Dias et al., 2021). CNS fibroblasts are essential for sealing the site of injury and 

ablating them results in open tissue defects(Goritz et al., 2011). However, they are potent 

producers of ECM components such as collagen and fibronectin that inhibit CNS regeneration(D. 
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O. Dias et al., 2018; Dorrier, Aran, et al., 2021; Stoffels et al., 2014). Regeneration in the form of 

axonal regrowth does not normally occur in the CNS after injury(Sofroniew, 2018). However, 

regeneration of myelin sheaths by oligodendrocytes that mature from oligodendrocyte progenitor 

cells (OPCs) is commonly seen in demyelinating diseases such as multiple sclerosis (MS)(Franklin 

& Simons, 2022). 

During the course of aging, tissues display declines in function and regenerative 

capacity(López-Otín et al., 2023). Intrinsic deficits in fibroblasts and other stem cell populations 

contribute to this impaired regeneration and contribute to chronic injuries and diseases(Ashcroft et 

al., 1997; Eming et al., 2014). Common traits of aging tissues include elevated levels of 

inflammatory molecules and increased fibrosis(Chambers et al., 2021; Doles et al., 2012; Stearns‐

Reider et al., 2017). Similar age-associated deficits are seen in the CNS and during remyelination(S. 

Shen et al., 2008). As previously shown(Bolte et al., 2023; Dorrier, Aran, et al., 2021), CNS 

fibroblasts express several ECM components inhibitory to OPC function and are associated with 

reduced OPC response to injury. However, it is unknown whether CNS fibroblasts display similar 

age-associated deficits as described in other organs(Y. Chen et al., 2021).  

We hypothesize that the fibroblast response after a CNS injury suffers from age-associated 

dysfunction that is the result of known age-associated traits, such as a dysregulated immune 

response, and that these contribute to age-associated OPC dysregulation. Here, we test this 

hypothesis.  
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3.3) Methods 
 

3.3.1) Mice 
 

All experiments were conducted with ethics approval from the Animal Care Committee at 

the University of Calgary under regulations of the Canadian Council of Animal Care. Six-10 week 

and 52-week-old female C57BL/6J mice were acquired from Jackson laboratories. Female mice 

were used to replicate the prevalence of MS in females. Male and female CD1 pups of postnatal 

day 0-2 were used for OPC and meningeal fibroblast cultures. C57BL6 female mice 6-10 weeks of 

age were used for BMDM cultures. All mice were maintained on a 12-h light/dark cycle with food 

(Pico-Vac Mouse Diet 20) and water given ad libitum. 

3.3.2) Spinal Cord Surgery 
 

Lysolecithin/lysophosphatidylcholine (LPC) demyelination was accomplished as previously 

described(Keough et al., 2015). Mice were anaesthetized with intraperitoneal injections of ketamine 

(100 mgkg-1) and xylazine (10 mgkg-1). Buprenorphine (0.05 mgkg-1) was injected subcutaneously 

immediately prior to surgery and 12 h post-surgery as an analgesic. The surgery site was shaved 

and disinfected with 70% ethanol and betadine. Ophthalmic gel was applied to both eyes to prevent 

drying throughout the surgery and recovery period. Animals were positioned on a stereotaxic frame 

and a midline incision 2-3 cm long was made between the shoulder blades using a #11 scalpel 

blade. The T2 vertebra was exposed by separating the muscle and adipose tissue with a retractor. 

The intervertebral space between T3 and T4 was identified using T2 as a landmark. The T3-T4 

tissue was blunt dissected apart and the dura was removed using a 30-gauge metal needle. Using 

a 32-gauge needle attached to a 10 μL Hamilton syringe, 0.5 μL of 1% w/v LPC (Sigma-Aldrich, 

L1381) was injected into the ventral column of the spinal cord at a rate of 0.25 μLmin-1 for 2 min. 

The needle was left in place for 2 min following the injection to avoid back flow. The muscle and 

skin were then sutured, and mice were placed in a thermally controlled environment for recovery. 
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3.3.3) Experimental autoimmune encephalomyelitis (EAE) induction 
 

Young (8-week) and middle-aged (52-week) female C56BL6 mice (Jackson Laboratories) 

were subcutaneously injected with 50µg per 100 µL MOG 35-55 peptide (Protein and Nucleic Acid 

Facility, Stanford University School of Medicine) in complete Freund’s adjuvant supplemented with 

4mgmL-1 heat-inactivated Mycobacterium tuberculosis H36a (Sigma-Aldrich). A total of 50 µL 

emulsion was deposited on either side of the tail base. Pertussis toxin (300 ng per 200 µL; 180, 

List Biological Laboratories) was intraperitoneally injected on days 0 and 2 after MOG immunization. 

Daily monitoring of EAE mice was performed, and the mice were scored on a 0-15 scale(Weaver 

et al., 2005). For the tail, 0 signifies no signs, a score of 1 represents a half-paralyzed tail and a 

score of 2 reflects a fully paralyzed tail. For each of the hind- or forelimbs, 0 is for no signs, a score 

of 1 is given to a mouse with a weak or altered gait, 2 represents paresis, while a score of 3 reflects 

a fully paralyzed limb. Mortality corresponds to a score of 15. 

 

3.3.4) Spinal Cord Tissue Isolation 
 

LPC and EAE mice were anaesthetized with intraperitoneal injections of ketamine 

(100 mgkg-1) and xylazine (10 mgkg-1). LPC spinal cords were collected at 3-, 7-, 14-, or 21-days 

post-surgery. EAE mice were euthanized, and spinal cords collected 12 days post onset of clinical 

signs with average EAE scores of 7.8 (young) and 7.6 (middle-aged) on a 15-point scale. Mice 

were then transcardially perfused with a total of 15mL of PBS. Spinal cords were dissected from 

the back of the mouse, and the tissue between the lower cervical and lower thoracic (LPC) or 

thoracic (EAE) regions was collected into 4% paraformaldehyde (PFA) in PBS for 24-hour fixation. 

Spinal cords were then transferred to 30% w/v sucrose solution for dehydration for at least 72-

hours. Spinal cords were then frozen in FSC 22 frozen section media (Leica). Using a cryostat 

(ThermoFisher Scientific), spinal cord tissue was coronally cut in 20µm sections onto Superfrost 

Plus microscope slides (VWR) and stored at -20oC until analysis.    
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3.3.5) Immunofluorescence staining 
 

Slides were thawed at room temperature then rehydrated with PBS for 10 minutes and 

permeabilized with 0.2% TritonX-100 in PBS for 10 minutes. Tissue was blocked by adding hose 

serum blocking solution (0.01 M PBS, 10% horse serum, 1% bovine serum albumin (BSA), 0.1% 

cold fish skin gelatin, 0.1% Triton-X100, and 0.05% Tween-20) for 1 hour at room temperature. 

Primary antibodies were resuspended in antibody dilution buffer (PBS, 1% BSA, 0.1% cold fish 

stain gelation, 0.1% Triton X-100) and added to tissue overnight at RT. Slides were then washed 

three times, 5 minutes each, using PBS, and stained with TrueBlack Lipofuscin Autofluorescence 

Quencher according to the manufacturer’s instructions (Biotium) for 2 min at room temperature. 

Tissues were washed three more times, 5 minutes each, then incubated with secondary antibodies 

and 1 µgmL-1 of DAPI resuspended in antibody dilution buffer for 1 hour at RT. Slides were then 

washed three more times, 5 minutes each, and coverslips were mounted onto slides using 

Fluoromount-G solution (SouthernBiotech). EAE slides were thawed at RT, fixed with 4% PFA for 

10 minutes, washed twice with PBS. All remaining steps are the same as above.   

 For multiplexed images, sections were stained as detailed above. After slides were imaged, 

they were submerged in PBS for 5 minutes and coverslips were carefully lifted from the slide using 

forceps. Sections were then treated for 5-minutes at RT with NewBlot Nitro 5X stripping buffer (Li-

Cor Biosciences)(Maric et al., 2021). Slides were then blocked for 1 hour at room temperature and 

the remaining steps were listed above. Sections were stripped no more than 24 hours after imaging 

the previous set of stains.   

Antibodies used for immunofluorescence identification of specific targets: anti-mouse 

myelin basic protein (MBP, BioLegend, PA1-10008), anti-mouse Periostin (POSTN, R&D Systems, 

AF2955), anti-mouse α-smooth muscle actin-Cy3 (αSMA, Millipore, C6198), anti-mouse 

Fibronectin (FN1, Millipore, AB2033), anti-mouse leukocyte common antigen conjugated to 

alexafluor 488 (CD45-AF488, Biolegend, 103122), anti-mouse/human platelet derived growth 

factor receptor β (PDGFRβ, R&D Systems, AF1042), anti-mouse ionized calcium-binding adaptor 

molecule1 (Iba1, Wako, 019-19741), Collagen Type I Alpha 1 Chain (Col1a1, Invitrogen, PA1-
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26204),  anti-mouse sulfatide O4 (R&D Systems, MAB1326), anti-mouse Arginase 1 (Arg1, 

BioLegend, 678802), major histocompatibility complex class II (MHCII, Thermofisher, 13-5321-82). 

The following secondary antibodies from Jackson ImmunoResearch were used at 1:400 dilution: 

Alexa Fluor 488 donkey anti-mouse IgM, Alexa Fluor 488 donkey anti-rabbit IgG, Alexa Fluor 488 

donkey anti-rat IgG, Alexa Fluor 488 donkey anti-goat IgG, cyanine Cy3 donkey anti-goat IgG, 

cyanine Cy3 donkey anti-chicken IgY, Alexa Fluor 647 donkey anti-rat IgG, Alexa Fluor 647 donkey 

anti-rabbit IgG  

3.3.6) Confocal Immunofluorescence Microscopy 
 

 Laser confocal immunofluorescence images were acquired at RT using the Leica TCS Sp8 

laser confocal microscope or Leica Sp8 Falcon. Images acquired on the Leica TCS were done 

using a ×25/0.5 NA water objective. The 405-nm, 488-nm, 552-nm and 640-nm lasers were used 

to excite the fluorophores from antibodies bound to samples and detected by two low-dark-current 

Hamamatsu PMT detectors and two high-sensitivity hybrid detectors on the Sp8. Images acquired 

on the Leica SP8 Falcon were done using a x20/0.8 NA air objective with 405nm and white light 

laser (470-670nm) used to excite the fluorophores from antibodies bound to samples. Fluorescence 

was detected by one low-dark-current Hamamatsu PMT detector, one cooled high sensitivity, single 

molecule detection hybrid detector, and two high sensitivity hybrid detectors. All images were 

acquired using the following parameters: in 8 bits, in a z-stack using unidirectional scanning, 1 

times frame averaging, 1 airy unit pinhole, ×1 zoom, 0.57 μm or 1 μm per optical section, and 2,048 

x 2,048 or 1024 x 1024 pixels x–y resolution. Equal laser, gain and offset settings to maximize 

contrast and minimize saturation were consistently used for all samples within each set of 

experiments. For volume measurements every section with a lesion was imaged. For all other 

analysis, lesion epicentres were acquired. For mice with EAE, at least 6 images were taken of 

inflamed areas as determined by CD45 stain for each biological replicate for analysis.  
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3.3.7) Cell Culture 
 

3.3.7.1) Mouse meningeal fibroblasts 
 

 Brains from postnatal day P0-2 CD1 mouse pups were isolated, the meninges were 

removed using a dissection microscope and transferred to serum free RPMI buffer (Sigma) on ice 

until all meninges were collected. Meninges were then digested for 18 minutes at 37oC in 1 μgmL-

1 DNase I (Sigma) and 3.7 μgmL-1 collagenase D (Sigma) triturating every 6 minutes. Meninges 

were centrifuged at 300xg for 3 minutes and supernatant was discarded. Cells were resuspended 

in growth medium (DMEM (Gibco) supplemented with 10% FBS, 1% non-essential amino-acids 

(NEAA), 1% GlutaMAX, 1% sodium pyruvate, and 1% Penicillin- Streptomycin (all from Gibco). 

Cells were then transferred to T-75 flasks and incubated at 37oC with 5% CO2. Medium was 

changed every 3 days and cells were passaged when 90% confluent. Cells were passaged by 

adding 2.5% trypsin for 5 minutes at 37oC. Trypsin was inactivated by adding growth medium, then 

cells were centrifuged at 300xg for 10 minutes. Cells were resuspended in 10mL of growth medium 

and run through 100 μm filter. Filtered cells were transferred to either T-75 flasks, or 96-well plates. 

Cells were used after at least one passage. 

3.3.7.2) Mouse Bone marrow derived macrophages (BMDMs) 
 

Mice were sterilized and hair and skin cleared from the lower half of the mouse to expose 

the lower limbs. Femurs from C57BL6 mice 12 months old were collected in calcium and 

magnesium free Hank’s buffered salt solution (HBSS), and then cells from bone marrow were 

collected by flushing with DMEM supplemented with 10FBS, 1% Penicillin- Streptomycin and 1% 

Glutamax (all Gibco) using a 12mL syringe and 25g needle. Samples were then centrifuged at 

300xg for 10 minutes, supernatant was discarded cells were then resuspended in BMDM culture 

medium (10% supernatant from L929 cell line enriched in macrophage-colony stimulating factor], 

10% FBS, 1% penicillin-streptomycin, 2% minimum essential medium (MEM) nonessential amino 

acid solution (all except L929 from Gibco). Cells were cultured in 100mm culture plates at 37oC 

with 8.5% CO2 for 9 days with half-medium change at day 5 and full change at day 7. On day 9 
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BMDMs were collected by adding 3mL of cold PBS and scraping cells off of the plates. Cell 

suspensions were collected into 50mL tubes and centrifuged at 300xg for 10 minutes, then 

supernatant was discarded, and cells were resuspended in 1mL of BMDM culture medium for 

counting.  

3.3.8) Transwell migration assay 
 

 BMDMs were plated in 24 well plates at a density of 260,000 cells/cm2 overnight at 37oC 

with 8.5% CO2. Cells were serum starved in BMDM culture medium with 1% FBS for 24 hours prior 

to experiments. Meningeal fibroblasts were added to transwell inserts (Corning, 29442-120) at a 

density of 150,000 cells/cm2. Fibroblasts were allowed to migrate for 16-18 hours after which they 

were fixed and stained. Cells remaining in the upper chamber were removed using a cotton swab 

after which inserts were fixed with acid alcohol (1% HCl in 95% ethanol) for 15 minutes, washed in 

PBS for 5 minutes, transferred to hematoxylin for 15 minutes, and washed in PBS again for 1 

minutes. Inserts were cut out using a #11 scalpel and mounted on Superfrost Plus microscope 

slides (VWR) using a small amount of water to adhere and Fluoromount-G solution 

(SouthernBiotech) to apply coverslips. Mounted transwell inserts were imaged on an Olympus 

VS110 slide scanner on a 10x/0.4 NA objective and VS-ASW-S5 (V2.9) with Batch Converter 

software.  

3.3.9) Fluorescent image analysis 
 

Leica Application Suite X was used for image acquisition, ImageJ was used for image 

threshold and particle analysis, and QuPath 0.3.1 was used for transwell and slide scanner image 

analysis. The z-stacks of confocal images were analyzed using ImageJ. For each image z-stack, 

maximum-intensity projections were created for each channel/marker. All images were blinded prior 

to analysis. ROI for lesions were drawn using DAPI or MBP for LPC lesions and DAPI or CD45 for 

EAE lesions. Threshold intensity was determined using at least 3 images. The Analyze Particles 

function was then used to create a mask and to quantify the positive signals in each ROI using size 
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exclusion of 2-infinity. Threshold intensity, size exclusion, and circularity settings for particle 

analysis were kept constant across all samples for each experimental set. For the representative 

images shown, the maximum-intensity projection of each channel/marker in a z-stack was merged 

and displayed using pseudocolors in ImageJ. Only the brightness and contrast settings were 

adjusted, and consistently between samples, to better display the images. 

3.3.10) Quantitative fluorescence microscopy analysis 
 

Labeled cells in 96-well flat-bottom black/clear plates were imaged using a ×10/0.5 NA air 

objective on an ImageXpress Micro XLS High-Content Analysis system (Molecular Devices). The 

following filters were used for detection: DAPI, excitation of 387/11 and emission of 447/60; FITC, 

excitation of 482/35 and emission of 536/40; Cy3, excitation of 531/40 and emission of 593/40; and 

Cy5, excitation of 628/40 and emission of 692/40. For each well of cells, 9–12 FOVs were imaged 

for quantitative analysis. Multiwavelength cell scoring analysis in the MetaXpress High-Content 

Image Acquisition and Analysis software (Molecular Devices) was used to quantify cell survival 

from the fluorescence microscopy images gathered. For fold change values, all numbers were 

divided by the mean of the control samples. The fold-change values from all samples and 

experiments were then plotted for statistical analysis. For the representative images shown, each 

channel/marker for the sample was merged and displayed using pseudocolors. Only the brightness 

and contrast settings were adjusted, and consistently between samples, to better display the 

images. 

3.3.11) Luminex 

 

BMDMs from young (10-12 week-old) and middle-aged (52 week-old) mice were isolated 

as previously described. 30,000 cells were plated in DMEM supplemented with 10% FBS, 1% 

Pen/Strep, and 1% Glutamax in a 96 well round bottom plate overnight at 37oC with 8.5% CO2. 

Cells were changed to 1% FBS medium for 2 hours and stimulated with LPS (100ng/ml)/IFN-γ  

(10ng/ml), IL-4 (20ng/ml)/IL-13 (10ng/ml), or 1% medium alone for 48 hours. Then, cells were spun 

at 3000xg for 5 minutes and 100 µL were collected in 0.65mL tubes and stored at -80C. For cytokine 
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measurements, supernatants were sent to Eve Technologies for Mouse Cytokine 32-Plex 

Discovery Assay®. Stimulating factors used to stimulate BMDMS include: Lipopolysaccharide (LPS, 

Sigma, L2630-10MG), Interferon-γ (IFN-γ, Peprotech, 315-05), Interleukin-4 (IL-4, Peprotech, 214-

14), IL-13 (Peprotech, 201-13). 

3.3.12) Statistical analysis 

 

Data was collated using Microsoft Excel. Graphs were generated using GraphPad Prism 

8. Data shown are the individual data points, whereby each point on a bar graph represents a 

biological replicate (for in vivo experiments) or replicate (for in vitro experiments), and the mean ± 

s.d. No statistical methods were used to predetermine sample sizes, but our sample sizes were 

similar to those reported in previous publications(Dong et al., 2021; Plemel et al., 2020; Rawji et 

al., 2020). No inclusion or exclusion criteria were used unless otherwise stated. Animals and tissue 

culture samples were randomized when assigned to various experimental groups and conditions. 

Data collection and analysis were not performed blind to the conditions of the experiment (unless 

otherwise stated), as all image and data analysis were completed with the same acquisition 

conditions and analysis thresholds. Statistical tests are as listed in figure legends. Asterisks indicate 

significance where *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.4) Results 
 

3.4.1) Aging exacerbates fibroblast accumulation in LPC lesions 

 

We began by looking at LPC lesions in young and middle-aged mice 7- 14-, and 21-days 

post injury (dpi). These timepoints were chosen as they correspond with a period of substantial 

OPC repopulation (7 dpi), onset of remyelination (14 dpi), and when there is robust remyelination 

(21 dpi)(Ruckh et al., 2012). LPC lesioned tissue from young (6-10 week) and middle-aged (48-52 

week) old mice were stained for fibroblasts (PDGFRβ), demyelination (intense MBP fragmented 

profiles), and ECM deposition (Col1a1) (Fig 3.1a). There was no difference in the lesion volume, 

fibroblast response, or ECM deposition after 7 days (Fig 3.1b-d, k-m). While there was no change 

in the fibroblast response the proportion of the lesion positive for PDGFRβ was greater in the 

middle-aged mice (Fig 3.1n). By 14 days LPC lesions in middle-aged mice were significantly larger 

though there were no statistical differences in PDGFRβ or Col1a1 (Fig 3.1e-g, p-t).  After 21 days 

the aging lesions were larger and had greater PDGFRβ and Col1a1 immunoreactivity than young 

lesions (Fig 3.1h-j, u-w). Though there was an increase in the proportion of the lesion positive for 

PDGFRβ in middle-aged mice there was no difference in Col1a1 between age groups (Fig 3.1x, y). 
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Figure 3.1) Elevation of fibroblasts is exacerbated by age. a) Representative images of young (2-3 

month) and middle-aged (12 month) old mice 7 days post injury (dpi) labelled for DAPI (blue), MBP 

(red), PDGFRβ (white), Col1a1 (magenta). b-j) Histograms of b-d) day 7, e-g) day 14, h-j) day 21 

LPC lesions showing b, e, h) spinal cord lesion spread, c, f, i) PDGFRβ spread, d, g, j) Col1a1 

spread. k-o) Graphs showing day 7 LPC lesion quantifications. p-t) Graphs showing day 14 LPC 

lesion quantifications. u-y) Graphs showing day 21 lesion quantifications. k, p, u) Lesion volumes; 

l, p, v) PDGFRβ volumes; m, r, w) Col1a1 volumes; n, s, x) percent of lesion regions of interest 

(ROI) positive for PDGFRβ; o, t, y) percent of lesion ROI positive for Col1a1. Sample size n = 

number of mice from two experiments. Significance is indicated as *P < 0.05, **P < 0.01. Two-

tailed, unpaired t-test comparing young and middle-aged mice. Mean shown as horizontal lines. 
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3.4.2) Fibroblast response is increased in aging EAE mice 

 

 As the effect of age on fibroblast responses in the CNS is poorly explored, we looked to 

validate these findings in the inflammatory demyelinating experimental autoimmune 

encephalomyelitis (EAE) model(Ghorbani et al., 2022). The disease course followed the 

histopathology as there was no difference in clinical scores at the time of tissue collection (Fig 3.2a, 

c). Inflammatory spinal cord lesions were identified by CD45 immunoreactivity (Fig 3.2b). Similar 

to LPC lesions in middle-aged mice the areas of ongoing inflammation in middle-aged EAE mice 

displayed greater amounts of PDGFRβ positivity (Fig 3.2b, d).  

3.4.3) More fibroblast activation in middle-aged LPC lesions  
 

We next looked at whether the prominent fibroblast presence in middle-aged LPC lesions 

coincided with altered levels of fibroblast activation. Fibroblasts can become activated by several 

means including TGF-β and PDGF signaling(Makino et al., 2017; Verrecchia et al., 2001) leading 

to upregulation of cytoskeletal and ECM genes including smooth muscle actin (SMA) and 

fibronectin (FN1)(Buechler, Pradhan, et al., 2021; Dorrier, Aran, et al., 2021). As the fibroblast 

response does not appear prior to 7 dpi in the LPC model we looked in LPC 7 dpi lesions for SMA 

and FN1 overlapping with PDGFRβ to determine activation. A significant increase in the overlap of 

PDGFRβ with SMA in middle-aged LPC lesions occurred 7 dpi (Fig 3.3c-d).  

One limitation of using SMA as a marker of activation in the CNS is the expression of SMA 

by smooth muscle cells found on arteries and arterioles(Vanlandewijck et al., 2018). Since 

PDGFRβ+ cells can be found in proximity to CD31+ endothelial cells within LPC lesions (Fig 3.4) 

it cannot be ruled out that some amount of SMA positivity in PDGFRβ+ areas represent staining of 

smooth muscle cells. We therefore looked at FN1, another marker of activation in 

fibroblasts(Walker et al., 2019). The increase in FN1 in PDGFRβ+ fibroblasts 7 dpi was comparable 

to the increase in SMA (Fig 3.3).   
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Figure 3.2) Fibroblast response is exacerbated in middle-aged EAE mice. a) Daily average EAE 

clinical score to day 25. b) Representative confocal images of young and middle-aged EAE lesions 

labeled with DAPI (blue), CD45 (red), PDGFRβ (green). c) Graph showing quantification of lesion 

ROI. d) Percentage of lesion ROI positive for PDGFRβ. Sample size n = average of 6 FOV per 

mouse, n = 4 middle- aged mice, n = 3 young mice. Significance is indicated as *P < 0.05, **P < 

0.01, ***P < 0.001. Two-tailed, unpaired t-test comparing young and middle-aged mice. Mean 

shown as horizontal lines. 
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Figure 3.3) Fibroblasts in middle-aged LPC lesions display greater activation. a, c) Representative 

confocal images of day 7 LPC lesions in young and middle-aged mice labelled for a) DAPI (blue), 

PDGFRβ (white), FN1 (red), c) DAPI (blue), PDGFRβ (white), SMA (red). b, d) Graphs showing 

proportion of PDGFRβ-positive area overlapped with b) FN1, d) SMA. Sample size n = as shown 

number of mice from two experiments. Significance is indicated as *P < 0.05, **P < 0.01, ***P < 

0.001. Two-tailed, unpaired t-test comparing young and middle-aged mice. Data is mean ± s.d.  
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Figure 3.4) PDGFRβ-positive cells do not specifically reside around vasculature. Representative 

confocal image of LPC lesion in PDGFRβ-Ai9 mice showing PDGFRβ (TdTomato) both in proximity 

to CD31 endothelial cells and away from them.  
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3.4.4) Attenuation of immune phenotypes in middle-aged lesions  

 

Macrophages and microglia are the most abundant immune cells in LPC lesions(Ousman 

& David, 2000; Plemel et al., 2020). Macrophages engage in reciprocal interactions with fibroblasts 

during homeostasis and injury and become dysfunctional with age(Chambers et al., 2021; X. Zhou 

et al., 2018). We asked whether an altered immune response occurred in middle-aged mice 

synchronous with the exacerbated fibroblast response. As macrophages are known to undergo 

phenotypic changes over the course of injury(Duffield, Forbes, et al., 2005; Miron et al., 2013) we 

looked at early and later periods of LPC injury. LPC lesions 7- and 21-dpi were investigated using 

a pan-leukocyte marker (CD45), pan-myeloid cell marker (Iba1), markers of M1-like macrophages 

(MHCII) and M2-like polarization (Arg1).  Iba1 reactivity was reduced in day 7 middle-aged lesions 

though there was no change in CD45 expression (Fig 3.5a-c). As well, middle-aged lesions 7 dpi 

had decreased MHCII expression and increased Arg1 expression. From 7-to-21 dpi, young LPC 

lesions have reduced Iba1 and MHCII expression with CD45 and Arg1 levels remaining stable (Fig 

3.5b-e). Conversely, the middle-aged lesions display increased CD45 levels and reduced Arg1 (Fig 

3.5b, e).  These results are suggestive of a disrupted and attenuated immune response with aging.  
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Figure 3.5) Immune phenotypes are attenuated in middle-aged LPC lesions. a) representative 

multiplexed confocal image of young and middle-aged LPC lesions 7 days after injection showing 

DAPI (blue), CD45 (cyan), Iba1 (yellow), Arg1 (magenta), MHCII (red). b) graphs quantifying 

percent of lesion ROI positive for CD45, Iba1, MHCII, Arg1 in 7 and 21 dpi LPC lesions. Sample 

size n = as shown number of mice from two experiments. Significance is indicated as *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001. Two-way ANOVA with a Tukey’s multiple comparisons of 

day 7 and 21 LPC lesions in young and middle-aged mice. Data is mean ± s.d.  
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3.4.5) Aging BMDMs have altered responses to inflammatory cytokines 
 

Previous studies have shown that the lesion environment becomes disordered during 

aging(Michaels et al., 2020). To investigate how age affects macrophage responses to 

inflammatory signals bone marrow monocyte derived macrophages (BMDMs) from young and 

middle-aged mice were polarized in vitro. Conditioned media from young and middle-aged BMDMs 

stimulated with IFN-γ/LPS, IL-4/IL-13, or medium alone were collected for a Luminex Mouse 

Cytokine 32-Plex Discovery Assay® (Fig 3.6a). Most age-associated cytokine changes identified 

by Luminex Elisa were from IFN-γ/LPS stimulation (Fig 3.6a). The chemokines MIP1a/CCL3, 

MIP1b/CCL4, RANTES/CCL5, and KC/CXCL1 were all elevated in the middle-aged IFN-γ/LPS 

group (Fig 3.6b). As well, IL12p40 and IL-17 were elevated while G-CSF was reduced in the middle-

aged IFN-γ/LPS group were also significantly altered with age.  

3.4.6) Aged BMDMs have diminished capacity to promote fibroblast migration 
 

We then asked whether there were functional consequences of macrophage aging for the 

fibroblast response. BMDMs from young and middle-aged mice were cultured in the lower 

compartment of a Boyden chamber and meningeal fibroblasts were added to the upper chamber 

(Fig 3.7a). Interestingly, young BMDMs promoted greater migration of fibroblasts across the 

transwell membrane while middle-aged BMDMs displayed similar densities of DAPI as the negative 

control (Fig 3.7b, c). 
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Figure 3.6) Middle-aged BMDMs have altered response to inflammatory stimulus. a) Heatmap 

Luminex Mouse Cytokine 32-Plex Discovery Assay® panel showing Log2 fold changes in 

concentration of cytokines following stimulation in young and middle-aged BMDMs. b) 

Quantification of chemokines significantly elevated in middle-aged BMDMs. Sample size n = 3 

technical replicates per group, samples run in triplicate. Significance is indicated as *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001. Two-way ANOVA with a Tukey’s multiple comparisons of 

control, MLPS/IFNγ , and MIL-4/IL-13 stimulation of young and middle-aged BMDMs. Data is mean ± s.d.  
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Figure 3. 7) Aging BMDMs fail to promote fibroblast migration in vitro. a) Schematic of transwell 

migration assay. b) Representative widefield microscopy images of transwell inserts without 

BMDMs or with BMDMs from young or middle-aged mice. c) quantification of DAPI+ cell density. 

Kruskal-Wallis followed by a Dunn’s multiple comparisons. Sample size n = 4 inserts per group, 

averaged over 4 fields of view per insert. Significance is indicated as *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. Mean shown as horizontal line.  
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3.5) Discussion 
  

Fibroblasts become elevated in the CNS parenchyma following LPC injury. Their elevation 

occurs concurrent with microglia/macrophage recruitment to the lesion site(Plemel et al., 2020). In 

CNS lesions fibroblasts have detrimental effects on regenerative processes including axon 

regrowth and remyelination. Organs such as the lung, liver, and kidney have reduced regenerative 

ability in response to injury due partly to age-associated intrinsic changes to tissue resident 

fibroblasts and greater inflammation(Ashcroft et al., 1997; Y. Chen et al., 2021; Salzer et al., 2018). 

Following traumatic brain injury meningeal fibroblasts are known to undergo significant alteration 

in transcriptomic profiles(Bolte et al., 2023). However, it is unknown whether age affects the ability 

of CNS fibroblasts to respond to parenchymal injury.  

We show here that CNS fibroblasts respond more to injury in the middle-aged CNS 

compared with the young CNS. The aging CNS is prone to injury and neurodegeneration(Dong et 

al., 2022; Wyss-coray, 2015). That was confirmed here with significantly larger LPC lesions in the 

middle-aged LPC lesions. It is possible that this contributed to the elevation in fibroblasts in the 

middle-aged LPC lesions though the proportion of the lesion positive for PDGFRβ was also larger. 

Likely, inducing a more significant injury is able to influence fibroblast levels in the CNS. This may 

explain why the representation of fibroblasts in the CNS is more apparent in traumatic injuries such 

as contusion spinal cord injuries compared to neuroinflammation such as that seen in MS. Injury to 

the CNS releases alarmins such as IL-1α and ATP that cause neuroinflammation as well as 

regulate calcium dynamics, proliferation, and survival of fibroblasts(Dong et al., 2021; Gasse et al., 

2007).  

As well, we show that fibroblasts in middle-aged lesions had elevated levels of activation 

markers FN1 and SMA. This would suggest a higher level of ECM production and potentially 

greater tissue fibrosis although later time points are needed for verification. Furthermore, it is 

unclear whether the expression of ECM like FN1 and COL1A1 directly translate into their integration 

into the tissue stroma. Aging fibroblasts have been shown to display reduced matrix adhesion and 
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impaired integration of ECM into the tissue matrix(Chandrasekhar et al., 1983; Takaya et al., 2022). 

This could be potentially important as ECM components can act as receptor ligands potentially 

exacerbating injury in the aged CNS. Fibronectin can bind and activate toll-like receptors (TLRs) 

leading to expression of inflammatory cytokines like IL-1β and TNF and enhancing T cell 

proliferation(Fei et al., 2018; Lasarte et al., 2007).  

In the previous chapter we showed that the fibroblast response occurs alongside the 

microglia/macrophage response. As well, previous reports have demonstrated that immune cells 

are affected during aging(Dong et al., 2022; Mrdjen et al., 2018; Rawji et al., 2020). Middle-aged 

lesions displayed greater levels of Arginase 1, a commonly used marker of anti-inflammatory 

macrophages(Jensen et al., 2018). Arg1 is potentially important for elevations in ECM seen in 

middle-aged lesions as it is associated with collagen metabolism(Witte & Barbul, 2003). Urea is 

converted into L-ornithine at which point it is converted into polyamines necessary for proliferation 

and L-proline which makes up 10% of the amino acids in collagen(Karna et al., 2020; Z. Li et al., 

2022). However, despite its association with collagen levels and tissue fibrosis, depleting Arg1 in 

macrophages significantly worsens fibrosis(Pesce et al., 2009). As well, it has been made apparent 

that single markers may obscure from a broader spectrum of gene expression(Locatelli et al., 2018; 

Ransohoff, 2016). In EAE many Arg1 positive cells express varying levels of inducible nitric oxide 

synthase (iNOS) highlighting the complexity within immune responses(Locatelli et al., 2018). 

However, it is clear the aging immune response is diminished from that of the young. This 

previously was shown to include improper debris removal(Rawji et al., 2020), greater inflammatory 

phenotypes(Dong et al., 2022), and contributes to age-associated remyelination impairment(Ruckh 

et al., 2012). Our findings describing reduced immune cell numbers is consistent with previous 

descriptions of immune cell subsets in age-related disorders such as Alzheimer’s disease(Mrdjen 

et al., 2018).  

As well, we describe that middle-aged BMDMs increase expression of several genes in 

response to LPS/IFN-γ including CCL3, CCL4, CCL5, and CXCL1. LPS and IFN-γ pathways 

converge through NFkB, AP1, and IRF(Pulido-Salgado et al., 2018) though all age-affected 
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proteins were downstream of NFkB(Naamane et al., 2007). Interestingly, NFkB is known to underly 

age-associated tissue inflammation and several target genes such as Il1b and Lgals3 are elevated 

in aging LPC lesions(Michaels et al., 2020; O’Brown et al., 2015). Whether NFkB signaling 

specifically drives age-related immune dysfunction in aging LPC lesions, and what effect this has 

on the fibroblast response are unknown.  

Taking the expression of several chemokines with our findings from the previous chapter 

suggest a role for macrophages in promoting fibroblast migration; thus, we hypothesized that aged 

macrophages would promote increased migration of fibroblasts. Unexpectedly the aged 

macrophages had reduced migration similar to the controls. It is possible that middle-aged BMDMs 

promote differentiation of the fibroblasts reducing their migratory potential. This is consistent with 

the elevated activation of fibroblasts in middle-aged LPC lesions.  

We propose that age exacerbates the fibroblast response to CNS injury potentially as a 

result of a disordered immune response. This chapter contributes to our knowledge of how CNS 

injuries are affected by age by providing the first description of age-associated exacerbation of 

the CNS fibroblast response after neural injury.  

 

  



102 
 

Chapter 4: Exercise rapidly alters proteomes in mice following spinal cord 

demyelination 

 

4.1) Abstract 
 

Following the results of the previous chapters that describe fibroblast responses to injury 

including in age, and the inhibitory effect of fibroblasts for OPC differentiation, the purpose of this 

chapter was to investigate the ability of physical activity/exercise to modulate the environmental 

milieu of the CNS following LPC injection. Exercise affords broad benefits for PwMS including less 

fatigue, depression, and improved cognition. In animal models of MS, exercise has been shown to 

improve remyelination, decrease blood–brain barrier permeability and reduce leukocyte infiltration. 

Despite these benefits many PwMS refrain from engaging in physical activity. This barrier to 

participation in exercise may be overcome by uncovering and describing the mechanisms by which 

exercise promotes beneficial changes in the CNS. Here, we show that acute bouts of exercise in 

mice profoundly alters the proteome in demyelinating lesions. Following lysolecithin induced 

demyelination of the ventral spinal cord, mice were given immediate access to a running wheel for 

4 days. Lesioned spinal cords and peripheral blood serum were then subjected to tandem mass 

tag labeling shotgun proteomics workflow to identify alteration in protein levels. We identified 86 

significantly upregulated and 85 downregulated proteins in the lesioned spinal cord as well as 14 

significantly upregulated and 11 downregulated proteins in the serum following acute exercise. 

Altered pathways following exercise in demyelinated mice include oxidative stress response, 

metabolism, and transmission across chemical synapses. Similar acute bout of exercise in naïve 

mice also changed several proteins in the serum and spinal cord, including those for metabolism 

and anti-oxidant responses. Improving our understanding of the mechanisms and duration of 

activity required to influence the injured CNS should motivate PwMS and other conditions to 

embrace exercise as part of their therapy to manage CNS disability. 
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4.2) Introduction 
 

Multiple sclerosis (MS) is an inflammatory neurodegenerative disorder in which immune 

cells enter the central nervous system (CNS) and destroy myelin and myelin-producing 

oligodendrocytes, as well as neurons and axons(Lassmann, 2018). Studies in people with MS 

(PwMS) have found that exercise improves outcomes of physical fitness such as fatigue and 

mobility, as well as CNS related outcomes such as cognition and white matter integrity(Felippe et 

al., 2019; Motl et al., 2017; Sandroff et al., 2019). Physical activity performed in a regimented 

fashion with the purpose of improving physical fitness delineates exercise from physical activity 

itself(Motl et al., 2017). The prior consensus surrounding exercise for PwMS was that their well-

being would suffer a detrimental effect due to heat sensitivity and potential aggravation of 

symptoms(van Praag, 2009). However, as recent studies demonstrate immunomodulatory and 

clinical benefits of exercise, there is a paradigm shift that now considers exercise as a potential 

adjunctive therapy for MS and other neurological diseases(Motl et al., 2017; Petzinger et al., 2013), 

or even as a preventative therapy for those at risk for developing MS(Dalgas et al., 2019). In the 

inflammatory experimental autoimmune encephalomyelitis (EAE) rodent model of MS, exercise has 

the potential to delay disease onset and decrease severity of disability(Bernardes et al., 2016; 

Fainstein et al., 2019; Le Page et al., 1994; Rossi et al., 2009). 

Exercise can benefit PwMS in many ways. For example, it has peripheral 

immunomodulatory effects and promotes the release of anti-inflammatory myokines from the 

contracting muscle, and it also induces regulatory anti-inflammatory microglia activity within the 

CNS(Benatti & Pedersen, 2015; Gentile et al., 2019; Jensen & Wee Yong, 2014). Exercise also 

promotes neurogenesis and gliogenesis through mechanisms that include the elevation of 

neurotrophic factors(Frodermann et al., 2019; Guo et al., 2019; Jensen & Yong, 2016; Lassmann, 

2018; Scheiman et al., 2019). Moreover, exercise in mice facilitates remyelination following 

lysolecithin-induced spinal cord demyelination(Jensen et al., 2018). Interestingly, exercise was 

found to work synergistically with clemastine, a known pro-remyelinating drug, to further increase 

remyelination(Jensen et al., 2018). The concept of exercise as a co-therapeutic administered with 
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other medications has been termed “MedXercise”, by combining the terms Medication and eXercise 

(reviewed elsewhere(Lozinski & Yong, 2020)) and may promote further recovery.  

Acute bouts of exercise can modulate thousands of molecules in serum samples from 

human subjects(Sacks et al., 2018). For instance, it can rapidly increase the blood levels of 

myeloperoxidase (MPO), which is known to recruit macrophages to damaged sites, revealing a 

potential benefit for PwMS(Reihmane et al., 2012; Sacks et al., 2018). Additionally, it can increase 

the levels of neuroactive metabolites, such as acetylcholine and kynurenic acid, linking acute 

exercise to mental health and antidepressant activity(Agudelo et al., 2014; Sacks et al., 2018). 

However, little is known about the molecular players capable of bridging the effects of acute and 

chronic responses to exercise.  

Despite the apparent benefits of exercise in MS and rodent MS models, PwMS engage in 

significantly less physical activity than the healthy population(Klaren et al., 2013). Recent 

consensus for activity levels for PwMS by a group of experts in the field recommend encouraging 

at least 150 min per week(Kalb et al., 2020). However, besides ambulatory symptoms, the lack of 

mechanistic understandings on how the CNS is affected by exercise has hampered efforts to 

motivate PwMS to exercise(Motl et al., 2017). The available evidence from human and animal 

studies is inconclusive regarding questions such as when exercise should be initiated in relation to 

relapses, how much is required, and what intensity or paradigm will produce the greatest benefit.  

Here, we profiled the spinal cord and serum of mice using quantitative shotgun proteomics 

to address whether short bouts of exercise may influence the peripheral blood and CNS of naïve 

animals and following LPC-induced spinal cord demyelination. Our approach has the potential to 

identify changes at the micro-environment or systemic level, by analyzing the spinal cord and serum, 

respectively. We demonstrate that access to voluntary running wheel activity over four days is 

sufficient to induce significant protein level changes within the lesioned spinal cords associated 

with oxidative stress, metabolism, neurotransmission and proteolytic remodeling of the extracellular 

matrix. These results provide insight into the impact of exercise on demyelinating injuries. 
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4.3) Methods 
 

4.3.1) Animals  

 

All experiments were conducted with ethics approval from the Animal Care Committee at 

the University of Calgary under regulations of the Canadian Council of Animal Care. All mice used 

were female C57BL/6 mice at 6–12 weeks of age acquired from Charles River (Montreal, Canada). 

Female mice were used to depict the prevalence of MS in women more accurately. Mice were 

between 18–21 g in body weight and were maintained on a 12-h light/dark cycle with food (Pico-

Vac Mouse Diet 20) and water given ad libitum. 

4.3.2) Lysolecithin (lysophosphatidylcholine)-induced demyelination 
 

Demyelination was accomplished as previously described(Keough et al., 2015). Mice were 

anaesthetized using ketamine (100 mg/kg) and xylazine (10 mg/kg) injected intraperitoneally. Skin 

overlying surgical site was shaved and disinfected with 70% ethanol and iodine. Ophthalmic gel 

was applied to both eyes to prevent drying, and buprenorphine (0.05 mg/kg) was injected 

subcutaneously immediately prior to surgery and 12 h post-surgery as an analgesic. Animals were 

positioned on a stereotaxic frame and a midline incision approximately 5 cm long was made 

between the shoulder blades using a #15 scalpel blade. A retractor was used to separate the 

muscle and adipose tissue to expose the spinal column. The prominent T2 vertebra was used as 

a landmark to find the T3–T4 intervertebral space. Tissue in the T3–T4 gap was then blunt 

dissected apart using forceps and spring scissors, and the dura was removed using a 30-gauge 

metal needle. Using a 32-gauge needle attached to a 10 µL Hamilton syringe, 0.5 µL of 1% 

lysolecithin/lysophosphatidylcholine (LPC) (Sigma-Aldrich, L1381) was injected into the ventral 

column of the spinal cord at a rate of 0.25 µL/min for 2 min. The needle was left in place for 2 min 

following the injection to avoid back flow, followed by suturing of the muscle and skin. Mice were 

then placed in a thermally controlled environment for recovery. 
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4.3.3) Exercise paradigm  
 

Immediately following recovery from surgery (~ 1–2 h post-surgery), exercising animals 

were singly housed in modified rat cages19 with 5 inch running wheels mounted to the wire lid for 

4 days. Wheels were connected to a computer system running a software to monitor wheel 

revolutions (developed in LabVIEW). Rotations per minute (rpm) were recorded in 10-min bins 

generating an average rpm over that 10-min period. Sedentary control animals were singly housed 

in modified rat cages with the running wheel placed on the ground as environmental enrichment 

control. Naïve animals were given access to running wheel cages at the same time as LPC animals. 

4.3.4) Serum and tissue collection for proteomics  
 

For the proteomics experiment, serum and lesioned spinal cords were collected from eight 

different female C57BL6 mice per group and two mice were pooled per sample: naïve without 

exercise (n = 4), naïve with exercise (n = 4), LPC lesioned without exercise (n = 4) and LPC lesioned 

with exercise (n = 4). Tissue was harvested 4 h into the dark cycle when animals had reached peak 

running for 2 h. Mice were anaesthetized using ketamine (100 mg/kg) and xylazine (10 mg/kg) 

injected intraperitoneally, and 500 µL of whole blood was drawn from the heart using a 1 mL syringe 

with a 25-gauge needle and collected in a 1.5 mL microcentrifuge tube. Mice were then 

transcardially perfused with 15 mL of room temperature phosphate-buffered saline (PBS) solution. 

Spinal tissue from the lower cervical to lower thoracic region was dissected. Tissue was placed on 

a dissecting microscope set up with dry ice and 2-methylbutane (Sigma-Aldrich) placed underneath 

the stage allowing for the tissue to be frozen to avoid protein degradation. Spinal cords were 

trimmed to 5 mm around the lesion site then cut into quarter-sections to include the lesion area. 

Lesioned quarter-sections from 2 mice were pooled into one sample in a 1.5 mL microcentrifuge 

tube to allow for sufficient protein levels and left on dry ice until harvesting was finished. Tissue 

was stored at – 80 °C until the proteomics experiments were performed. Tissue collection for 

immunohistochemistry followed a different methodology described below. 
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Whole blood was spun at 1300 rpm (160 g) for 10 min at 4 °C. Supernatant was removed 

using a pipette being careful to avoid disrupting the red blood cell pellet. As in spinal cords, serum 

from 2 animals from the same group were pooled, for a final n = 4 sample (from 8 mice) per group. 

4.3.5) Quantitative shotgun proteomics using tandem mass tags (TMT) labeling  
 

The four groups of mice were subjected to a quantitative shotgun proteomics analysis. 

Serum or tissue were lysed in a buffer composed of 1% SDS, 200 mM HEPES (pH 8.0), 100 mM 

ammonium bicarbonate, 10 mM EDTA and protease inhibitor complete tablets (Roche, 

4693159001). Disulfide bonds of 100 μg of total protein were reduced with 10 mM Tris(2-

carboxyethyl) phosphine hydrochloride (Thermo Fisher Scientific) at 55 °C for 1 h. The proteins 

were then alkylated by incubation with 15 mM iodoacetamide (VWR) for 25 min in the dark at room 

temperature. Proteins were precipitated out of solution by adding 600 μL of ice-cold acetone and 

incubated at – 20 °C overnight. Samples were centrifuged at 8000g for 10 min before resuspension 

in 100 μL of 50 mM triethyl ammonium bicarbonate. Proteins were then trypsinized (Thermo Fisher 

Scientific) overnight at a 1:10 enzyme-to-substrate ratio. For TMT 6-plex labeling, 0.8 mg of TMT 

reagent (Thermo Fisher Scientific) was resuspended in 41 μL of acetonitrile (ACN), samples were 

spun down quickly at 2000 rpm (380g) for 10 s, and samples were incubated at room temperature 

for 1 h. The labelling reaction was quenched by adding 8 μL of 5% hydroxylamine and incubated 

for 15 min at 25 °C. Peptides with different labels were combined before 100% formic acid was 

added to each sample to reach a volumetric concentration of 1% formic acid. Samples were spun 

at 5000 rpm (2350g) for 10 min and then desalted using Sep-Pak C18 columns (Waters, 130 mg 

WAT023501). Sep-Pak columns were conditioned with 1 × 3 mL 90% methanol/0.1% TFA, 1 × 2 

mL 0.1% formic acid. Each sample was loaded onto a column and washed with 1 × 3 mL 0.1% 

TFA/5% methanol. Peptides were eluted off the column with 1 × 1 mL 50% ACN/0.1% formic acid 

and lyophilized. Peptides were resuspended in 1% formic acid and a BCA assay (Thermo Fisher 

Scientific) was used to determine the concentration of peptide in each sample. Samples were dried 

down and stored at – 80 °C. 
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4.3.6) High performance liquid chromatography (HPLC) and mass spectrometry  
 

All liquid chromatography and mass spectrometry experiments were carried out by the 

Southern Alberta Mass Spectrometry (SAMS) core facility at the University of Calgary, Canada. To 

assure consistency in data collection, HPLC and mass spectrometry data acquisition was replicated 

from our previous publication(M. H. Gordon et al., 2019). In detail, analysis was performed on an 

Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) operated with Xcalibur 

(version 4.0.21.10) and coupled to a Thermo Scientific Easy-nLC (nanoflow Liquid 

Chromatography) 1200 system. Tryptic peptides (2 μg) were loaded onto a C18 trap (75 μm × 2 

cm; Acclaim PepMap 100, P/N 164946; Thermo Fisher Scientific) at a flow rate of 2 μL/min of 

solvent A (0.1% formic acid and 3% acetonitrile in LC- mass spectrometry grade water). Peptides 

were eluted using a 120 min gradient from 5 to 40% (5% to 28% in 105 min followed by an increase 

to 40% B in 15 min) of solvent B (0.1% formic acid in 80% LC- mass spectrometry grade acetonitrile) 

at a flow rate of 0.3 μL/min and separated on a C18 analytical column (75 um × 50 cm; PepMap 

RSLC C18; P/N ES803; Thermo Fisher Scientific). Peptides were then electrosprayed using 2.3 kV 

voltage into the ion transfer tube (300 °C) of the Orbitrap Lumos operating in positive mode. The 

Orbitrap first performed a full mass spectrometry scan at a resolution of 120,000 FWHM to detect 

the precursor ion having a mass-to-charge ratio (m/z) between 375 and 1575 and a + 2 to + 4 

charge. The Orbitrap AGC (Auto Gain Con109roll) and the maximum injection time were set at 4e5 

and 50 ms, respectively. The Orbitrap was operated using the top speed mode with a 3 s cycle 

time for precursor selection. The most intense precursor ions presenting a peptidic isotopic profile 

and having an intensity threshold of at least 2e4 were isolated using the quadrupole (isolation 

window of m/z 0.7) and fragmented with HCD (38% collision energy) in the ion routing Multipole. 

The fragment ions (MS2) were analyzed in the Orbitrap at a resolution of 15,000. The AGC, the 

maximum injection time and the first mass were set at 1e5, 105 ms and 100, respectively. Dynamic 

exclusion was enabled for 45 s to avoid acquisition of the same precursor ion having a similar m/z 

(plus or minus 10 ppm). 
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4.3.7) Proteomic data and bioinformatics analysis.  
 

Spectral data were matched to peptide sequences in the murine UniProt protein database 

using the Andromeda algorithm(Cox et al., 2011) as implemented in the MaxQuant(Cox & Mann, 

2008) software package v.1.6.0.1, at a peptide-spectrum match false discovery rate (FDR) of < 

0.01. Search parameters included a mass tolerance of 20 p.p.m. for the parent ion, 0.5 Da for the 

fragment ion, carbamidomethylation of cysteine residues (+ 57.021464 Da), variable N-terminal 

modification by acetylation (+ 42.010565 Da), and variable methionine oxidation (+ 15.994915 Da). 

TMT 6-plex labels 126–131 were defined as labels for relative quantification. The cleavage site 

specificity was set to Trypsin/P (search for free N-terminus and for only lysines), with up to two 

missed cleavages allowed. Next, quantified proteins were filtered using the Perseus 

software(Tyanova et al., 2016). Proteins that have more than two replicates with zero values in 

more than one group were removed. Filtered proteins were normalized using the CycLoess 

approach via NormalizerDE package31 using the R language (v3.6.0)(R Core Team, 2019). An 

average of the normalized results for each group was calculated and followed by the ratio of each 

group comparison. The ratios were log(2) transformed and the significant outlier cut-off values were 

determined after log(2) transformation by boxplot-and-whiskers analysis using the BoxPlotR tool(M. 

Spitzer et al., 2014). 

4.3.8) Heatmaps  
 

The results from the BoxplotR analysis were used in the heatmaps. Data analysis was 

accomplished using the R software(R Core Team, 2019). The plot was generated using the 

heatmap.2 function from the gplots package(Warnes et al., 2015). 
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4.3.9) Reactome pathway analysis 

 

To identify protein–protein interaction, the STRING (Search Tool for the Retrieval of 

Interacting Genes) database(Szklarczyk et al., 2019) was used to illustrate interconnectivity among 

proteins. Protein interaction relationship is encoded into networks in the STRING v11 database 

(https:// string- db. Org). Our data was analyzed using the Mus musculus as our model organism 

at a false discovery rate of 5%. Proteins belonging to specific pathways were selected and their 

ratios were plotted as heatmaps. 

4.3.10) Immunohistochemistry  

 

For histology, lesioned spinal cords were collected from five different female C57BL6 mice 

per group: LPC lesioned without exercise (n = 5) and LPC lesioned with exercise (n = 5). The 

experiment was performed in duplicates, for a total of twenty mice. Tissue was harvested 4 h into 

the dark cycle when animals had reached peak running for 2 h. Mice were transcardially perfused 

with 15 mL of room temperature PBS followed by 15 mL of ice cold 4% paraformaldehyde (PFA). 

The spinal cord was dissected from the lower cervical to lower thoracic regions and post fixed in 

4% PFA overnight at 4 °C, then cryoprotected in 30% sucrose for 3 days. Cords were cut into 5 

mm sections with the lesion site in the centre and frozen in FSC 22 Frozen Section Media (Leica). 

Spinal cords were cut coronally into 20 μm sections on a cryostat (Thermo Fischer Scientific) onto 

Superfrost Plus microscope slides (VWR). Sections were stored at – 20 °C until staining and 

analysis. Slides with coronal sections were warmed to room temperature for 5 min. For myelin basic 

protein (MBP) staining, slides were delipidated with concurrent washes of 50%, 70%, 90%, 95%, 

100%, 95%, 90%, 70%, and 50% ethanol. Slides were rehydrated for 10 min in PBS, then 

permeabilized with 0.2% Triton-X100 in PBS for 10 min. Slides were then blocked for 1 h at room 

temperature using horse blocking buffer (PBS, 10% horse serum, 1% BSA, 0.1% cold fish stain 

gelation, 0.1% Triton X-100, 0.05% Tween-20) and IgG Fab fragments (20 µg/mL). Staining for 

NFH, Olig2, PDGFRα, CC, and CX32 did not require delipidating steps. After blocking, primary 

antibodies were added in antibody dilution buffer (PBS, 1% BSA, 0.1% cold fish stain gelation, 0.1% 
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Triton X-100) overnight at 4 °C. Sections were washed three times with 0.05% Tween-20 in PBS 

for 5 min each, followed by 1 h of incubation with secondary antibodies in antibody dilution buffer 

(1/400 from manufacturer stock) and Nuclear Yellow (1/800) at room temperature. Sections were 

then washed three more times with 0.05% Tween-20 in PBS for 5 min each then mounted using 

Fluoromount-G solution (SouthernBiotech). The following antibodies were used: Olig2 (Millipore 

AB9610, R&D AF 2418), PDGFRα (R&D AF1062), CC1 (Millipore OP80-100UG), MBP (Abcam 

AB7349), NFH (Encor RPCA-NFH), GFAP (Biolegend 829401), GJB1 (Invitrogen 71-0600). The 

following Jackson laboratory secondary antibodies were used: Cyanine Cy3 donkey anti-chicken 

IgY, Cyanine Cy3 donkey anti-rat IgG, Alexa Fluor 594 donkey anti-mouse IgG, Alexa Fluor 488 

donkey anti-rat IgG, Alexa Fluor 647 donkey anti-rat IgG, Alexa Fluor 657 donkey anti-rabbit IgG. 

4.3.11) Confocal microscopy  
 

Confocal images were taken on the Leica TCS Sp8 laser confocal microscope using the 

10 × air objective and 25 × 0.5 NA water objective. The 405 nm, 488 nm, 552 nm, and 640 nm 

lasers were used to excite fluorophores with detection by 2 low dark current Hamamatsu PMT 

detectors and two high sensitivity hybrid detectors. Images were acquired in 8-bits, in a z-stack 

bidirectionally, with 2-times line average, and at 0.57 μm optical sections. Laser levels were 

maintained across all sections of common stains, and secondary alone controls were used to 

account for non-specific secondary fluorescence. Images were blinded and analyzed using ImageJ 

(RRID: SCR_003070). 

4.3.12) Statistical analysis  
 

For sample size calculation, it was used previously published studies as a 

reference(Jensen et al., 2018), using as a baseline the least sensitive method. The Shapiro–Wilk 

test was used to assess data normality and the F-test was used to evaluate if the variances of two 

groups are equal. Normal data were evaluated using the Student t-test, while non-normal data was 

assessed using the Mann–Whitney test. For the proteomics analysis, it was applied an interquartile 
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boxplot analysis to determine the proteins differentially expressed(M. Spitzer et al., 2014). The FDR 

was generated by the bioinformatic tools used for pathway analysis. The R software(Warnes et al., 

2015), GraphPad Prism version 9, and Microsoft Excel were used for the statistical analysis. 

4.3.13) Ethical standards  
 

Our study was carried out in compliance with the ARRIVE guidelines. 
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4.4) Results 
 

4.4.1) Exercise in naïve mice alters the spinal cord proteome  
 

To evaluate the impact of exercise on the CNS and serum, we subjected mice to short-

term bouts of exercise and compared to sedentary control. Running animals had free access to a 

running wheel over 4 days, while sedentary animals were given a locked wheel as environmental 

enrichment control. Mice ran during their night cycle and rested during the day as determined from 

the number of runs per 10 min bin (Fig. 4.1a,b). Four hours into day 4 and during the animal’s active 

night cycle, serum and spinal cords at T3–T4 were collected and subjected to a quantitative 

shotgun proteomics work- flow labelled with tandem mass tags (TMT) 6-plex kits (Fig. 4.1a). Mice 

subjected to LPC-surgery had reduced exercise activity in the first and second day after surgery 

but attained similar levels by the end of the third day (Fig. 4.1b); over the 4 days, LPC-surgery mice 

ran significantly shorter distances than the naïve animals (Fig. 4.1c). 
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Figure 4.1) Workflow and running wheel activity. The LPC mice recovered for ~ 1–2 h post-surgery 

and the same rest period was given to naïve mice. Naïve and LPC animals were given access to 

a running wheel, or a wheel on its side immediately following recovery. (A) Schematic 

demonstrating experimental workflow. Animals were subjected to LPC surgery or not, then housed 

with an unlocked or locked running wheel. Serum and tissue were collected on the 4th day (4 h into 

the running cycle) and subjected to a quantitative shotgun proteomics workflow. Spinal cords and 

serum were pooled in groups of 2 for adequate protein concentrations (n = 4 of 2 pooled samples, 

n = 8 total). Figure was drawn using BioRender. The data was analyzed using the freely available 

MaxQuant software v.1.6.0.1 (https:// www. maxqu ant. org). (B) Running wheel data of naïve and 

LPC mice. Revolutions were monitored and binned in 10-min increments. Figure was drawn using 

Prism. (C) Quantification of total distance run over a 4-day period for naïve (n = 8) and LPC (n = 8) 

mice. Student’s t-test was used for statistics. *P < 0.05. 
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 We first examined protein changes in non-lesioned naïve mice that exercised on the 

running wheel to determine if short term exercise could alter the CNS proteome. Compared to their 

sedentary naïve controls, there were 115 significantly upregulated proteins and 67 significantly 

downregulated proteins in the spinal cord following exercise as determined by an interquartile 

boxplot analysis (Fig. 4.2a, b). Pathway enrichment analyses were performed using 

STRING(Szklarczyk et al., 2019) and Metascape(Y. Zhou et al., 2019) and revealed various altered 

pathways (Fig. 4.2c and 4.3). Upregulated proteins in the CNS included those associated with 

membrane trafficking (e.g. Snx2: sorting nexin-2), the extracellular matrix (e.g. Bgn: biglycan, Col’s: 

collagens) (Fig. 4.2c), glutathione anti-oxidant responses (e.g. Mgst1: microsomal glutathione S-

transferase 1, Gstk1: glutathione S-transferase kappa 1), metabolism (e.g. Acsl1: long chain fatty 

acid CoA ligase 1, Mgll: monoglyceride lipase) and myelination (Mbp: myelin basic protein, Myrf: 

myelin regulatory factor) (Fig. 4.3A,C). Downregulated proteins in exercising mice (i.e. higher in 

sedentary mice) included those related to metabolism of nucleotides (e.g. Gart: Trifunctional purine 

biosynthetic protein adenosine-3) (Fig. 4.2C) and Golgi-ER transport (e.g. Copa: Coatomer submit 

alpha, Dctn4: dynactin subunit 4) (Fig 4.3B,C).  

In the serum of naïve exercising animals there were 9 upregulated proteins including those 

related to detoxification of oxygen species (Gpx3: glutathione peroxidase 3, Prdx2: peroxiredoxin-

1), and platelet degranulation (Fgb: fibrinogen beta chain, Ecm1: extracellular matrix protein 1) (Fig 

4.4A,B,D). Exercising naïve mice had 11 downregulated proteins (i.e. higher in sedentary mice) 

including those associated with plasma lipoprotein assembly (ApoA4: Apolipoprotein A-4, ApoB: 

Apolipoprotein B-100) (Fig 4.4A,C,D). Our findings suggest that acute exercise in naïve mice can 

alter both the CNS and serum proteomes. Proteins associated with anti-oxidant responses are 

concurrently elevated in spinal cord and serum of naïve exercising mice. 
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Figure 4.2) Effect of exercise on naïve spinal cord proteome after 4 days of running. Red, 

significantly elevated in the exercise group; Blue, significantly elevated in the sedentary group. (A) 

Quantification of differentially expressed proteins as determined by interquartile box plot analysis. 

A false discovery rate (FDR) of 1% was applied to the database search on MaxQuant. (B) Heatmap 

of differentially expressed proteins in naïve spinal cord tissue. (C) Heatmap of proteins and 

associated reactome pathways as determined by STRING (https:// string- db. org). A false 

discovery rate (FDR) for each pathway was added on the left of each heatmap. Interquartile box 

plot analysis was used for statistics. Data analysis was accomplished using the R software(R Core 

Team, 2019). The plot was generated using the heatmap.2 function from the gplots 

package(Warnes et al., 2015).  
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Figure 4.3) Protein-protein interactions and meta-analysis of significantly altered naïve spinal cord 

proteins after 4 days of running. STRING-db analysis of proteins significantly changing in the A) 

exercise group and B) sedentary group. Significantly changed reactome pathways are colored in 

each group. P < 0.05 as determined by False Discovery rate (FDR). C) Metascape analysis of the 

significantly changed proteins for each group. Terms with a p < 0.01 are shown. 
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Figure 4.4) Protein-protein interactions and meta-analysis of significantly altered naïve serum 

proteins after 4 days of running. A) Quantification of significantly changed proteins as determined 

by interquartile box plot analysis. STRING-db analysis of proteins significantly changing in the B) 

exercise group and C) sedentary group. Significantly changed reactome pathways are colored in 

each group. P < 0.05 as determined by False Discovery rate (FDR). D) Metascape analysis of the 

significantly changed proteins for each group. Terms with a p < 0.01 are shown. 
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4.4.2) Demyelination following LPC injection  
 

Next, we determined whether demyelinated CNS also have altered proteomes in response 

to exercise. To model the environment of a demyelinated MS lesion, we injected LPC into the spinal 

cords of mice(Keough et al., 2015) and compared it to naïve uninjured mice. LPC-injected mice 

were placed in individual cages with a running wheel immediately after recovery from surgery in 

the LPC group. Following LPC injection, there was demyelination as verified by eriochrome cyanine 

staining, and a loss of mature OLIG2 + CC1 + oligodendrocytes within the lesion; the number of 

OLIG2 + PDGFRα + oligodendrocyte progenitor cells (OPC) in the lesion appeared increased at 3 

days post lesion (dpi) compared to the contralateral uninjured side (Fig. 4.5a, b). There was 

increased detection of MBP positive myelin debris, visible loss of axons, and a lack of GFAP 

positive astrocytes within the lesion (Fig. 4.5c). These results affirm the creation of a demyelinated 

lesion against which exercise in previous experiments 19 promoted oligodendrogenesis at later 

time points, and they provide the substrate to evaluate the proteomics of exercise following 

demyelination. 
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Figure 4.5) Impact of LPC surgery on mice subjected to running wheel. (A) Workflow and 

representative eriochrome cyanine-stained sections with lesion in the ventrolateral white matter 

delineated by dashed lines. Figure was drawn using BioRender. (B) Representative images of LPC 

lesion (left) and contralateral normal appearing white matter (right) 4 days post injury stained for 

mature oligodendrocytes (CC1) in red, OPCs (PDGFRα) in green, oligodendrocyte lineage cells 

(OLIG2) in white, and DNA (DAPI) in blue. (C) Representative images of LPC lesion 4 days post 

injury stained for myelin and myelin debris (MBP) in red, axons (NFH) in green, and astrocytes 

(GFAP) in white, and DNA (DAPI) in blue. In both (B) and (C), the lesion is outlined by the irregular 

dashed line while the non-involved contralateral site is denoted by the rectangle dashed line. Scale 

bar represents 100 μm. 
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4.4.3) Wheel running induces significant protein changes within the lesioned spinal cord 
 

We identified 1920 proteins within the spinal cord of LPC demyelinated mice, and 248 

proteins in the serum (Figs. 4.6a,b, 4.7a). Of the identified proteins, 86 were significantly 

upregulated and 85 were significantly downregulated in the lesioned spinal cords of exercising mice 

compared to sedentary demyelinated controls (Fig. 4.6a, b); 14 were upregulated and 11 

downregulated in the serum (Fig. 4.7a, b). Compared to sedentary demyelinated mice, wheel 

running following demyelination increased proteins associated with metabolism (e.g. Ndufb9: 

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9, Pgam2: phosphoglycerate 

mutase 2), glutathione anti-oxidant responses (Mgst1: microsomal glutathione S-transferase 1), 

transmission across chemical synapse (e.g. Ncald: neurocalcin delta) and proteolytic activity (e.g. 

ADAM10: a disintegrin and metalloprotease 10, Serpin1b: leukocyte elastase inhibitor B) (Fig. 4.6c, 

Fig 4.8). Conversely, exercise decreased proteins (i.e. elevated in sedentary over exercise spinal 

cords) associated with glucose metabolism (Gnpda1: Glucosamine-6-phosphate isomerase 1, 

Slc25a10: mitochondrial phosphate carrier protein); the gap junction protein, connexin 32 (Gjb1, 

gap junction beta1 protein), and MBP and Myrf were also reduced in exercising demyelinated 

samples (Fig. 4.6c, Fig 4.8). In the serum of exercising animals, proteins associated with the innate 

immune system were downregulated (Orm1: Alpha-1-acid glycoprotein-1, Orm2), and anti-oxidant 

proteins (Sod1: superoxide dismutase 1, Prdx2: peroxiredoxin-2) were upregulated (Fig. 4.7c, Fig 

4.9). This shows that acute amounts of exercise are sufficient to profoundly alter the proteome of 

the spinal cord and serum in both naïve and LPC demyelinated animals. 
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Figure 4.6) Effect of exercise on LPC demyelinated spinal cord proteome after 4 days of running 

wheel. (A) Quantification of differentially expressed proteins in LPC demyelinated spinal cord 4 dpi 

as determined by interquartile box plot analysis. A false discovery rate (FDR) of 1% was applied to 

the database search on MaxQuant. (B) Heatmap of differentially expressed proteins in LPC 

demyelinated spinal cord. C) Heatmap of proteins and associated reactome pathways as 

determined by STRING (https:// string- db. Org). A false discovery rate (FDR) for each pathway 

was added on the left of each heatmap. Interquartile box plot analysis was used for statistics. Data 

analysis was accomplished using the R software(R Core Team, 2019). The plot was generated 

using the heatmap.2 function from the gplots package(Warnes et al., 2015) 
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Figure 4.7) Effect of exercise on LPC demyelinated serum proteome after 4 days of running wheel. 

(A) Quantification of differentially expressed proteins in LPC demyelinated serum 4 dpi as 

determined by interquartile box plot analysis. A false discovery rate (FDR) of 1% was applied to 

the database search on MaxQuant. (B) Heatmap of differentially expressed proteins in LPC 

demyelinated serum. (C) Heatmap of proteins and associated reactome pathways as determined 

by STRING (https:// string- db. Org). A false discovery rate (FDR) for each pathway was added on 

the left of each heatmap. Interquartile box plot analysis was used for statistics. Data analysis was 

accomplished using the R software(R Core Team, 2019). The plot was generated using the 

heatmap.2 function from the gplots package(Warnes et al., 2015) 
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Figure 4.8) Protein-protein interactions of significantly altered LPC demyelinated spinal cord 

proteins after 4 days of running wheel access. STRING-db analysis of proteins significantly 

changing in the A) exercise group and B) sedentary group. Significantly changed reactome 

pathways are colored in each group. P < 0.05 as determined by False Discovery rate (FDR). 
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Figure 4.9) Protein-protein interactions of significantly altered LPC demyelinated mouse serum 

proteins after 4 days of running wheel access. STRING-db analysis of proteins significantly 

changing in the A) exercise group and B) sedentary group. Significantly changed reactome 

pathways are colored in each group. P < 0.05 as determined by False Discovery rate (FDR). C) 

Metascape analysis of the significantly changed proteins for each group. Terms with a p < 0.01 are 

shown. 
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4.4.4) Proteomes commonly elevated by exercise in naïve and demyelinated spinal cords 
 

We addressed whether there were proteins commonly elevated by exercise in naïve and 

LPC-demyelinated spinal cords. The Venn diagram in Fig. 4.10a shows 14 proteins elevated by 

exercise in both the LPC and naïve animals including those associated with oxidative stress 

response (Mgst1: microsomal glutathione S-transferase 1, Ggt7: gamma-glutamyl transferase 7 

involved in the metabolism of glutathione), extracellular matrix (Col24a1: collagen alpha-1 chain), 

protease activity (Cst3: cystatin-C), transcription/translation (Eif3b: Eukaryotic translation initiation 

factor 3 subunit B, Hist1h2al: a histone) and metabolism (Rbp1: retinol-binding protein) (Fig. 4.10b). 

Others elevated by exercise are Clic1 (Chloride intracellular channel protein 1), Epin1 (epsin-1 

associated with endocytosis), Exog (a mitochondria nuclease), Ncald (Neuron-specific calcium-

binding protein hippocalcin), and Prph (peripherin/vimentin). Finally, twelve proteins were 

commonly downregulated by exercise in the spinal cord of naïve and LPC mice (Fig. 4.10b). They 

include Fxyd6 (FXYD domain-containing ion transport regulator 6), Hccs (cytochrome c-type heme 

lyase), Brk1 (protein BRICK 1), Cdk17/18 (cyclin-dependent kinase-17 or 18), Pacs2 (phosphofurin 

acidic cluster sorting protein 2), Gnpda1/2 (glucosamine-6-phosphate isomerase 1 or 2), Aldh3a2 

(aldehyde dehydrogenase), Fnta (protein farnesyltransferase), Eif4g1/3 (eukaryotic translation 

initiation factor 4 gamma 1 or 3), Gabarapl2 (gamma-aminobutyric acid receptor-associated 

protein-like 2), Rap1gap (Rap1 GTPase-activating protein 1) and Ank2 (ankyrin-2). 
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Figure 4.10) Comparison of shared proteins from the naïve and LPC of sedentary and exercising 

spinal cord proteome. (A) Venn diagram of enriched proteins in each of the 4 experimental groups 

after boxplot analysis. A total of 1624 proteins were not statistically enriched in any of the groups. 

14 common upregulated and 12 common downregulated proteins between naïve and LPC 

exercising animals are shown in bold. (B) Bar plot showing the 14 proteins upregulated and the 12 

proteins downregulated in both the naïve and LPC mice. Data analysis was accomplished using 

the R software(R Core Team, 2019). The plot was generated using the heatmap.2 function from 

the gplots package(Warnes et al., 2015). 
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4.4.5) Validation by immunofluorescence microscopy of decrease of connexin-32 and myelin basic 

protein in 4-day lesion of exercising animals.  

We sought to validate the findings of proteomics by immunofluorescent staining of coronal 

spinal cord sections. An antibody each to a marker of metabolism (Pgam2) and anti-oxidant 

enzyme (Mgst1) was first attempted but signals of immunofluorescence were unconvincing in any 

sections. We next chose antibodies to structural proteins such as the gap junction protein, 

connexin-32, and MBP, which have been pointed out above to be reduced in exercising 

demyelinated mice. Using immunofluorescence, we found that while lesion size at 4 days post-LPC 

did not differ between exercising and sedentary groups (Fig. 4.11a, b), there was a significant 

decrease in the amount of both connexin-32 and MBP immunoreactivity within the lesion 

environment of exercising animals (Fig. 4.7c, d). As MBP immunoreactivity within the LPC lesion 

at early time points post-injury (and which is devoid of eriochrome cyanine as in Fig. 4.5) is 

indicative of myelin debris37, the decrease in MBP in lesion of exercising mice may represent the 

more rapid clearance of myelin debris that is inhibitory to repair processes. 
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Figure 4.11) Immunofluorescence microscopy of LPC mice validation of shotgun proteomics 

analysis. (A) Representative images of LPC mice from the sedentary control, exercising animals, 

and secondary control for connexin-32 (CX32), and myelin (MBP). Scale bar denotes 100 μm. (B) 

Quantification of lesion area. (C) Quantification of percent of lesion that is MBP-positive. *p < 0.05. 

(D) Quantification of percent of lesion that is CX32-positive. **p < 0.01. A Mann–Whitney test was 

used for statistics. Each point is of a single animal, and the bar represents mean ± SD (n of 8 per 

group). 
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4.5) Discussion 
 

There is unanimity that exercise benefits general health. For brain health, several reports 

demonstrate that exercise modulates the brain’s connectome and even its structure(Kjolhede et al., 

2018; Prakash et al., 2010; Prosperini et al., 2014). There is now an extensive literature that 

exercise improves cognition, fatigue, depression and mood in PwMS(Dalgas et al., 2019; Motl et 

al., 2017). In animal studies, outcomes of exercise in healthy mice or those modeling neurological 

conditions include reduced neuroinflammation or blood–brain barrier breakdown, neurogenesis, 

oligodendrogenesis, neuroprotection and remyelination(Frodermann et al., 2019; Guo et al., 2019; 

Jensen & Yong, 2016; Lassmann, 2018; Scheiman et al., 2019). The mechanisms by which 

exercise promotes CNS wellbeing appear to be multiple, such as the generation of brain-derived 

neurotrophic factor, reducing pro-inflammatory responses, modulating microglia activity, and 

ameliorating oxidative stress (reviewed elsewhere(Di Liegro et al., 2019; Gentile et al., 2019; 

Jensen & Wee Yong, 2014; Negaresh et al., 2018). Endurance (treadmill running) training in 

rodents decreased oxidative stress in the spinal cord, while increasing levels of the Nrf2 

transcription factor and downstream anti-oxidant enzymes(Souza et al., 2016). Exercise also 

promotes neurotransmission and multiple signaling pathways in brain cells(Di Liegro et al., 2019; 

Jensen & Yong, 2016). Molecular mediators of the benefits of exercise include muscle-derived 

myokine FNDC5/irisin that prevents neurodegeneration and rescues memory impairment in a 

model of Alzheimer’s disease, and liver-derived glycosylphosphatidylinositol- specific 

phospholipase D1 that improves cognition in aged mice(Horowitz et al., 2020; Lourenco et al., 

2019). Despite the increasing knowledge of the mechanisms of exercise, it is not known how quickly 

they are affected. 

Here, using quantitative shotgun proteomics, we report that a short bout of exercise 

changes numerous proteins in blood and spinal cord of naïve and demyelinated mice. Running 

activity of demyelinated mice was low to modest in the first 2 days and was similar to naïve controls 

only by the fourth day. Thus, the proteomic changes from tissues harvested 4 h into running at day 

4 (Fig. 4.1) are reasonably the result of less than 2 days of running. Unanswered questions are 
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whether the proteomic changes would be affected after a single running episode, or whether some 

would be long-lasting after exercise is stopped. Regardless, with a short bout of running, the results 

are remarkable, as over 150 proteins are up- or down-regulated in the spinal cord of both naïve 

and demyelinated mice. Fewer altered proteins are detected in the serum, likely the result of our 

technical detection of a smaller number of proteins (248) in the serum compared to the spinal cord 

(1920 proteins) of LPC demyelinated mice (Figs. 4.6A, 7A). The quick alteration of numerous 

proteins in the CNS may help explain the brain changes in humans soon after exercise. For 

example, a single 50-min vigorous intensity cycling on a stationary bicycle in healthy subjects 

improved their prefrontal cortex-dependent cognition that lasted up to 2 h after exercise(Basso et 

al., 2020). A single 40-min bout of harness-supported treadmill walking in highly progressed PwMS 

increases brain excitability, which indicates higher potential for neuroplasticity, and it is more 

pronounced in individuals with higher aerobic fitness. Although this feature was observed only on 

the hemisphere less affected by the disease, it shows the importance of exercise in PwMS and the 

potential for changes in the CNS even following acute exercise(Chaves et al., 2020). In evaluating 

the changes to the proteomes in the spinal cord of demyelinated mice after exercise, we found that 

markers of anti-oxidant responses, metabolism, neurotransmission and proteolytic remodeling of 

the extracellular matrix are commonly elevated by exercise. The last is notable since subsequent 

repair after injury would require extracellular matrix remodeling(Jong et al., 2019). Elevation of anti-

oxidant responses are also notable. Markers of oxidative stress are increased within MS lesions 

where they have been implicated in axonal damage and demyelination(Gilgun-sherki et al., 2004; 

Haider et al., 2011; Lassmann, 2018). In the EAE model of MS, the primary anti-oxidant glutathione 

is upregulated following voluntary wheel running(Benson et al., 2015). Consistent with this report, 

we found elevation of Mgst1 and Ggt7 in the exercising LPC-demyelinated spinal cord. Mgst1 has 

both glutathione transferase and peroxidase functions which makes it particularly potent at 

attenuating oxidative stress injuries(Bräutigam et al., 2018; Schaffert, 2011). Thus, exercise-

induced upregulation of these antioxidants may help mitigate injury-related oxidative damage. We 

attempted to corroborate these findings by looking at markers of oxidative injury such as 

malondialdehyde (MDA), 8-Oxo-2′-deoxyguanosine (8-OhDG), and 4-hydroxynonenal (4-HNE). 
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Due to limitations with high antibody background staining and thus specificity we were unable to 

corroborate differences in overall oxidative stress. However, we hypothesize that any difference 

would likely be seen later in lifespan of the lesion after these oxidative stress response proteins 

have had time to function. We also found increased expression of Sod1 and Prdx2 in the serum of 

exercising mice. Decreased total antioxidant capacity has been noted in the serum of 

PwMS(Hadžović-džuvo et al., 2010; Mezzaroba et al., 2020). Taken together, the combined spinal 

cord and serum upregulation of antioxidants suggests that exercise produces the necessary 

components to handle the pro-oxidants commonly seen in MS. Changes in metabolism influence 

cell function(Afridi et al., 2020; Pearce & Pearce, 2013). Metabolic reprogramming such as the 

reliance of aerobic glycolysis for rapid energy supply occurs in cells when responding to injury and 

infection(Afridi et al., 2020; Jellusova, 2018; Kaushik et al., 2019; Seki & Gaultier, 2017). For 

example, macrophages rely on aerobic glycolysis to transmigrate into the parenchyma from 

perivascular cuffs in the EAE model(Shechter et al., 2013). Additionally, microglia are thought to 

use oxidative phosphorylation for homeostatic or tissue repair functions(Miron et al., 2013; 

Shechter et al., 2013) but switch to aerobic glycolysis when pro-inflammatory(Lauro & Limatola, 

2020). Our proteomic analysis identified significant changes in metabolism-related proteins. For 

example, upregulation of Pgam2 suggests a general rise in glycolysis while increased expression 

of proteins associated with mitochondria (Ndufb9, Ndufv3, mt-Nd3) suggests elevated oxidative 

phosphorylation. These metabolic changes could be downstream of the transcriptional co-activator 

PGC1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha), which mediates 

exercise-enhanced remyelination in mice(Jensen et al., 2018). Impressively, exercise in naïve mice 

also elevated numerous proteins (115) in the naïve spinal cord of mice, with smaller changes (9 

elevated) noted in the serum. This finding may help account for the benefit of exercise not only for 

general health, but also for CNS wellbeing in the absence of any pathology. Common pathways 

elevated by exercise in the naïve or demyelinated CNS include those related to anti-oxidants and 

metabolism. Namely, the upregulation of metabolism upon exercise was identified by 16 and 18 

proteins in the LPC (FDR = 3.16 × 10–2) and naïve (FDR = 1.29 × 10–2) samples, respectively. 

Among the 34 proteins, they shared only Ggt7, Mgst1 and Rbp1, indicating that exercise has a 
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wide effect on protein expression in the spinal cord tissue, modulating the levels of multiple proteins 

within a specific biological function. For the proteins commonly enriched in sedentary mice, Fxyd6 

had the highest log fold change, -1.56 naïve and -0.93 LPC. Experimental evidence indicates that 

the FXYD family of transmembrane proteins can associate and modulate the transport properties 

of Na,K-ATPase(Crambert & Geering, 2003; Geering, 2006), an enzyme responsible for regulating 

the Na+ and K+ gradients across the cell membrane(Young et al., 2008). Dysfunction of Na,K-

ATPase may play a central role in MS, as loss of axonal Na,K-ATPase is linked to neurological 

decline in chronic stages of the disease(Young et al., 2008). Although the exact impact of Fxyd6 

on Na,K-ATPase is not completely known, its regulation by exercise, independently of LPC, 

suggests a beneficial and protective role for PwMS. These findings may also help explain why MS 

is less common in those that exercise versus those that do not, supporting the suggestion that 

exercise may prevent MS(Dalgas et al., 2019; Wesnes et al., 2017). We note that while several 

pathways have been identified by Metascape and STRING analyses for exercise-induced changes, 

and several proteins have been highlighted, these proteins may serve several functions in different 

pathways. For instance, Mgst1 is highlighted in both anti-oxidant and metabolism pathways in our 

analyses. Also, not all existing proteins have been identified in the serum and spinal cord in this 

study, a limitation of mass spectrometry, so other exercise-induced changes remain to be 

discovered. When comparing the proteomics findings to the transcriptomics results from a previous 

study published by our group(Jensen et al., 2018), it is not possible to see a clear correlation 

between both techniques, even though it was analyzed in the same type of LPC-induced 

demyelinating lesions. However, this lack of correlation may be explained by the number of days 

post lesion (dpl) analyzed in each experiment, as the proteomics approach was performed on 3 dpl 

and the transcriptomics analyzed samples at 5 and 10 dpl. Nonetheless, proteomics identified 4 

members of the mitogen-activated protein kinases (Mapk) family (Mapk1, Mapk3, Mapk15, and 

Mapk10) with minimal alterations in their fold change, while the ERK/MAPK signaling pathway was 

enriched at 5 dpl on the transcriptomics data and presented the lowest p-value (2 × 10–5). This 

suggests that the MAPK pathway is part of a delayed response induced by exercise and most likely 

to be detected at the protein level on day 5 and onwards. LPC demyelination provides a useful 
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model for subsequent remyelination(Keough et al., 2016). However, it models the repopulation of 

oligodendrocyte lineage cells after demyelination in MS and does not replicate every facet of the 

disease. We acknowledge that this is not a classical immune mediated lesion as is seen in MS or 

EAE, but rather a toxin induced injury. LPC has been useful because of the well characterized 

injury and a reliable course of resolution. Following cell death and lesion formation there is a rapid 

increase in the innate immune response by day 3. Some limitations of this model include the dearth 

of an adaptive immune response. While lymphocytes have been shown to be present early in lesion 

formation, the short lifespan and focal nature of the lesion restricts the immune response to an 

innate one. By day 7 following lesion formation, the repair process has begun and OPCs 

accumulate in the lesion. By two weeks, remyelination begins to occur and is robust by three weeks. 

For the purposes of this study, to investigate what changes exercise induces in naïve and 

demyelinated tissue, LPC is a useful model. LPC produces rapid and complete demyelination within 

the first day of application(Plemel, Michaels, et al., 2017), and the eriochrome cyanine staining 

shows a complete loss of intact myelin at day 4 (Fig. 4.5A). Nonetheless, myelin debris is still 

manifest within the lesion at this point, as noted by MBP immunoreactivity (Fig. 4.11) within the 

lesion that is intense due presumably to exposure of antibody epitopes in the degraded myelin. In 

previous work, we found that exercise promotes myelin debris removal by 3–4 days of 

injury(Jensen et al., 2018), likely resulting in the lower MBP immunoreactivity in the lesion of 

exercising mice herein (Fig. 4.11). This is important in demyelinating injuries in which myelin debris 

is inhibitory to OPCs(Keough et al., 2015; Rawji et al., 2020) and would need to be cleared. 

However, we did not find phagocytosis-associated proteins to be elevated in the exercise LPC 

group, but endocytosis-associated proteins were increased (Chmp5: Charged multivesicular body 

protein 5, Dnm1: Dynamin-1, Ehd1: EH domain- containing protein 1, Epn1: Epsin-1, Git1: ARF 

GTPase-activating protein GIT1, and Stam: Signal transducing adapter molecule 1). In the 

lysolecithin-injury, OPCs begin repopulating within 3 days but differentiation to oligodendrocytes 

occurs later (approximately day 7). This may reconcile the result that Myrf, a transcriptional factor 

expressed in mature myelinating oligodendrocytes that promotes the expression of myelin genes 

(Emery 2009), is downregulated in the LPC spinal cord by exercise, as the day four post-LPC time 
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point is not yet timely for myelin formation. Conversely, Myrf is elevated by exercise in the naïve 

spinal cord (Fig 4.3), suggestive of activity-dependent myelin formation in the homeostatic 

CNS(Jensen & Yong, 2016). In summary, we provide a protein level landscape of how exercise 

alters the CNS. The rapid elevation of numerous proteins involved in several pathways, particularly 

anti-oxidative and metabolic responses, not only following demyelination but also in the healthy 

state, is remarkable. These rapid changes help reconcile the observations that short bouts of 

exercise can influence the brain. A finer dissection of the crucial proteins may provide direction for 

future studies of exercise to promote repair responses in MS and other neurological conditions. 

Finally, the profound changes to the proteome induced by exercise may provide a lesion milieu 

particularly conducive for a pro-remyelinating medication to act upon. This integration of Medication 

and eXercise or “MedXercise” may lay the foundation for future strategies to maximize regeneration 

of the injured CNS. 

4.6) Post-publication Addendum 
 

My graduate project initially focused on the mechanisms by which exercise provides 

benefits for remyelination. This direction did not end up being worthwhile and therefore the focus 

of my project changed to fibroblasts. At the point in time when our proteomics experiment was 

published in Scientific Reports(Lozinski et al., 2021), fibroblasts had not entered into my project. 

As such, fibroblasts did not feature in this chapter. Instead, the focus of this chapter was primarily 

how physical activity alters the LPC and systemic environments and whether this could suggest 

beneficial outcomes. Given the findings of the previous chapters describing the fibroblast response 

to CNS injury and our proteomic findings showing a significantly altered LPC lesion environment 

after only 4 days of running, we looked into the fibroblast response in LPC lesions of young and 

middle-aged mice following 21 days of wheel running. We were interested in investigating whether 

wheel running was able to attenuate the fibroblast response including in LPC lesions of aging mice. 

Exercise has been shown to induce transcriptional and functional changes in fibroblasts and other 

mural cell populations including in the CNS(Lighthouse et al., n.d.; Morland et al., 2017). As well, 

exercise was found to reverse age-related deficits in cortical PDGFRβ+ cell numbers and 
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function(Soto et al., 2015). Therefore, we hypothesized that exercise would affect the fibroblast 

response including in aging mice. We looked at 21 days after LPC injection to study the endpoint 

effects of exercise on fibroblast responses. We find that 21 days of voluntary wheel running in 

young and middle-aged mice did not result in changes to the lesion size (Fig 4.12a, b) or fibroblast 

response (Fig 4.12c).  As well, there were no changes in the proportion of Olig2+ oligodendrocyte 

lineage cells within the fibroblast niche (Fig 4.12d). Thus, while acute bouts of exercise are capable 

of significantly altering the proteome of naïve and LPC demyelinated spinal cords this does not 

translate into significant differences in young and middle-aged fibroblast responses, at least when 

studied at 21 days after LPC.   

Previous reports have shown that exercise promotes oligodendrogenesis and 

remyelination(Jensen et al., 2018). It is very likely that while fibroblasts are sufficient to inhibit OPC 

response following LPC, they are likely not necessary for it. This is true of many inhibitors of OPC 

response. For instance, CSPGs are capable of inhibiting OPC differentiation but aren’t required for 

this as shown by the inhibitory effects of high molecular weight hyaluronan(Back et al., 2005; 

Keough et al., 2015; Lau et al., 2012). 

Though exercise has known effects on the phenotypes of fibroblasts in the muscle, heart, 

and tendons(Docherty et al., 2022; J. Li et al., 2022; Lighthouse et al., n.d.; W. Wei et al., 2023), 

these are all organs immediately affected by the biomechanics of exercise. Stretch, compression, 

and shear forces directly affect these organs resulting in a more direct mechanism of action 

affecting fibroblasts. Indeed, fibroblasts sense these mechanical forces integrating them and 

altering their gene expression as a result(MacKenna, 2000; Y. Zhou et al., 2013).  

There is currently no known direct effect of physical activity on fibroblast functions in the 

CNS. Though we did not observe any effect in LPC lesions it may be too significant of a traumatic 

injury for exercise to display therapeutic benefits. Exercise is known to act on the barrier regions 

where CNS fibroblasts reside. For instance, exercise restores age-related deficits in neurovascular 

function in an APOE dependent manner(Soto et al., 2015) and increases cerebral angiogenesis 

through lactate signaling(Morland et al., 2017). As well, exercise has been shown to affect the 
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meninges, increasing the glymphatic clearance through the subarachnoid space to the deep 

cervical lymph nodes(He et al., 2017).  

In conclusion, the findings in this addendum to chapter 4 indicate that the fibroblast 

response in young and middle-aged mice remains unchanged when animals were given voluntary 

access to a running wheel for 21 days.  
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Figure 4.12) Exercise does not significantly alter the young or middle-aged fibroblast response 

following LPC. a) representative confocal images of sedentary and exercise LPC lesions 21 days 

after injection labeled with DAPI (blue), PDGFRβ (red), PDGFRα (green), and Olig2 (white). b) 

Graphs showing lesion ROI defined by DAPI hypercellularity. c) Graphs showing the percentage of 

lesion ROI positive for PDGFRβ. d) Graph showing the Olig2+ counts/mm2 in the PDGFRβ+ 

fibroblast occupied niche compared to the rest of the lesion ROI. Data are from two independent 

experiments. b,c) Two-tailed, unpaired t-test comparing exercise and sedentary groups 21-days 

post injection. Mean shown as horizontal lines. d) Kruskal-Wallis followed by a Dunn’s multiple 

comparisons. Sample size n = as shown number of mice from one experiment. Mean shown as 

horizontal line. 
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Chapter 5: General summary and discussion 
 

5.1) General summary 
 

The overall goal of this thesis was to characterize and study the causes and outcomes of 

the fibroblast response to central nervous system (CNS) injury. As well, we sought to investigate 

the effect of aging and aerobic exercise on this response. Fibroblasts are the main contributor of 

extracellular matrix (ECM) components during wound healing and are known to be affected with 

age. In the CNS, fibroblasts are normally restricted to the meninges, perivascular space, and 

choroid plexus(Dorrier, Jones, et al., 2021). Following traumatic or neuroinflammatory injury they 

become elevated in the parenchyma where they negatively influence regenerative processes such 

as axon regrowth(Sofroniew, 2018). We investigated how CNS fibroblasts respond to focal 

lysolecithin (LPC) induced demyelination of the spinal cord white matter, the mechanisms 

promoting their response, and whether physical activity could affect the promotion and outcomes 

of their response.  

Chapter 2 (aim 1) characterizes the spatial and temporal fibroblast response in LPC lesions. 

As well, it details the presence of PDGFRβ+ cells in normal appearing white matter (NAWM) and 

multiple sclerosis (MS) lesions.  Expression of the fibroblast activation markers smooth muscle 

actin (SMA), fibronectin (FN1), and periostin (POSTN) were seen at 7-and-21- days post injury 

(dpi). Interestingly, while SMA and POSTN increased from 7-to-21-days, the level of FN1 overlap 

with PDGFRβ+ fibroblasts were reduced. Proteases that digest fibronectin, including MMP7, are 

expressed most highly 14 dpi in LPC(P. Wang et al., 2018). As well, microglia/macrophage levels 

are reduced by 21 dpi and can also express fibronectin which may contribute to the reduction at 

that time(Masuda et al., 2019).  We also demonstrate that fibroblasts are elevated in regions 

densely populated by immune cells in LPC and MS. Likely, macrophages and fibroblasts contribute 

to the others presence in CNS injury(Yokota et al., 2017; X. Zhou et al., 2018). We show that the 

microglia/macrophage response precedes the fibroblast response and that bone marrow monocyte 

derived macrophages (BMDMs) promote fibroblast migration. Once elevated in LPC lesions, 
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fibroblasts occupy areas that are vacant of oligodendrocytes, including newly myelinating 

oligodendrocytes. OPCs cultured in the presence of fibroblasts display reduced levels of 

differentiation including MBP expression and process outgrowth. The results from this chapter 

suggest that fibroblasts are elevated in CNS lesions, potentially due to macrophage soluble factors, 

after which fibroblasts can impair OPC differentiation.   

Chapter 3 (aim 2) investigates the effects of age on the fibroblast response to LPC injury. 

We found that LPC lesions in middle-aged mice eventually are significantly larger and have a 

greater fibroblast presence. Fibroblasts were also elevated in EAE lesions in middle-aged mice. 

This is of interest based on our findings in chapter 2 showing the potential of fibroblasts to limit 

OPC differentiation. Previous studies have implicated age as a factor contributing to remyelination 

failure(Rawji et al., 2020; Ruckh et al., 2012; Sim et al., 2002). The potential of age-associated 

elevation of fibroblasts in the CNS contributing to remyelination impairment is intriguing but requires 

further investigation. LPC lesions in middle-aged mice show a greater amount of SMA+ and FN1+ 

fibroblasts 7 dpi. Though SMA labels arteries and arterioles we find that most PDGFRβ+ cells are 

not found around CD31+ vasculature. This chapter then builds from chapter 2, investigating how 

age-associated immune changes contribute to the fibroblast response. We demonstrate that the 

immune response in LPC lesions of middle-aged mice is dampened and abnormal. Further, we find 

that BMDMs derived from middle-aged mice have abnormal responses to inflammatory stimulation 

including increased expression of chemokines CCL3, CCL4, CCL5, and CXCL1. 

Microglia/macrophage expressing CCL3 and CCL4 are expanded during LPC injury and in aging 

(Hammond 2019). Interestingly, middle-aged BMDMs displayed reduced ability to stimulate 

fibroblast migration. This is counter to previous literature that has shown macrophages contribute 

to age-related fibrosis by upregulating fibroblast chemokines such as (C-X-C motif) ligand 13 

(Cxcl13) and plexin B3 (Plxnb3)(Landry et al., 2022). However, it is possible that middle-aged 

macrophages upregulate factors that inhibit fibroblast activation such as prostaglandin E2 

(PGE2)(J. Chen et al., 2022; Fortier et al., n.d.; W.-S. Lee et al., 2014; E. S. White et al., 2005; K. 

E. White et al., 2008). This chapter highlighted age as a factor in enhancing the elevation of 

fibroblasts in the parenchyma following LPC induced injury.  
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Chapter 4 (aim 3) describes the how voluntary wheel running affects the spinal cord and 

serum proteomes following LPC. As well, we briefly describe whether voluntary wheel running 

affects the fibroblast response to injury. We detail how naïve mice and mice subjected to LPC 

demyelination display significantly altered proteomes when given voluntary access to a running 

wheel for 4 days. In particular, this chapter highlights how acute bouts of physical activity induces 

protein level changes in the LPC demyelinated spinal cord related to metabolism, membrane 

trafficking, synaptic transmission, and amino acid metabolism and serum of LPC mice related to 

the innate immune system and detoxification of reactive oxygen species. This is of interest as 

oxidized macromolecules such as lipids are capable of inducing tissue injury(Dong et al., 2021). 

Expression of anti-oxidant proteins such as Ggt7 and Mgst1 highlight the potentially protective role 

of exercise to limit injurious oxidized macromolecules in the CNS(Dong et al., 2021; Haider et al., 

2011). We also describe that voluntary wheel running was insufficient to alter the fibroblast 

response to LPC in young and middle-aged mice. No difference in lesion size or PDGFRβ 

immunoreactivity was seen after 21 days of running and may support that the fibroblast response 

is a function of injury size although this requires additional investigation. Overall, findings of chapter 

4 show that short bouts of physical activity are sufficient to significantly alter the spinal cord and 

serum proteomes in potentially beneficial ways but that these do not have immediate impacts on 

the elevation of fibroblasts in the LPC lesion of young and middle-aged mice.    

5.2) Limitations and future directions 
 

5.2.1) Aim 1/Chapter 2 Limitations and future directions 
 

Chapter 2 characterizes the response of CNS fibroblasts to focal LPC induced injury. We 

used PDGFRβ antibodies and inducible Cre recombinase mice to label fibroblasts. The limitation 

of this approach is the potential to label mural cell populations like smooth muscle cells and 

pericytes. Other reporters such as the Col1a1-eGFP and Tbx18-Cre have been used to label 

fibroblasts previously. As well, several markers including peptidase inhibitor 16 (Pi16), collagen 

15a1 (Col15a1), and dermatopontin (Dpt) have been described as universal fibroblast markers and 
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are present in homeostatic CNS fibroblasts(Buechler, Pradhan, et al., 2021; Vanlandewijck et al., 

2018). These could be used in future to validate our findings and for isolation of cells using 

fluorescence activated cell sorting (FACS). This would make future transcriptomic characterization 

of LPC lesion fibroblasts possible without potential polluting mural cells.  

We describe that macrophages have the ability to promote fibroblast migration in vitro. 

Future studies can build from this work to further to understand the specific mechanisms that 

regulate fibroblast recruitment. Microglia and macrophages express chemokines during injury 

including CCL3 and CCL4 that can be recognized by fibroblasts(Hammond et al., 2019). As well, 

we did not investigate fibroblast recruitment of microglia/macrophage which is a more commonly 

described phenomenon(Pakshir et al., 2019; Shook et al., 2018; Sinha et al., 2022). It is likely that 

fibroblasts contribute to the turnover of immune cells that occur in the CNS(Lloyd et al., n.d.). 

Fibroblasts regulate macrophage recruitment through secreted and mechanical signals, and 

express chemoattractant proteins including CCL2, CXCL9, and CXCL10 in the injured CNS(Dorrier, 

Aran, et al., 2021; Pakshir et al., 2019). Indeed, we see LPC lesion fibroblasts upregulate contractile 

proteins like smooth muscle actin suggesting a contractile phenotype though more investigation is 

warranted into how fibroblasts influence the immune response in CNS injury. 

An additional aspect that we did not investigate are potential subtypes of LPC lesion. 

Fibroblast populations can be highly heterogeneous between organs but also within an 

organ(Plikus et al., 2021). These subpopulations can be variably stimulated by soluble factors such 

as Wnt(Rock et al., 2011). Transcriptomic studies of embryonic meningeal fibroblasts identify 

unique transcriptional states of fibroblasts in the dura, arachnoid, and pia fibroblasts(DeSisto et al., 

2020). As well, dermal fibroblasts are subdivided into mesenchymal, pro-inflammatory, and 

secretory populations during skin injury(Deng et al., 2021). While we have shown that fibroblasts 

are elevated in LPC lesions it is of interest to investigate the potential for further subtypes of 

fibroblasts in LPC injury.    

In this thesis, we focused on the involvement of fibroblasts in LPC lesions. LPC is a 

phospholipid that exerts non-specific and widespread cell damage(Plemel, Michaels, et al., 2017). 
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It remains unclear whether fibroblasts will respond similarly to a specific demyelinating lesion. 

Indeed, in the bleomycin model of lung fibrosis injection of bleomycin intradermally over several 

weeks compared to a single intratracheal dose results in different signaling cascades(Singh et al., 

2017; Wilson et al., 2010). It is possible that acute traumatic injuries in the CNS promote robust 

fibroblast activation while mild injuries that accumulate over time may not. Transection and balloon 

catheter induced spinal cord injury models both result in significant fibrosis(D. O. Dias et al., 2021; 

Fukuda et al., 2005). As well, delaying regeneration following cerebrovascular injury exacerbated 

collagen deposition(Mastorakos et al., 2021).  Investigations into how CNS fibroblasts respond to 

varying amounts of trauma will help to yield information regarding the mechanisms that regulate 

fibroblast elevation in the CNS.  

We also described an inhibitory effect of fibroblasts on oligodendrocyte progenitor cell 

(OPC) differentiation. We did not investigate the specific molecules that modulate the OPC 

response. Fibroblasts express many inhibitory ECM components during CNS injury. Genetic 

deletion of specific ECM components using Cre recombinase excision at LoxP sites would allow 

future studies to determine the role of fibroblast derived ECM on oligodendrocyte dynamics. 

Besides production of ECM, meningeal fibroblasts express factors including Wnt and BMP that are 

inhibitory to OPC responses(Fancy et al., 2009; Petersen et al., 2017). It is of value for future 

studies to investigate the role of fibroblast derived ECM and non-ECM components in regulating 

the OPC response to injury.   

Additionally, future studies can directly observe fibroblast responses to CNS injury by 

utilizing ex vivo imaging systems together with acute injuries such as transection of LPC 

injection(Rawji et al., 2018). When done in tissue isolated from reporter animals would allow for the 

direct live imaging of fibroblasts in response to CNS injury. As well, reporter lines can be crossed 

such as PDGFRβ-Ai9 with CX3CR1-GFP or PDGFRα-GFP to study the interaction of fibroblasts 

with immune cells and OPCs.   
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5.2.2) Aim 2/Chapter 3 Limitations and future directions 
 

A limitation of using immunofluorescence to identify cell populations is the inability to 

reliably quantify individual cell expression. While IMARIS provides a platform to visualize individual 

cells this is inadequate for studying fibroblasts in LPC lesions as cell boundaries are not well defined. 

Other methods, such as histoflow cytometry, utilize machine learning algorithms to define cellular 

boundaries and quantify the cellular localization of proteins within individual cells. Though this is a 

technically challenging method that requires substantial amounts of tissue it can be used in future 

to try to define individual fibroblast populations at the single cell level(R. W. Jain et al., 2023).  More 

traditional methods of phenotyping cells using flow cytometry provide the ability to characterize 

many more markers, up to 100, than is possible using immunofluorescence staining. However, flow 

cytometry lacks the spatial resolution that histoflow cytometry provides, and the process of isolating 

cells from the central nervous system can result in phenotypic changes in cells(Gosselin et al., 

2014; R. W. Jain et al., 2023). Since fibroblasts are adhesive cells that are influenced by their 

environment the dissociation method used to isolate the cells can result in phenotypic and 

abundance differences(Uniken Venema et al., 2022). Therefore, while many studies have tried to 

use transgenic reporters like PDGFRβ and Col1a1 there is no unified protocol(Dorrier, Aran, et al., 

2021; Tsata et al., 2021). In situ hybridization methods like RNA-scope or spatial transcriptomics 

offer some methods of validating the findings of the other techniques though these have limitations 

in sensitivity and resolution(F. Wang et al., 2012).  

An additional limitation for our findings of chapter 3 was the lack of available middle-aged 

PDGFRβ-Ai9 reporter mice at the time of our study. While in our hands the specificity of the 

PDGFRβ antibodies is high it is possible for cells to differentially express genes during inflammation. 

For example, TMEM119 labeling of microglia is sufficient only during homeostasis while it becomes 

downregulated during inflammation making it inadequate to identify microglial 

populations(Vankriekelsvenne et al., 2022). Inducible reporters such as our PDGFRβ-CreERT2 mice 

provide one method of avoiding this issue. As previously mentioned, reporter mice are commonly 

used for isolating cells from tissue(DeSisto et al., 2020; Dorrier, Aran, et al., 2021). Future directions 
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would be able to further elucidate the differences between young and aging mice using reporters 

to isolate cells for transcriptomic and proteomic analysis. This has been used in other studies to 

identify changing immune populations following oxidized phosphatidylcholine induced 

neurodegeneration(Dong et al., 2021).    

Using bone marrow derived macrophages have limited translatability to cells in vivo. As 

well, it is difficult to recapitulate the inflammatory environment found with in CNS lesions. Attempts 

have been made to overcome some of these limitations by supplementing cells with M-CSF, TGF-

β, and IL-34 though these may not be present during inflammation(Dong & Yong, 2019). The same 

can be said for using stimulation paradigms such as IFN-γ/LPS and IL-4/IL-13 to stimulate 

traditional M1-like and M2-like macrophage phenotypes. Future studies should rely on in vivo or 

high throughput models such as those described above including flow cytometry or transcriptomics 

to characterize the aging immune phenotypes. These have been used in other models to show that 

microglia/macrophages become more inflammatory with age expressing markers including 

osteopontin (Spp1) and galectin-3 (Lgals3) and contribute to neurodegeneration(Dong et al., 2022; 

Xue et al., 2023).  

Another assay that can be improved upon is the transwell migration assay using a Boyden 

chamber. Fibroblasts in the CNS are surrounded in three dimensions by extracellular matrix which 

provide anchoring and stability. Indeed, fibroblast functions can be affected by the matrix they are 

growth on(Parker et al., 2014). More modern systems of in vitro migration assays utilize micropillar 

arrays and allow for three-dimensional high throughput measurement of cell migration(S.-Y. Lee et 

al., 2022).   

5.2.3) Aim 3/Chapter 4 Limitations and future directions 
 

A major limitation of chapter 4 is the lack of further description of cellular responses in 

exercising mice. There is substantial interest in the effects of physical activity on the CNS and 

health. Indeed, physical activity has a number of benefits for people with MS. As a multimodal 

intervention it is thought that physical activity exerts benefits for the CNS through peripheral and 
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CNS specific effects. These include immunomodulation, metabolic reprogramming, neuro and 

gliogenesis, and vascular effects(Guo et al., 2019). Previous studies found that voluntary wheel 

running promoted oligodendrogenesis and remyelination(Jensen et al., 2018). This is thought to 

occur by modulation of peroxisome proliferator-activated receptor γ (PPARG) coactivator 1 α 

(PGC1α). PGC1α is a transcriptional coactivator of metabolism related genes.  

We also found that physical activity significantly affected genes related to metabolism in 

the LPC lesions CNS(Lozinski et al., 2021). It is unknown whether exercise induced metabolic 

changes have impacts on specific cells. Lactate production is a well described outcome of exercise 

and has cerebrovascular effects(Morland et al., 2017). As well, cells often rely on glycolysis for 

specific functions. Microglia/macrophages are highly glycolytic in EAE and MS perivascular cuffs 

allowing for their transmigration into the parenchyma(Kaushik et al., 2019).  As well, 

oligodendrocytes rely on glycolysis to maintain myelin an axonal integrity(Fünfschilling et al., 2012). 

It is unknown whether these sorts of processes are affected by exercise. Additional studies into the 

specific cellular metabolic outcomes of exercise could provide clarity. 

As well, our proteomics study looked only in young exercising animals. The effect of 

physical activity in aging animals subject to injury is not known. Exercise in aging animals does 

have substantial effects on cognitive outcomes due to regulating neurogenesis and 

plasticity(Bouchard & Villeda, 2015). We described that exercise did not alter the LPC lesion area 

or fibroblast accumulation in young or middle-aged lesions. We were not able to make direct 

comparisons between young and middle-aged exercising cohorts due to these experiments 

occurring at different times with changes to experimental variables such as the surgeon and age of 

lysolecithin used. The lack of an effect of exercise on LPC lesion fibroblast accumulation may be 

due to the significance and acute nature of the LPC model that may obscure potential exercise 

induced effects on fibroblasts. Brain derived neurotrophic factor (BDNF) is one factor produced 

during exercise that promotes neuronal survival and plasticity(Wrann et al., 2013). Expression of 

BDNF in the injured spinal cord reduced fibrotic scarring and promoted axon regeneration by 

reducing astrocytic STAT3 phosphorylation and reactivity(Holt et al., 2019; A. Jain et al., 2006; 
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Khan et al., 2018). Whether exercise induces levels of BDNF, or other factors, sufficient to elicit 

such effects is unknown. This provides several directions for future studies. Determination of the 

outcomes of exercise for the aging CNS remains unknown but would provide insight for the 

application of physical activity for the injured CNS of aged individuals. As well, it is unclear whether 

therapeutic or prophylactic application of exercise will be more efficacious for influencing the injured 

CNS. Though we describe here and in previous studies (Jensen 2018) that acute exercise can 

have robust effects, most individuals suffering from chronic disorders do not exercise often(Klaren 

et al., 2013). Finally, exercise induced factors such as BDNF and irisin have benefits for the CNS 

but there is no information on their role on CNS fibroblasts, particularly in injury. Of note, irisin, a 

muscle derived myokine, has been shown to limit cardiac fibrosis by limiting oxidative stress(R.-R. 

Chen et al., 2019). Whether BDNF, Irisin, or other exercise associated soluble factors can influence 

CNS fibroblasts would be a novel direction of interest.  

5.3) General future directions  

A general future area of study should be to consider the effects of CNS fibroblasts on 

immune privilege and infiltration of the CNS. The CNS is generally immune privileged and maintain 

highly regulated borders in the blood-brain barrier, meninges, and choroid plexus(Engelhardt et al., 

2017). As fibroblasts have well described tissue remodeling and immune regulatory functions, they 

are well positioned to influence perivascular cuff formation and immune infiltration into the 

parenchyma. Fibroblasts occupy all of the CNS border regions and have been shown to have 

immune regulatory functions in the meninges of EAE mice(Pikor et al., 2015).  

Infiltration of immune cells into the CNS parenchyma drives pathology and disability in MS. 

As well, we have shown that fibroblasts are primarily restricted to the perivascular space in MS 

tissue. Studies have illustrated how fibroblasts contribute to tissue remodeling including vascular 

remodeling by secretion of ECM(Bonney et al., 2022; Henderson et al., 2020; Rajan et al., 2020). 

As well, fibroblasts produce a range of immune modulatory cytokines including IL-6, TNF-α, and 

CCL2 that recruit and polarize immune cells(Bautista-Hernández et al., 2017; Correa-Gallegos et 

al., 2021). Many ECM components can act as ligands for immune cell receptors during injury that 
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upregulates proteases and inflammatory cytokines contributing to further pathology(Ghorbani & 

Yong, 2021; Pu et al., 2018; Stephenson et al., 2018).  What is lacking is a coherent understanding 

of the spatial and temporal interactions between fibroblasts and immune cells in the perivascular 

space, the consequences of their dysfunction and ablation, and how these contribute to MS 

pathology.  

5.4) Conclusions 
 

This thesis covers the involvement of central nervous system fibroblasts in lysolecithin 

mediated CNS injury including during aging and the effect of physical activity in altering the 

environment of lysolecithin lesions. An original finding is the description that fibroblasts become 

elevated in lysolecithin lesions, that this may result from macrophage signals, and can negatively 

influence oligodendrocyte progenitor cell differentiation. The second original finding is the 

exacerbation of the fibroblast response in aging lysolecithin lesions, potentially as the result of a 

dysfunctional and impaired immune response. Another novel finding is the spatial restriction of 

newly myelinating oligodendrocytes from fibroblast occupied niches in the lysolecithin lesion. As 

well, we find that fibroblasts act directly on oligodendrocyte progenitor cells to inhibit their 

differentiation. Finally, an additional novel finding is that short bouts of physical activity is capable 

of robustly alter lysolecithin demyelinated spinal cord proteins related to metabolism, synaptic 

trafficking, and amino acid metabolism. Surprisingly, despite the significant effect of exercise on 

the lysolecithin lesion environment this did not affect the fibroblast response in young and middle-

aged exercising mice. Altogether, I hope that this thesis contributes to the developing and intriguing 

field of central nervous system fibroblasts and their involvement in central nervous system injuries.   
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Figure 5.1) Overview schematics demonstrating findings of each aim.   
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