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 Fibrosis is a common pathological response to inflammation in many peripheral tissues 

and can prevent tissue regeneration and repair. Despite the potential importance, very little is 

known about the fibrotic response in the central nervous system (CNS), and how this may impact 

the regenerative process. We identified persistent fibrotic scarring in the brain and spinal cord 

following neuroinflammation. Using lineage tracing and single-cell sequencing in the EAE 

mouse model of multiple sclerosis, we determined that this fibrotic scar is derived from 



xii 

 

proliferative CNS resident fibroblasts, not pericytes or infiltrating bone marrow-derived cells. 

Ablating proliferating fibroblasts using the fibroblast-specific expression of herpes thymidine 

kinase led to an increase in oligodendrocyte lineage cells within inflammatory lesions and a 

reduction in motor disability. We further identified that interferon gamma pathway genes are 

enriched in CNS fibroblasts, and the fibroblast-specific deletion of Ifngr1 resulted in a reduced 

fibrotic scar in EAE. Additionally, we identified that platelet derived growth factor receptor 

signaling affects brain fibroblast development and fibroblast migration. In the retina, fibrosis 

occurs following retinopathies and can lead to retinal detachment and blindness, and yet little is 

known about the origin of this fibrosis as it has been difficult to model in mice. We generated a 

novel mouse model of oxygen-induced retinopathies that exhibits persistent fibrotic pathology, 

and used histology and single-cell sequencing to determine that the origin of the fibrotic scar in 

the retina is likely pericytes. These data delineate a framework for understanding CNS fibrosis.   
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Introduction to CNS fibrosis and fibroblasts 
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Fibrosis of the central nervous system 

 Fibrosis, or the pathologic formation of scar tissue made up of extracellular matrix 

proteins, occurs in many organs throughout the body in response to inflammation and injury. 

Fibrosis can have devastating consequences such as organ failure, which occurs when fibrotic 

tissue replaces normal organ tissue to an extent where the organ is no longer able to perform its 

normal functions. Fibrosis forms largely through the activation of fibroblasts, a cell type that 

plays a major role in structural support of connective tissues. Much less is known about fibrosis 

in the CNS including the full spectrum of triggers that lead to fibrosis, the cell type producing the 

extracellular matrix and the consequences of the scarring.  

 Recent data has demonstrated that fibroblasts are present in the meninges and 

perivascular spaces of the brain and spinal cord. The origins and functions of these cells are 

largely unknown, although they have been shown to play roles in fibrotic scar formation in the 

CNS following injury and inflammation which have also been attributed to other perivascular 

cell types such as pericytes. This introduction will describe what is known about the location and 

identity of CNS perivascular cell types and then focus on these newly described CNS fibroblasts- 

specifically their origin, subtypes, and role in health and disease, in particular fibrotic scarring. 

 

Perivascular cell types and their potential for wound repair  

 CNS perivascular spaces are home to a variety of cell types that play important roles in 

communicating between the periphery and the brain and spinal cord parenchyma. These spaces 

are continuous with the meninges subarachnoid space allowing for fluid transfer with the 

meninges and are also a major route of solute clearance from the CNS (Lam et al., 2017; 

Mastorakos and McGavern, 2019). They are bordered on either side by the endothelial basement 
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membrane and the astrocyte endfeet basement membrane. In arterioles and capillaries these 

membrane are adjacent, and they separate beginning at postcapillary venules to form a fluid-

filled cavity often referred to as the Virchow-Robin space (Mastorakos and McGavern, 2019; 

Zhang et al., 1990). Many different functions, including CNS fibrosis, have been attributed to 

perivascular cells, described in more detail below. However, without good markers to distinguish 

between them, it is difficult to examine the specific roles of each cell type. With new imaging 

techniques and single-cell sequencing technology we will be able to more definitively describe 

these major cell populations and deconvolute the role of each cell type in health and disease. 

 

Pericytes are located within the endothelial basement membrane of capillaries and have been 

widely noted to play important roles in the development and maintenance of the blood-brain 

barrier (Armulik et al., 2011; Armulik et al., 2010; Daneman et al., 2010). On CNS capillaries 

there is approximately one pericyte for every one to three endothelial cells, and they extend 

cytoplasmic processes along the endothelium and form peg and socket contacts with endothelial 

cells at holes in the basement membrane (Armulik et al., 2011; Shepro and Morel, 1993). They 

are replaced by smooth muscle cells as capillaries transition into larger arterioles and venules, 

although exactly when on the vascular tree this transition takes place has been debated (Attwell 

et al., 2016). Common CNS pericyte markers include PDGFRβ and NG2, but neither are specific 

to pericytes as they also mark fibroblasts and oligodendrocyte progenitor cells, respectively, and 

to some extent vSMCs (Bergers and Song, 2005). Many of the functions of pericytes were 

determined using these markers as reporters or by knocking their respective genes out to assess 

functional changes, and therefore may not be pericyte-specific. Sequencing studies have 

proposed more specific markers including Kcnj8 and Abcc9, although these markers are still 
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rarely used to delineate this cell type (Bondjers et al., 2006; Vanlandewijck et al., 2018).  A 

subtype of pericytes found using a Glast-CreER reporter mouse and denoted as type A pericytes 

have been shown to upregulate collagen expression in disease and form the fibrotic scar 

following spinal cord injury (Göritz et al., 2011). Other studies using different markers, such as a 

TBX18CreERT2 reporter mouse, found that in contrast pericytes do not proliferate during CNS 

trauma (Guimarães-Camboa et al., 2017; Soderblom et al., 2013). In other organs pericyte-like 

cells such as hepatic stellate cells in the liver have been proposed to be an origin of fibrotic tissue 

(Bataller and Brenner, 2005; Birbrair et al., 2014).  Other functions of CNS pericytes include 

regulating transcytosis and leukocyte transport across endothelial cells, influencing the 

differentiation of oligodendrocyte lineage cells, and aiding in waste clearance (Daneman et al., 

2010; De La Fuente et al., 2017; Sagare et al., 2013; Sweeney et al., 2016). There is competing 

evidence as to whether pericytes can act as stem cells and regulate blood flow (Dore-Duffy, 

2008; Guimarães-Camboa et al., 2017; Hall et al., 2014; Hill et al., 2015; Peppiatt et al., 2006). 

Future studies using more pericyte-specific markers will enable us to answer these remaining 

questions and determine whether the functions attributed to pericytes are also performed by other 

cell types. 

 

Vascular smooth muscle cells form continuous sheets around blood vessel walls. They are found 

on both the arterial and venular portion of the vascular tree and are absent from the capillary bed 

(Mastorakos and McGavern, 2019). Compared to arterioles, which have only one or two layers 

of vSMCs, larger arterial vessels have more concentric layering of circumferentially oriented 

vSMCs (Aldea et al., 2019; Welsh et al., 2018). Post-capillary venules contain sparse vSMCs 

that start to form into stellate multi-layered structures on venules (Welsh et al., 2018).  In the 
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CNS, they perform the critical role of controlling cerebral blood flow by acting on the 

deformable basement membrane through contracting cytoskeletal proteins actin and myosin. 

While it was traditionally thought that vessel tone is primarily controlled by vSMCs that are 

found on larger arterioles, which encompasses less than 10% of the overall cerebral vasculature, 

recent studies propose that pericytes surrounding capillaries also play a role in regulating blood 

flow (Fernández-Klett et al., 2010; Hall et al., 2014). One of the key concerns when studying 

different cells of the neurovascular unit is the lack of marker specificity. Like other perivascular 

cell types, vSMCs express PDGFRβ, αSMA, CD13, NG2, CD146, and desmin in situ and in 

vitro (Smyth et al., 2018). However, differentiation of pericytes and vSMCs is critical. Vascular 

smooth muscle cells express αSMA, CD146, and desmin in higher quantity compared to 

pericytes, but lower amounts of NG2 (Smyth et al., 2018). Smooth muscle cells have been 

implicated in fibrosis in various pathologies throughout the body with the most common 

including atherosclerosis and asthma (Schuliga, 2015). Phenotypic switching of vSMCs in 

vascular pathologies alters their activity to release pro-inflammatory mediators, produce ECM 

proteins implicated in fibrosis and increase cellular proliferation and/or size (Douillet et al., 

2000; Hu et al., 2019).  

 

Perivascular macrophages (PVM) are part of the immune surveillance system in the brain that 

can be distinguished from other boarder-associated macrophages due to their specific location in 

the Virchow-Robin space. PVMs have been implicated in many mechanisms during steady state 

and brain pathology. During tissue homeostasis they have been shown to aid in maintaining BBB 

integrity by supporting tight junctions between endothelial cells and impeding inflammation by 

phagocytosing debris and potentially harmful pathogens (Faraco et al., 2017; Lapenna et al., 
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2018). PVMs have shown to alter their phenotype upon tissue injury. They are activated by 

PAMPs, DAMPS and cytokines derived from neutrophils. At site of trauma, the activated PVMS 

are a source of many pro-inflammatory mediators (TNF-a, IL-6 and IL-1b) which can activate 

fibroblasts and induce growth, migration and subsequent secretion of ECM proteins (Mescher, 

2017). The most widely used markers for perivascular macrophages are CD163, CD206, and 

Lyve‐1 (Faraco et al., 2017).  However, certain limitations on marker specificity are still 

observed. CD206 is a superior marker to CD163 since CD163 can also recognize monocytes 

(Yang et al., 2019). However, if immunohistochemistry is performed on a brain which has been 

subject to brain injury such as ischemic stroke, CD206+ cell populations increase to include 

brain resident microglia and infiltrating macrophages (Faraco et al., 2017). CD206 and CD163 

are also found on meningeal and choroid plexus macrophages, while LYVE1 is specific to MGM 

and PVMs (Yang et al., 2019).  

 

CNS fibroblasts are located in the meninges in the dura, arachnoid and pia mater, and in the 

perivascular spaces adjacent to arterioles and venules. In these areas they are sparsely populated 

in the Virchow-Robin space; outside of the endothelial basement membrane but within the 

astrocyte end feet (Lam et al., 2017; Mastorakos and McGavern, 2019). These cells are positive 

for both PDGFRα and PDGFRβ, but finding a single, specific marker for fibroblasts throughout 

the body has been difficult. PDGFRβ is often used as a marker for pericytes, but because it is 

also present in fibroblasts it is possible that fibroblasts are contributing to the functions attributed 

to PDGFRβ+ cells. The ER-TR7 antigen on reticular fibroblasts and their adjoining extracellular 

network is often used to mark fibroblasts, although the molecular identity of this antigen is 

unknown (Van Vliet et al., 1986; Van Vliet et al., 1984). A recent single-cell sequencing paper 
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of the CNS vasculature noted these cells express the epithelial marker Lama1, unlike many 

peripheral fibroblasts, and used a Lama1 antibody to label these cells in the brain 

(Vanlandewijck et al., 2018). Recent papers by the Lee lab have demonstrated that this cell type 

expands in number during CNS trauma and forms the fibrotic scar (Soderblom et al., 2013; Yahn 

et al., 2020). In other organs such as the lung, heart and skin, fibroblasts are widely implicated in 

scar formation (Kendall and Feghali-Bostwick, 2014; Lederer and Martinez, 2018; Travers et al., 

2016; Wynn, 2008).  

 

CNS fibroblast origin and role in development 

 While the development of perivascular CNS fibroblasts has not been studied, the 

development of meningeal fibroblasts has been well characterized. The meninges forms a 

protective sheet around the brain parenchyma and contains 3 membranes with distinct 

histological characteristics – the dura mater, arachnoid mater and the pia mater. The 

development of the meninges is initiated by mesenchyme cell migration and establishment of the 

primary meninx. This primordium is formed by the fifth week of gestation in humans and 

embryonic day 9.5 in mice (Angelov and Vasilev, 1989). The barrier between the meninges and 

the brain tissue is established by fibroblasts which produce ECM proteins to form the pial 

basement membrane (Dasgupta and Jeong, 2019). By embryonic day 13 in mice (6th week of 

gestation in humans), there are distinct meningeal layers around the brain. Below the calvarial 

layer, which contains the precursors of the skull, the meningeal primordium is divided by the 

dural limiting layer which establishes the border between the pachymeninx, or dura mater, and 

the leptomeninges (Dasgupta and Jeong, 2019). The membranes continue to differentiate and the 

cavitation process in the leptomeninx is initiated, leading to the formation of the sub-arachnoid 



8 

 

space and arachnoid trabeculae (Dasgupta and Jeong, 2019). The cellular origins of the meninges 

in the hind and midbrain derive from the mesoderm, while cells in the forebrain migrate from the 

neural crest (O'Rahilly and Müller, 1986).  

 Fibroblasts play important roles throughout meningeal and CNS development. 

Fibroblasts deposit ECM proteins which form the deformable pial basement membrane and 

excrete chemokines such as SDF1 which support neuronal migration and positioning (Dasgupta 

and Jeong, 2019; Halfter et al., 2002). Meningeal ECM proteins regulate cortical layer formation, 

while meningeal fibroblasts produce retinoic acid which directs cortical neurogenesis and 

cerebrovascular development (Siegenthaler et al., 2011). Mice with mutations in the transcription 

factor Foxc1, largely expressed in meningeal fibroblasts throughout development, have 

deficiencies in the maturation of the meninges ranging from abnormal meningeal fibroblast 

counts to an underdeveloped sub-arachnoid space (Dasgupta and Jeong, 2019; Zarbalis et al., 

2007). Foxc1 knockout mice showed complete loss of retinoic acid synthesis and confirmed that 

retinoic acid signaling is critical in regulating the neurogenic switch from symmetric lateral 

division to asymmetric radial expansion of the cortex (Siegenthaler et al., 2011; Siegenthaler and 

Pleasure, 2011). Furthermore, mice with a complete knockout or hypomorph of Foxc1 show a 

distinct phenotype of a laterally expanded forebrain and a reduction in neuronal production. This 

leads to calvarial osteogenesis and a defective cortical phenotype (Siegenthaler and Pleasure, 

2011; Vivatbutsiri et al., 2008; Zarbalis et al., 2007). 

 Mouse telencephalic meningeal fibroblasts at e14.5 were recently profiled through single-

cell RNA sequencing, which revealed that there are distinct meningeal fibroblast populations 

(DeSisto et al., 2020). Pial fibroblasts can be differentiated from the dura and arachnoid cluster 

by expression of the novel marker s100a6, and also highly express Lum, Mfpa2 and Ngfr. 
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Compared to dura and arachnoid fibroblasts, pial fibroblasts show enrichment in many genes 

responsible for the production of ECM proteins such as collagens, laminins and glycoproteins. 

Additionally, pial fibroblasts together with arachnoid fibroblasts exhibit a key role in retinoic 

acid synthesis. Pial fibroblasts are responsible for retinaldehyde production, while arachnoid 

fibroblasts have enriched expression of Aldh1a12, which is implicated in retinoic acid 

production, and CRABP2, which encodes for a retinoic acid transporter. Arachnoid fibroblasts 

also show enrichment in various genes encoding for sulfate, magnesium and GABA transporters, 

glycoprotein Agnptl2 and other ECM proteins implicated in fibroblast regulation. Dural 

fibroblasts have increased expression of genes encoding for small and large ribosomal subunits, 

the ion transport regulator Fxyd5 and the transcription factors Foxp1 and Six1. Novel markers 

for differentiating meningeal fibroblasts which are conserved across human and mouse brains 

include CRABP2 for arachnoid fibroblasts and s100a6 for pial fibroblasts. 

 

CNS Fibroblasts in the healthy adult: functions and subtypes 

 The role of CNS fibroblasts in the healthy adult, especially those outside of the meninges, 

has not been well studied. In the periphery the foremost role of fibroblasts is to provide structural 

support to connective tissues through extracellular matrix (ECM) secretion, particularly of 

collagens I and III (Kendall and Feghali-Bostwick, 2014). Fibroblasts in some tissues can also 

differentiate into other cells when needed, such as fat cells or cartilage cells, and produce a wide 

array of cytokines and growth factors (Alberts B, 2002). They play critical roles in angiogenesis 

as they secrete matrix proteins to facilitate tube formation as well as vascular endothelial growth 

factor (VEGF), which promotes angiogenesis (Newman et al., 2011). They also sense and 
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respond to mechanical stress by remodeling tissue as necessary and altering their membrane 

potential (Camelliti et al., 2005; Herum et al., 2017).  

 Fibroblasts in the CNS are much more numerous in the meninges than in perivascular 

spaces and have been shown to play structural support roles within and between the different 

meningeal layers. In the dura, fibroblasts and collagen fibers attach this outer layer of the 

meninges to the skull, and a thin layer of fibroblasts without adjoining ECM proteins separates 

the dura and arachnoid (Haines et al., 1993; Kirmi et al., 2009). In the arachnoid, fibroblasts and 

collagens form the arachnoid trabeculae which connect this layer to the pia (Alcolado et al., 

1988). In the pia, a thin layer of fibroblasts and basement membrane separates the pia and glia 

limitans (Lam et al., 2017). These roles in separating the different layers of the meninges are 

incredibly important as these layers have varying degrees of vascular leakage and therefore 

contact with the periphery (Mastorakos and McGavern, 2019).  

 The role of perivascular fibroblasts in the Virchow-Robin space and surrounding blood 

vessels in the subarachnoid space is less clear. There is little evidence that these perivascular 

fibroblasts are differentiating and there is not widespread angiogenesis in the adult, human CNS. 

It has been proposed that fibroblasts covering pial vessels facilitate fluid exchange between the 

CSF and perivascular spaces (Mastorakos and McGavern, 2019), but more in depth studies are 

needed to validate this claim.  

 In the healthy, adult CNS, fibroblasts residing in the meninges and Virchow-Robin 

spaces in adult mice have only recently been transcriptionally profiled at the bulk and single cell 

level, revealing information about the transcriptional identity of CNS fibroblasts and the 

presence of various subtypes. The first study to characterize these cells was a comprehensive 

single-cell sequencing study of the brain vascular and perivascular cells in healthy mice 
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(Vanlandewijck et al., 2018). The authors found 2 clusters of fibroblasts which they denoted as 

F1 and F2. These fibroblasts highly express extracellular matrix proteins such as collagens in 

both clusters, and a comparison of CNS fibroblasts with lung fibroblasts found that 45/50 of the 

CNS fibroblast-enriched transcripts were also found in lung fibroblasts.  

 A single-cell transcriptomic study of meningeal fibroblasts in development found 

multiple subtypes between the meningeal layers (DeSisto et al., 2020). It still remains to be 

determined how these populations relate to the 2 populations from the studies mentioned above, 

and if these 2 populations correlate to meningeal support vs. perivascular fibroblasts or 

morphological differences between cells in both locations. Further studies using techniques such 

as spatial single-cell sequencing and in situ hybridization should be performed to further 

characterize these subtypes.  

 

Meningeal fibroblasts contribute to a fibroblastic reticular network following inflammation  

 In the lymph nodes following inflammation a fibroblastic reticular network forms to 

serve as an immune cell niche (Aloisi and Pujol-Borrell, 2006; Chang and Turley, 2015; Junt et 

al., 2008). It has been recently shown that a similar network forms in the meninges during 

inflammation, most notably in the neuroinflammatory disease Multiple Sclerosis (MS) 

(Magliozzi et al., 2007). These networks consist of T cells, B cells, other immune cells and 

fibroblasts held together by ECM secreted from the fibroblasts (Bajénoff et al., 2006). In mouse 

EAE, a model for MS, TH17 cells have been shown to be necessary for the formation of this 

network (Pikor et al., 2015). Specifically, IL17 and IL22 from these cells was shown to remodel 

CNS fibroblasts and upregulate fibrotic gene expression both in vitro and in vivo.  
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 The overall role of this meningeal network in disease progression is just beginning to be 

studied. In human MS it has been shown to occur near areas of grey matter demyelination, 

implicating it in grey matter lesion formation (Magliozzi et al., 2007; Magliozzi et al., 2010). In 

mouse EAE, blocking IL17 and IL22 and reducing the size of this meningeal network led to a 

decrease in the EAE motor disability score (Pikor et al., 2015). However, the exact signaling 

contribution from the individual cells in this network including fibroblasts is unclear as no cell 

type specific deletions have been tested.  

 This fibroblastic reticular network has also been described following CNS infections such 

as mouse coronavirus (Watanabe et al., 2016) and Lymphocytic choriomeningitis virus (LCMV) 

infection (Kim et al., 2009). The latter study revealed that the LCMV infected cell population in 

the meninges was ER-TR7+ stromal cells. An additional study characterized this network 

following an infection of the mouse hepatitis virus (MHV) strain A59 and further showed that 

CCR7 ligands produced by stromal cells in the network played a role in supporting the 

recruitment of antiviral CD8+ cells (Cupovic et al., 2016). Many questions remain about the 

conditions that lead to the formation of this meningeal network, its overall role in disease 

progression as it appears to be beneficial to recovery following infection and harmful in 

demyelination, and the exact role of fibroblasts in its formation and signaling. It has been 

proposed that specific signals from fibroblasts help to maintain the immune cell niche, and 

transcriptional profiling of fibroblasts in this network could help to reveal these signaling 

mechanisms upregulated in fibroblasts in the network vs. those in the healthy meninges.  

 Outside of the reticular network, meningeal fibroblasts have been implicated in headache 

propagation, where LPS- and NE- treated dural fibroblast conditioned media induces facial 

allodynia, (Wei et al., 2014; Wei et al., 2015) and neuropathic pain, where mice deficient in 
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PI16, found mainly in fibroblasts in the meninges of the dorsal root ganglia, were protected 

against neuropathic pain (Singhmar et al., 2020). More work is needed to understand the 

complete profile of how meningeal fibroblasts interact with their surroundings in these 

conditions.  

 

CNS fibroblasts form a fibrotic scar following injury and inflammation  

 Following injury to the CNS a scar forms around the site of trauma consisting of 2 parts: 

a glial scar made up of reactive astrocytes that forms almost immediately after injury and an 

inner fibrotic scar in the disease core that seals up the injury site and forms in the days and weeks 

following the trigger (Fernández-Klett and Priller, 2014a; O’Shea et al., 2017). This glial scar 

has been widely characterized, and new research shows that it can have an overall beneficial role 

in disease repair (Anderson et al., 2016; Burda and Sofroniew, 2014; Faulkner et al., 2004; 

Sofroniew, 2009a). The inner fibrotic scar has been much less studied although it has also been 

implicated in disease repair and recovery following injury and inflammation in the CNS. Below, 

we summarize the main CNS injuries and diseases where fibrotic scarring has been implicated 

and describe what has been proposed as the cell type forming the scar, the role of the scar in 

recovery following specific triggers and the mechanisms that lead to CNS fibroblast proliferation 

and collagen production. Many of these questions remain incompletely answered, however, 

suggesting that studies probing the origin, role, and mechanisms leading to fibrotic scarring in 

many CNS diseases would be useful to fully understand how scarring influences CNS repair.  

 

Spinal cord injury (SCI) is the most widely studied trigger for CNS fibrotic scarring in both 

humans and animal models. Several studies have suggested that this scar arises from Type A 
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pericytes that upregulate collagen expression following injury. The major study proposing this 

cellular origin used a Glast-CreER mouse model, generally a promotor thought to be most active 

in astrocytes, to identify scar-forming cells and classified them as pericytes due to their 

expression of PDGFRβ (Göritz et al., 2011). Other studies using the Col1a1GFP mouse model 

have suggested that the origin of the fibrotic scar is CNS fibroblasts, as the collagen-producing 

cells do not express pericyte markers such as NG2. Light sheet microscopy images of an injured 

mouse spinal cord suggested that the Col1a1GFP+ cells were likely coming from the meninges, 

although no definitive studies have determined the proportion of the scar arising from meningeal 

vs. perivascular fibroblasts (Soderblom et al., 2013). It is likely that these differing reports have 

actually been classifying the same cell type as both pericytes and fibroblasts express PDGFRβ. 

Genetic lineage tracing studies could provide further insight into the cellular origin of the scar. It 

has been thought that this fibrotic scar contributes negatively to disease progression as it blocks 

progenitor cells from entering the injury core and axon regeneration, and therapies have been 

proposed to target this scar to advance recovery (Brazda and Müller, 2009). It has been shown, 

however, that when fibrotic scar formation was completely blocked  in mice that the injury site 

fails to close, resulting in an open tissue defect (Göritz et al., 2011). In contrast, if this scar is 

largely diminished in size, there is an increase in recovery from disease as shown by both motor 

tests in mice and optogenetic stimulation of regenerating axons (Dias et al., 2018). This study 

used a combination knockout of HRas, NRas and a cell-specific deletion of KRas to prevent 

fibroblast proliferation and scar formation. This pathway is not one specific to fibroblasts, 

however, and unlikely to be used in a clinical setting. Other studies have shown that inhibiting 

microtubule formation prevents fibrotic scarring and dampening immune cell signaling can also 
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be used to reduce scarring and enhance disease recovery (Brazda and Müller, 2009; Hellal et al., 

2011; Klapka et al., 2005; Vangansewinkel et al., 2019). 

 

Traumatic brain injury (TBI) like spinal cord injury is a physical injury to the CNS. There are 

many different mouse models of TBI that lead to brain injuries of varying sizes and intensities, 

and fibrotic scarring has been exhibited in the more severe models. As in SCI there have been 

differing reports of the cellular origin of this scar. It has been widely noted that PDGFRβ+ cells 

accumulate in the injury core of rodents, with the identity of these cells attributed to either 

pericytes or meningeal fibroblasts (Kyyriäinen et al., 2017; Zehendner et al., 2015). Inhibiting 

PDGFRβ signaling following TBI has been shown to decrease scar formation in mice, although 

how this manipulation affected overall tissue recovery was not studied (Pei et al., 2017). It has 

also been shown that scar-forming cells highly express TGFβ receptors following TBI, (Komuta 

et al., 2010) and that inhibiting TGFβ signaling following TBI in rodents reduced scar formation 

and promoted the regeneration of dopaminergic neurons (Logan et al., 1994; Yoshioka et al., 

2011). Reducing scar formation by preventing Col4 helix formation has also been shown to 

promote axonal regeneration following brain injury (Yoshioka et al., 2010). Future studies will 

be needed to conclusively determine the origin of the scar and how fibrotic scar deposition and 

manipulation contributes to recovery for all types of TBI.  

 

Stroke is caused by loss of blood flow to specific areas of the CNS. The resulting hypoxia leads 

to blood-brain barrier breakdown, tissue damage and CNS scarring. It has been shown that both 

PDGFRβ+ and Col1a1GFP+ cells, referred to as stromal cells, increase in number in the lesion 

core surrounded by fibrotic proteins following the MCAO mouse model of stroke (Fernández-
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Klett et al., 2013; Kelly et al., 2016). In PDGFRβ+/- mice following MCAO, fibrotic scar 

formation was reduced but the overall infarct volume was larger, implicating PDGFR signaling 

in fibrotic scar formation in this model and a potential role for the fibrotic scar in managing 

infarct size (Makihara et al., 2015). Whether this change in infarct size results in changes in 

disease recovery and tissue repair remains unknown.  

 

Multiple sclerosis is a neuroinflammatory disease characterized by concentrated areas of 

inflammation and demyelination.  ECM depositions occur around blood vessels in human MS 

and a recent study has shown that Col1a1GFP+ cells increase in number in the spinal cord 

parenchyma following symptom onset in the EAE mouse model of MS. (Mohan et al., 2010; van 

Horssen et al., 2006; van Horssen et al., 2007; Yahn et al., 2020).  

 

Infection Following Staphylococcus aureus infection in the mouse brain, an abscess forms that is 

surrounded by a fibrotic wall (Aldrich and Kielian, 2011). It has been reported that a small 

population of bone marrow-derived cells in the area of the fibrotic wall were positive for markers 

of fibrosis such as collagen I. It remains unknown how bone marrow-derived cells contribute to 

fibrosis following other CNS triggers.  

 

Retinopathies: Fibrotic scarring occurs in the retina following conditions such as diabetic 

retinopathy and retinopathy of prematurity (ROP) and can lead to tractional retina detachments 

and blindness (Friedlander, 2007). The proposed origin of this fibrotic scar varies with the 

location of the fibrosis and the extent of tissue damage to specific layers of the retina. For 

example, when there is a physical injury to the retina pigment epithelium (RPE), these cells have 
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been proposed to migrate to the surface of the retina and deposit scar tissue (Hiscott et al., 1999; 

Machemer et al., 1978). In other cases, Müller glial cells have been proposed to extend their 

processes to the surface of the retina and deposit scar tissue (Bringmann et al., 2006). While 

there is an extensive retinal vasculature, the presence of perivascular fibroblasts in the retina has 

not been reported. A single-cell transcriptomic study of the murine retina picked up a few cells 

denoted as fibroblasts, however these cells were reported to be contamination (Friedlander, 2007; 

Macosko et al., 2015). More in depth sequencing studies are needed to confirm whether or not 

there are fibroblasts in the retina of mice and humans and if they play a role in the devastating 

process of retinal scarring. 

 

 In sum, fibrosis occurs in the CNS as a consequence of triggers such as injuries, hypoxia 

and inflammation. This scar may play multiple roles in tissue repair following CNS injury, but 

the overall roles in recovery following each specific trigger are largely unknown. The origin of 

the scar needs to be more fully characterized, with existing data suggesting it arises from 

pericytes and/or CNS fibroblasts. CNS fibroblasts are a recently characterized cell type that plays 

important roles in processes such as CNS wound healing and infection responses. Very little is 

known about the role of these cells in the healthy CNS and the factors driving them to participate 

so robustly in disease.  

 Chapter 1, in part, is currently being prepared for submission for publication of the 

material. Dorrier CE, Pintarić L, Daneman R. The dissertation author was the primary 

investigator and author of this material. 
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INTRODUCTION  

 Fibrosis, defined as the pathological deposition of collagen I (Col1)-rich extracellular 

matrix, is a common response to injury and inflammation in peripheral organs such as the heart, 

kidney, liver and lung (Bataller and Brenner, 2005; Lederer and Martinez, 2018; Lee and Kalluri, 

2010; Mack, 2018; Travers et al., 2016). Following tissue damage, extracellular matrix deposits 

provide essential structure to areas of injury. Fibrotic scarring occurs if the secretion of these 

proteins is left unchecked and the matrix overcomes the tissue, which can cause organ damage 

and in severe cases organ failure (Rockey et al., 2015; Wynn, 2008). Only a handful of reports 

have evaluated fibrosis in the CNS, and have largely done so in the context of spinal cord injury 

(SCI) (Fernández-Klett and Priller, 2014a; Kawano et al., 2012; O’Shea et al., 2017). Little is 

known about the presence or extent of fibrosis in the CNS in response to neuroinflammation and 

its role in disease recovery.  

 Following SCI, a scar forms that has two components: an outer glial scar made up of 

reactive astrocytes that surrounds the site almost immediately following injury and an inner 

fibrotic scar made up of ECM proteins, predominately Col1, that appears a few days post injury 

(Cregg et al., 2014; O’Shea et al., 2017). While the origin and role of the glial scar have been 

studied (Anderson et al., 2016; Faulkner et al., 2004; Yiu and He, 2006), much less is known 

about the fibrotic component. The fibrotic scar is significant as it seals the injury site, which has 

been hypothesized to limit the influx of blood cells and toxins into the brain parenchyma, but 

also prevents repair in the long term as axons are not able to grow past ECM proteins (Brazda 

and Müller, 2009; Kawano et al., 2012). Interestingly, if fibrotic scar formation is completely 

ablated following SCI, the lesion does not seal leaving a cavity that is not compatible with 

regeneration (Göritz et al., 2011). Meanwhile reducing, but not completely inhibiting, fibrotic 
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scar formation following SCI promotes functional recovery by enabling axon regeneration (Dias 

and Göritz, 2018; Hellal et al., 2011; Yoshioka et al., 2010; Zhu et al., 2015).  This suggests that 

modulating specific aspects of fibrotic scarring may be an important therapeutic strategy to 

improve CNS repair. 

 Much less is known about the presence of fibrotic scarring in response to 

neuroinflammation and how this may affect tissue repair. In multiple sclerosis (MS), a 

neuroinflammatory disease characterized by CNS lesions with immune cell infiltration and 

demyelination, a number of studies have reported Col1 deposition surrounding blood vessels and 

an increase in fibrotic gene expression in lesions (Mohan et al., 2010; van Horssen et al., 2006; 

van Horssen et al., 2007; Yahn et al., 2020). In EAE, a mouse model for MS, an increase in 

collagen-producing cells has been reported in demyelinating lesions (Yahn et al., 2020). 

Following neuroinflammation, such as that which occurs in MS, this fibrotic scar may act to 

lessen the severity of disease by limiting immune cell infiltration or it may inhibit repair by 

limiting neuronal function and/or inhibiting the entry of progenitor cells into the lesions. As there 

are no approved treatments for MS that repair damaged tissue, understanding what factors 

prevent tissue repair in neuroinflammatory conditions such as MS could lead to new 

therapeutics. 

 Determining the origin and mechanisms of fibrotic scar formation could influence 

treatment options for any CNS disorder with fibrotic scarring. In SCI, the origin of Col1-

producing fibrotic cells has been controversial. Some reports propose that a subset of pericytes 

are activated to give rise to Col1-expressing cells in the scar, whereas other groups have 

suggested these cells derive from the proliferation and migration of resident CNS fibroblasts 

which produce Col1 at rest (Birbrair et al., 2014; Göritz et al., 2011; Guimarães-Camboa et al., 
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2017; Kelly et al., 2016; Soderblom et al., 2013). A recent single-cell sequencing paper showed 

that indeed these are distinct populations in health: pericytes are embedded in the basement 

membrane of capillaries, and fibroblasts are associated with large vessels in the parenchyma and 

meninges (Vanlandewijck et al., 2018). Furthermore, very little is known about the molecular 

mechanisms that lead to CNS fibrotic scar formation and how these mechanisms can be targeted 

to modulate fibrotic scar formation and enhance recovery.  

 Here, we show that there is extensive fibrotic scar formation following 

neuroinflammation which contributes to disease severity. This fibrotic scar is found in every 

neuroinflammatory lesion and lasts for months following lesion formation. Using lineage tracing 

and single-cell sequencing we demonstrate that the scar forms from the proliferation and 

migration of CNS fibroblasts, and that inhibiting CNS fibroblast proliferation leads to decreased 

fibrotic scarring and reduced disability in the chronic stages of disease. We further show that 

IFNγ signaling regulates the amplitude of fibrotic scar formation, identifying a potential 

therapeutic target to modulate levels of scar formation. 

 

RESULTS 

Neuroinflammation drives CNS fibrosis 

 To determine if a fibrotic scar forms following neuroinflammation, we induced EAE in 

Col1a1GFP mice and examined both collagen 1 (Col1) protein expression and the number and 

localization of Col1a1GFP-expressing cells in the spinal cord. In health, Col1 protein and 

Col1a1GFP+ cells were found in the meninges and associated with large parenchymal vessels 

(Fig 1a, S1a). In EAE, a robust Col1+ fibrotic scar was found in every lesion examined starting 

at 5 days post symptom onset (PSO) and remained for the duration of the experiment (60 days 
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PSO) (Fig 1a, S1b-d).  Col1 deposition coincided with a massive increase in the number of 

Col1a1GFP+ cells throughout the parenchymal lesions that peaked at 10 days PSO, and 

maintained their numbers throughout the course of the experiment (Fig 1a,b, S1e,f). Fibrotic scar 

formation and expansion of Col1a1GFP+ cells were observed secondary to the initial influx of 

immune cells and the onset of motor symptoms (Fig 1b-d, S1b,d,), suggesting that fibrosis is 

likely a response to, and not causal of, neuroinflammation and symptom initiation.  

 We further immunostained fibrotic spinal cords with a series of cellular markers to 

determine which colocalize with the Cola1GFP+ fibrotic cells. Col1a1GFP+ cells were immune-

reactive for both PDGFRα and PDGFRβ which together commonly mark fibroblasts in 

peripheral organs.  The Col1a1GFP+ cells did not stain positive for markers of astrocytes (Sox9, 

GFAP), microglia/macrophages (Iba1, CD11b) or mural cells (Ng2, Desmin) (Fig 1e). 

Additionally, while Col1a1GFP+ cells increased significantly during disease, there was not a 

comparable increase in Desmin + cells in the lesions over time (Fig 1c,d). Staining for Olig2, a 

marker for oligodendrocyte lineage cells, demonstrated that these cells were outside the Col1-

stained region, suggesting that this scar may be blocking oligodendrocyte lineage cells from 

entering the lesion site and repairing demyelinated axons (Fig 1e).  In contrast to the clear 

lamination of the fibrotic and glial scars that occurs following SCI9, we observed intermixing of 

GFAP+ reactive astrocyte processes and Col1a1GFP+ fibrotic cells (Fig S1c). These results 

demonstrate that a robust Col1+ fibrotic scar forms in response to neuroinflammation, and the 

Col1-secreting cells increase in the lesion over time and are immunoreactive for both PDGFRα 

and PDGFRβ. 

 To determine the relative contributions of inflammation and demyelination to fibrotic 

scarring, we inhibited inflammation in EAE using fingolimod, or FTY720, which prevents 
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immune cell exit from lymph nodes and is used as a treatment for MS in human patients (Aktas 

et al., 2010; Chun and Hartung, 2010).  Mice administered saline following EAE had robust 

demyelination, motor symptoms, fibrotic scarring and Col1a1GFP+ cell expansion, whereas 

mice administered FTY720 did not experience motor symptoms or demyelination and had no 

discernable fibrotic scar or increase in scar-forming cells (Fig 1f-h). Thus inhibition of 

neuroinflammation in the EAE model reduced both demyelination and fibrotic scarring.  To 

further delineate the roles of inflammation and demyelination we looked for fibrotic scarring in 

mice with the cuprizone and lysolecithin (LPC) models of demyelination. Through 

immunostaining for collagen 1 protein and infiltrating immune cells, we found that mice 

administered cuprizone, which does not lead to widespread CNS inflammation, did not have 

fibrotic scarring in the areas of demyelination, while mice administered LPC, which does lead to 

immune cell entry into demyelinated areas, did have a fibrotic scar (Fig S2). Together, these 

experiments suggest that fibrotic scarring results from neuroinflammation driven demyelination.  

 

CNS fibroblasts form the fibrotic scar in neuroinflammation 

 Conflicting studies have reported that CNS fibrotic scar formation is derived from either 

the expansion of Col1-expressing CNS fibroblasts or pericytes turning on the expression of 

collagen.  Single-cell sequencing of vascular cells in the CNS has demonstrated that there are 

indeed distinct populations of pericytes (along capillaries and post-capillary venules) and 

fibroblasts (associated primarily with large vessels), however, it is likely that these cells have 

been confused for each other in the literature as both cell types express PDGFRβ (Vanlandewijck 

et al., 2018).   
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 To determine the identity of the scar forming cells we performed lineage tracing 

experiments with the Rosa-lsl-tdTomato reporter mouse line mated to tamoxifen-inducible cre 

transgenic lines: NG2CreERTM to label mural cells (pericytes and vascular smooth muscle cells 

[vSMCs]) and oligodendrocyte precursor cells, SMACreERT2 to label vSMCs and 

Col1a2CreERT to label cells that express Col1 at rest. We injected mice from each strain with 

tamoxifen at 6 weeks of age to induce expression of tdTomato within the specific cell population 

and induced EAE at 12 weeks of age. We collected spinal cords at 10 days PSO to assess the 

presence of any cells that were downstream of the genetically labeled NG2, aSMA, or Col1a2 

cells within the Col1+ fibrotic scar. We observed a 70-fold increase in the number of 

Col1a2CreERT labeled cells in the injury site that colocalized with the Col1+ fibrotic scar, 

without a similar increase in the NG2CreERTM or aSMACreERT2 traced cells (Fig 2a-d). We 

then bred the Col1a2CreERT reporter mice with the Col1a1GFP mice and found that over 90% of 

GFP+ cells were also tdTomato positive in health and over 80% in EAE (Figure S3c,d). This 

demonstrates that the vast majority of fibrotic scar-forming cells arose from the expansion of 

cells that expressed Col1 at rest, and not mural cells turning on Col1 expression.  

 To determine whether the CNS fibrotic cells derive from the bone marrow, we 

transplanted wild type mice with bone marrow from either Col1GFP or UBC-GFP (pan-cellular 

ubiquitous expression of GFP) mice. Recipients of UBC-GFP bone marrow displayed massive 

infiltration of GFP+ cells into fibrotic EAE lesions. Col1GFP bone marrow recipients displayed 

a robust Col1+ fibrotic scar, but had no Col1GFP+ cells in these lesions. These results indicate 

that Col1 expressing fibrotic cells were derived from the host, and not bone marrow derived 

fibrocytes or immune cells that migrated into EAE lesions (Fig 2e). 
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 To further evaluate the cellular identities of Col1-secreting cells in health and EAE, we 

performed single-cell RNA sequencing of GFP+ cells from Col1a1GFP mice in health and EAE 

at 5-7 days PSO. The cells clustered into 8 clusters (0-7), which could be subdivided into three 

major classes: Class 1 (clusters 0,2,3,4,6), Class 2 (clusters 1,5) and Class 3 (cluster 7) (Fig 3b). 

Cells from both health and EAE were found in each cluster, suggesting that there is not a unique 

cell population that turns on the expression of Col1a1 in EAE. This is consistent with the lineage 

tracing results which demonstrate that the fibrotic cells result from cells that express Col1 in 

health.  Class 1 and Class 2, representing 98% of cells, were characterized as fibroblasts and 

Class 3 as stromal cells using SingleR, a computational method for unbiased cell type 

recognition of single-cell data sets using thousands of bulk RNAseq reference datasets from all 

organs (Fig 3a-d) (Aran et al., 2019; Philippeos et al., 2018; Xie et al., 2018). Indeed, the 

expression of pericyte and vSMC-specific genes were low in clusters 0-6, whereas canonical 

fibroblast-specific genes where highly expressed, and cluster 7 expressed a combination of 

pericyte and vSMC-specific genes (Fig 3e, S4e) (Vanlandewijck et al., 2018).  Fine SingleR 

analysis revealed that Class 1 and Class 2 fibroblasts can be differentiated by the expression of 

MTS15 (Fig S4c) (Gray et al., 2007).   Although there were Col1-GFP+ mural cells identified in 

cluster 7, these represented a small minority (<2%) of the collagen 1 producing cells, and this 

cluster displayed the lowest collagen1 expression of any of the clusters, suggesting that mural 

cells are not major contributors to fibrotic scar formation.   

 The proportions of each cell population were very similar in health versus EAE, with 

small increases in Class 1 clusters (0, 2, 3, 4) and decreases in Class 2 clusters (1,5) in EAE (Fig 

3a-c). Proliferation analysis of the cells revealed that cells in each cluster have some proportion 

of cells with a transcriptional profile indicative of the S and G2/M phases of the cell cycle, with 
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cells in cluster 2 having the largest proportion of cells in the G2/M stage (Fig 3f,g). Cluster 0 has 

the most enriched expression of extracellular matrix proteins such as collagens, and cluster 3 is 

enriched for the transcription factors Fos, Fosb and Junb, which are expressed in activated 

fibroblasts and required for stretch-induced ECM production (Fig S4d) (Ramachandran et al., 

2011; Xie et al., 2018). Therefore, these data indicate that there are two classes of Col1+ 

fibroblasts that produce the fibrotic scar which can be divided into clusters that define specific 

states of these cells, including activated, dividing and actively producing high levels of ECM. 

 Taken together these lineage tracing and single-cell sequencing studies indicate that 

fibrotic cells arise overwhelmingly from the expansion of CNS fibroblasts expressing Col1 in 

health, and not pericytes/vSMCs that turn on Col1 production or infiltrating bone marrow 

derived cells. These studies further identify potential fibroblast cell states specifically associated 

with neuroinflammatory fibrotic scar formation. 

 

Ablation of proliferating fibroblasts reduces disease severity in EAE 

 To determine how fibrotic scar formation affects the progression of neuroinflammatory 

disease, we generated transgenic mice expressing the herpes simplex virus thymidine kinase 

(HTK) in Col1-expressing cells, where the administration of ganciclovir (GCV) would kill 

dividing fibroblasts following EAE induction (Chen et al., 2004; Voskuhl et al., 2009). Test 

(Col1a2CreERT; lox-stop-lox-HTK [fHTK]) and littermate control (lox-stop-lox-HTK) mice 

were injected with tamoxifen at 6 weeks to induce HTK expression specifically in the fibroblasts 

of the fHTK mice, and EAE was induced at 12 weeks. GCV (25 mg/kg) was administered to all 

mice daily starting at day 8 post EAE induction to continually prevent fibroblast proliferation in 

the fHTK mice and tissue was collected 30 days post EAE induction. This resulted in a 
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significant ablation of the Col1+ fibrotic scar in fHTK mice with most residual Col1 expression 

observed around blood vessels (Fig 4a,b). Extracellular matrix proteins such as periostin and 

collagen 3 and the fibroblast antigen ER-TR7 were also reduced by this paradigm (Fig S5a). 

There was no apparent effect on immune cell infiltration or reactive gliosis (Fig 4c,j, S5a-c).  

Therefore, a reduction in fibroblast proliferation led to a major reduction in parenchymal fibrotic 

scar formation but still left some perivascular Col1. 

 While there was no difference in the onset of EAE motor symptoms, fHTK mice had 

EAE scores around 0.5 points lower than littermate controls at the chronic stages of disease (Fig 

4d). While numerically small, a scoring difference of 0.5 at this point in the EAE curve 

represents the difference between mice with the use of both back paws and mice that have at 

least one hind limb paralyzed. Thus, a reduction in the fibrotic scar led to a significant reduction 

in the deterioration of motor ability. Additionally, fHTK mice had more Olig2+ cells per lesion 

area than controls although there were no differences in total myelin areas between groups (Fig 

4f-i). To further characterize the identity of the Olig2+ cells, we co-labeled these cells for the 

mature oligodendrocyte marker CC1. We found no difference between the percentages of Olig2+ 

CC1+ cells between groups, suggesting that the increase in Olig2+ cells in lesions of fHTK mice 

were not specific to a particular stage in the oligodendrocyte lineage (Fig S5d).  

 To understand how fibrosis, and specifically depositions of collagen 1, would decrease 

Olig2+ cell entry into lesions, we performed in vitro experiments with primary, cultured OPCs to 

determine how collagen 1 affects OPC proliferation, differentiation, and migration. For these 

experiments we examined primary OPCs seeded in cell culture wells treated with poly-L-lysine 

(PLL) alone, PLL + collagen 1, PLL + fibronectin, and PLL + laminin in order to compare the 

effects of collagen 1 to those of other extracellular matrix proteins of the basement membrane. 



28 

 

We found that collagen 1 did not have an effect on cell proliferation or differentiation but 

significantly decreased OPC migration across a transwell insert (Fig S6). Interestingly, the 

basement membrane matrix proteins fibronectin and laminin both significantly increased 

migration, which corresponds to the fact that OPCs migrate along CNS vessels during 

development (Tsai et al., 2016).  

 These results suggest that fibrosis impairs recovery in EAE and may limit the ability of 

myelin-forming oligodendrocyte linage cells to migrate into the lesions. However, ablation of 

proliferative fibroblasts alone does not promote axonal remyelination or full symptomatic 

recovery in EAE. We found a profound loss of neurofilament positive axons within lesions in 

both control in fHTK mice, suggesting that although more oligodendrocyte lineage cells were 

able to enter the lesion, there was a lack of axons to myelinate (Fig S5e). This was further 

demonstrated by electron microscopy images where both control and fHTK mice had 

significantly less myelinated axons than healthy, wild type mice (Fig 4j,k). Therefore, combining 

anti-fibrotic approaches with therapeutics to maintain axon integrity might prove synergistic in 

the treatment of diseases such as MS.  

 

Fibrotic scar formation in neuroinflammation is due in part to interferon gamma signaling 

 To gain deeper insight into the molecular mechanisms of neuroinflammatory fibrosis, we 

performed bulk RNA sequencing on Col1a1GFP+ cells sorted from spinal cords of healthy mice, 

mice with EAE (5 and 10 days PSO), and whole spinal cord homogenate. Col1a1, Col1a2 and 

Col3a1 were some of the most highly enriched genes in both the healthy and EAE GFP+ cells 

compared to the whole spinal cord, and their expression continued to increase throughout the 

course of EAE (Fig S7). When comparing CNS fibroblasts in health and EAE, there were more 
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significant differentially expressed genes 5 days PSO (2516 upregulated, 2278 downregulated) 

than 10 days PSO (1414 upregulated, 1122 downregulated).  Many of the genes highly 

upregulated at 5 days PSO are involved in inflammatory signaling, (Fig 5a, S7) and their 

expression largely peaked at 5 days PSO and moderately decreased by 10 days PSO (Fig 5a).  A 

smaller subset of genes was increased at 5 days PSO and continued to increase at 10 days PSO, 

and included many genes encoding collagen subunits (Fig S7). These data suggest that CNS 

fibroblasts turn on inflammatory signaling pathways early in disease progression when there is 

the most fibroblast proliferation and continue depositing extracellular matrix once their 

expansion is complete (Fig S7).  

 Pathway analysis identified IFNγ signaling is enriched in EAE fibroblasts compared to 

the whole spinal cord (Fig S7).  We found that CNS fibroblasts express IFNγ receptors (Ifngr1, 

Ifngr2) and downstream signaling molecules (Jak1, Jak2, Stat1, Stat5a, Stat5b) in both health 

and EAE, and upregulate IFNγ target genes CXCL9 and CXCL10 following EAE (Fig 

5b)(Rawlings et al., 2004; Saha et al., 2010; Schroder et al., 2004). In the single-cell sequencing 

dataset, interferon gamma pathway genes were expressed throughout each of the different 

clusters (Fig 5d). Interferon gamma target genes Cxcl9 and Cxcl10 were expressed mainly in 

cluster 2, which is the cluster with the highest proportion of actively dividing cells, suggesting 

that this interferon gamma signaling may regulate fibroblast proliferation. Taken together these 

data reveal that CNS fibroblasts express the machinery to respond to IFNγ signaling, but this 

signaling cascade is only induced following EAE.  To determine which cells in the EAE lesion 

are secreting IFNγ, we performed single-cell sequencing on whole spinal cords from EAE mice. 

IFNγ was highly expressed in a cluster of cells that were identified as T-cells (Fig 5e).  These 

data suggest that during EAE, T-cells secreted IFNγ signals to CNS fibroblasts. 
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 The role of IFNγ signaling in fibrosis in peripheral tissues has been debated (Chen et al., 

2001; Kim et al., 2005; King et al., 2009; Oldroyd et al., 1999; Poosti et al., 2015; Wang et al., 

2015).  To determine whether IFNγ signaling in fibroblasts is necessary for CNS fibrotic scar 

formation, we selectively deleted Ifngr1 from fibroblasts prior to EAE induction. Mice with 

fibroblast-specific Ifngr1 deletion (Infgr1f/f;Col1a2CreERT [fIFNγ]) and littermate controls 

(Infgr1f/f) were injected with tamoxifen at 6 weeks of age, induced with EAE at 12 weeks of age, 

collected 30 days post EAE induction, and analyzed for the extent of fibrotic scar formation. 

fIFNγ mice had a significant reduction in fibrotic scar formation (Fig 6a,b), although not to the 

extent of the reduction in the cell ablation paradigm. There were no differences in motor 

disability, lesion size, or myelination between groups (Fig 6c-f).  To determine if interferon 

gamma is sufficient for scar formation, we analyzed tissue from mice administered cuprizone for 

5 weeks with astrocyte-specific overexpression of interferon gamma (Lin et al., 2006). We found 

no fibrotic scar in the areas of demyelination, suggesting that an induction of interferon gamma 

is not sufficient for scar formation (Fig S2b). Together, these experiments confirm that interferon 

gamma signaling in CNS fibroblasts regulates the amplitude of fibrotic scarring, but on its own is 

not sufficient to initiate fibrotic scarring. Therefore, IFNγ signaling may provide a molecular 

target to modulate the amount of fibrotic scarring following neuroinflammation in combination 

with other treatments. 

 

DISCUSSION 

 In this study we demonstrate that a dense Col1+ fibrotic scar forms following 

neuroinflammation and plays a role in regulating disease severity. This study, combined with the 

identification of fibrotic scarring following SCI, suggests that there is a robust fibrotic response 

to both injury and inflammation in the CNS, and that activation and proliferation of CNS 
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fibroblasts may be a common response across many different neurological disorders. This has 

wide implications for our understanding of the pathophysiology and repair of a wide array of 

neurological diseases, and a more thorough analysis of the fibrotic response needs to be 

characterized in different human neurological and neurodegenerative diseases and mouse 

models.   

 Using lineage tracing and single-cell sequencing, we illustrate that this fibrotic scar 

derives overwhelmingly from the proliferation and migration of CNS fibroblasts found in the 

meninges and surrounding large blood vessels in health. This is in contrast to previous studies 

reporting that a subtype of pericytes form the fibrotic scar following SCI16,17. This inconsistency 

is likely due to the expression of PDGFRβ and similar perivascular localization of both of these 

cell types, leading to a mischaracterization of the identity of the scar-forming cells as pericytes.  

The proportion of this scar that comes from the CNS fibroblasts in the meninges vs. those 

surrounding large blood vessels remains unknown, but we hypothesize that both cell types play a 

role in scar formation. Techniques such as in vivo, two-photon imaging could be used to further 

delineate the roles of CNS fibroblasts from different regions.  

 Interestingly, when we ablated proliferating fibroblasts, although the fibrotic scar was 

greatly diminished, there was still Col1 deposition largely restricted to the area around blood 

vessels. This remaining Col1 deposition may derive from the incomplete recombination of the 

Col1a2CreERT used in the ablation paradigm, scar tissue deposition by CNS fibroblasts that 

aren’t actively proliferating, and/or scar deposition by vascular cells such as endothelial cells, 

pericytes or VSMCs. A recent study found that in EAE, endothelial cells take up myelin debris 

which leads to an endothelial-mesenchymal transition and an upregulation in the expression of 

extracellular matrix proteins (Zhou et al., 2019). While we did not find Col1a1GFP reporter 
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expression in CNS endothelial cells, it is possible that CNS endothelial cells express Col1 

protein without turning on the Col1a1GFP promoter, thus leading to perivascular Col1 

accumulation. Interestingly, we found a small proportion of mural cells secrete Col1 suggesting 

that these cells may regulate the perivascular Col1 deposition.   

 Fibrotic scarring could influence the course of neuroinflammatory disease by restricting 

immune cell entry to inflammatory lesions thus lessening disease severity, or by preventing 

tissue repair and regeneration. We found that reducing fibrotic scar formation by preventing CNS 

fibroblast proliferation decreases motor disability and increases the number of oligodendrocyte 

lineage cells in the lesion in the chronic stages of disease without affecting immune cell entry or 

myelination. Additionally, collagen proteins inhibit OPC migration in vitro. This suggests that 

fibrotic scarring limits the ability of cells with repair potential (oligodendrocyte lineage cells) 

from entering the demyelinating lesion, however, these cells are still not capable of 

remyelination. This lack of remyelination may stem from either the presence of oligodendrocyte 

precursor differentiation inhibition cues, or from axon degeneration that occurs in the EAE 

model.  Indeed, we found robust axon degeneration in this EAE model (Fig 4j,k, S5c).  

Therefore, combining therapeutics that inhibit scar formation with those that preserve axon 

integrity may synergize to enhance repair following neuroinflammation. As there are no changes 

in myelination after reducing fibrotic scarring, it is not completely clear how reducing the 

fibrotic scar decreases the EAE score in the chronic stages of disease.   

 This study also implicates interferon gamma signaling in CNS fibrotic scar formation, 

unveiling a new molecular mechanism that could be of interest for CNS disorders with scar 

tissue deposition. As Ifngr1 deletion from CNS fibroblasts did not completely ablate the fibrotic 

scar in neuroinflammatory lesions, other pathways are also likely involved in fibrotic scar 
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formation. Additionally, interferon gamma is mainly secreted by adaptive immune cells, and thus 

this signal may be utilized to amplify fibrotic scar formation when adaptive immunity is involved 

in neuroinflammatory lesion formation. Pathways involved in fibrosis in peripheral tissues such 

as the TGFβ pathway and Wnt pathway could also be playing a role in CNS fibrosis following a 

variety of triggers (Burgy and Königshoff, 2018; Wynn, 2008). Our RNA sequencing dataset of 

CNS fibroblasts in health and EAE will be widely useful to understand other drivers of CNS scar 

formation. This data, along with the discovery of the origin of the scar, could influence treatment 

options for SCI, stroke and other neurological injuries and inflammatory diseases with fibrotic 

scarring. 
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FIGURES 

 

Figure 2.1: Fibrotic scar formation occurs in EAE lesions.  
a. Spinal cord sections from Col1a1GFP mice in health or with EAE were stained for collagen I 

(red) to label the fibrotic scar, DAPI to label nuclei (blue) and visualized for the GFP reporter 

(green). Left: whole spinal cord cross sections (top) with specific area magnified (bottom) for 

Col1a1GFP mice in health or 30 days EAE post symptom onset (PSO). Right: Magnified spinal 

cord cross section areas from Col1a1GFP mice 5, 10 or 60 days PSO. b. Quantification of the 

number of Col1a1GFP+ cells per lesion (bar graph) was compared with EAE motor symptoms 

(line graph) over the course of EAE, (± s.e.m; n=3–6 per time point for cell quantification, 4-11 

for EAE score). c. Spinal cord sections from Col1a1GFP mice were stained with desmin, CD4 or 

CD8 (red) over the course of EAE, which is quantified in (d), n= 3-4 per condition. e. Spinal 

cords from Col1a1GFP mice with EAE at 10 or 30 days PSO were stained with DAPI (blue) and 

molecular markers for various cell types (red). GFP+ cells are immune-reactive for both 

PDGFRα and PDGFRβ, but not for markers of astrocytes (Sox9), microglia/macrophages (Iba1), 

oligodendrocyte lineage cells (Olig2) or mural cells (Ng2). f. Col1a1GFP mice with EAE were 

treated with either saline or 2 mg/kg FTY720 and collected 8-10 days PSO. The collagen area 

and number of cells per area is quantified in g, h, n = 3 per condition, **p < 0.01, ***p < 0.001. 

Scale bars = 100 µm. 
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Figure 2.2: Scar-forming cells arise from CNS fibroblast expansion.  
a-d. Sections from spinal cords of Col1a2CreERT;Rosa-tdTomato (a), NG2CreERTM;Rosa-

tdTomato (b), or aSMACreERT2;Rosa-tdTomato (c) mice with EAE were stained for Col1 

(green) and DAPI (blue) and visualized for tdTomato reporter (red). d. The number of reporter 

cells in EAE lesions was normalized to the number of reporter cells in white matter in health 

(n=7 health, 9 EAE for Col1a2CreERT, n=7 health, 8 EAE for NG2CreERTM, n=4 health, 7 EAE 

for aSmaCreERT2, p<0.0001 using a one way ANOVA with multiple comparisons, p<0.0001 for 

Col1a2CreERT vs. NG2CreERTM, p=0.0001 for Col1a2CreERT vs. aSMACreERT2 and p>0.9999 

for NG2CreERTM vs aSMACreERT2). e. Spinal cord sections from mice with Col1a1GFP donor 

bone marrow (left) or UBC-GFP donor bone marrow (right) with EAE at 10 days PSO were 

stained with Col1 (green), and the GFP was visualized in red (n=8 for Col1a1GFP, n=5 for 

UBC-GFP). All scale bars = 100 µm. 
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Figure 2.3: Scar-forming cells have the transcriptional profile of fibroblasts at the single 

cell level. a-d. Col1a1GFP+ cells from spinal cords of healthy mice (n=3 samples with 2-3 spinal 

cords each) and mice with EAE 5-7 days PSO (n=2 samples, 2 spinal cords each) were 

transcriptionally profiled at the single cell level and clustered using Seurat v3. a. UMAP plot 

with the sample identity (Health vs. EAE) labeled for each cell. b. UMAP plot of the clustering 

analysis reveals 8 clusters that could be subdivided into three classes: Class 1 (clusters 0,2,3,4,6), 

Class 2 (clusters 1,5), and Class 3 (cluster 7). c. Pie charts showing the percentage of each cluster 

relative to the total number of cells in health or EAE. d. UMAP plot with each cell labeled with 

its cellular identity determined using SingleR and the Immgen reference dataset. e. Violin plots 

of the expression levels of pericyte, vSMC and fibroblast- specific genes per cluster. f. UMAP 

plot showing the transcriptional cell cycle identity per cell. g. Bar graph showing the percentage 

of each cluster with the transcriptional signatures of the different steps of the cell cycle.  
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Figure 2.4: Reducing fibrotic scar formation reduces disease severity in 

neuroinflammation.  

a. Spinal cord sections from fibroblast-specific herpes thymidine kinase (fHTK) mice and 

littermate controls 30 days after EAE immunization were stained for Col1 (green), DAPI (blue) 

and CD11b (top, red) to label immune cells or CD31 (bottom, red) to label endothelial cells. b. 

Quantification of the percentage of the area of immune infiltration (denoted by CD11b) that is 

Col1+, **p <0.01 by Student’s one-tailed t-test, n=21 control, 19 fHTK. c. Quantification of the 

total lesion size, denoted by Cd11b staining, n = 21 control, 19 fHTK, p = 0.33 by Student’s two-

tailed t-test. d. EAE score for the fHTK mice and controls up to 30 days post EAE induction, 

**p<0.01, *p <0.05 by two-tailed Mann-Whitney test, n=22 control, 19 fHTK. e. Pie charts 

depicting the percentages of control and fHTK mice that were paralyzed at day 24 and day 30 

post EAE induction. f. Spinal cords from control and fHTK mice were stained for Olig2 (green), 

CD11b (red) and DAPI (blue) with the area of the CD11b+ lesion traced with a dotted white line. 

g. The number of Olig2+ cells per CD11b+ lesion was quantified comparing the fHTK and 

control mice, *p = 0.038 by Student’s one-tailed t-test. f.. Spinal cord sections from fHTK mice 

and controls at 30 days post EAE induction were stained for FluoroMyelin (red) and DAPI (blue) 

with the area of the CD11b+ lesion traced with a dotted white line. i. Quantification of the 

percentage of the total white matter area that is FluoroMyelin positive, p = 0.96 by Student’s 

two-tailed t-test. j. Electron microscopy images of spinal cord sections from healthy wild type 

mice, fHTK mice and controls at 30 days post EAE induction. k. Quantification of the # of 

myelinated axons from the 3 groups per 3000x picture frame, ***p < 0.001, **p < 0.01, using a 

one-way ANOVA with multiple comparisons. All scale bars = 100 µm. 
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Figure 2.5: CNS fibroblasts upregulate interferon gamma pathway genes in EAE. a. Heat 

map of the expression levels of the top 100 differentially expressed genes by FDR in 

Col1a1GFP+ cells from EAE 5 days PSO and 10 days PSO (CNS Fibro EAE D5, D10) 

compared to Col1a1GFP+ cells from health (CNS Fibro Health) in each of the 3 samples of these 

conditions. b. mRNA levels in counts per million (CPM) of interferon gamma pathway and 

target genes from the sequencing of whole spinal cord tissue (Whole SC) and CNS Fibro Health, 

CNS Fibro EAE D5 and CNS Fibro EAE D10, *FDR < 0.05, **FDR < 0.01 to Whole SC, #FDR 

< 0.05, ##FDR < 0.01 to CNS Fibro Health. c. Spinal cord sections from Col1a1GFP mice in 

health (left) and EAE (right) were stained with CXCL10 (red). d. Violin plots from the single-

cell sequencing dataset depicting the total RNA counts for genes in the interferon gamma 

pathway. e. UMAP plot of individual cells sequenced from a whole spinal cord a of wild type 

mouse with EAE with their assigned cell type identity using SingleR and the Immgen reference 

dataset. e. Interferon gamma expression is indicated in blue, and is found predominately in T 

cells in EAE. All scale bars = 100 µm.  
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Figure 2.6: Interferon gamma signaling regulates scar formation following 

neuroinflammation.  
a. Spinal cord sections from fibroblast-specific IFNγ knockout mice (fIFNγ, IFNγfl/fl; 

Col1a2CreERT) and littermate controls (IFNγfl/fl) stained for Col1 (green), CD11b (red) or CD31 

(red), and DAPI (blue). The amount of fibrotic scar covering the lesion was quantified in (b), *p 

<0.05 by Student’s two-tailed t-test, n=14 control, 15 fIFNγ. c. EAE score for the fIFNγ mice 

and controls up to 30 days post EAE induction (n= 14 control, 15 fIFNγ). d. Quantification of the 

CD11b+ immune cell area in the control and fIFNγ groups 30 days post EAE immunization, p = 

0.61 by Student’s two-tailed t-test, n= 14 control, 15 fIFNγ. e. Quantification of the percentage 

of the total white matter area that is FluoroMyelin positive for the control and fIFNγ groups, p = 

0.44 by Student’s two-tailed t-test, n= 14 control, 15 fIFNγ. f. Quantification of Olig2+ cells per 

CD11b+ lesion area between the control and fIFNγ groups, p = 0.76 by Student’s two-tailed t-

test, n= 14 control, 15 fIFNγ. 
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Figure 2.S1: Fibrosis and CNS fibroblast characteristics in health and EAE 

a. Analysis of the number of Col1a1GFP+ cells per total vascular length and smooth muscle 

actin (SMA)+ vascular length in different CNS regions in healthy adult mice. CP= choroid 

plexus, SC= spinal cord white or grey matter, n=4, Col1a1GFP mice. b-d. Spinal cord sections 

from wild type mice in health or with EAE at 2, 5 or 10 days PSO were stained with Col1 (red), 

DAPI (blue) and CD11b (b, green), GFAP (c, green), or CD4 (d, green) Scale bars = 100 µm. e. 

Light sheet microscopy image of a Col1a1GFP mouse in health (right) and one with EAE (left) 

10 days PSO perfused with tomato lectin and optically cleared. f. Confocal microscopy images 

of Col1a1GFP spinal cords from health (left) and EAE (right) stained for CD31 in red, scale bars 

= 10 µm. 
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Figure 2.S2: Fibrosis is present in the LPC but not cuprizone models of demyelination 
a. Spinal cord sections from mice either 5, 7, or 14 days post LPC injection into the spinal cord 

stained for either Col1 (green) and FluoroMyelin (red) or myelin basic protein (MBP) (red) and 

Cd11b (green). b. Brain sections in the area of the corpus callosum from mice administered 

cuprizone for 5 weeks and collected at the end of the 5 weeks or 3 weeks later with or without 

doxycycline administration stained for either Col1 (green) and FluoroMyelin (red) or myelin 

basic protein (MBP) (red) and Cd11b (green). Scale bar = 100 µM. 
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Figure 2.S3: Lineage tracing reporter expression 

Spinal cords of Col1a2CreERT;Rosa-tdTomato (a) or NG2CreERTM;Rosa-tdTomato or 

NG2CreERTM (b) mice in health or 10 days EAE PSO were stained with CD31 in green and 

DAPI in blue. Scale bars = 100 µm. c. Spinal cords of Col1a2CreERT;Rosa-

tdTomato;Col1a1GFP mice in health or 10 days EAE PSO were imaged for both reporters. The 

percentage of GFP+ cells that were also positive for the tomato reporter in health and EAE is 

quantified in (d).  
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Figure 2.S4: Single-cell sequencing analysis of CNS fibroblasts in health and EAE 

a. Sample FACS plots for the single-cell sequencing analysis. b. UMAP plot with the individual 

sample identity labeled for each cell. c. UMAP plot with each cell labeled with its cellular 

identity determined using SingleR fine analysis and the Immgen reference dataset. d. Heat map 

depicting the expression of the 10 most differentially expressed genes in each cluster based on 

the logFC of the dataset. e. Heat map depicting the expression levels of genes specific to the 

labeled cell types, Olig = oligodendrocyte. 
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Figure 2.S5: Tissue analysis following fibrotic scar reduction in EAE 

a. Spinal cord sections from fHTK mice and controls were stained for DAPI (blue) and periostin 

(green), ER-TR7 (green), Col3 (green) and CD11b (red), or GFAP (green) and Cd11b (red). b. 

Spinal cord sections from fHTK mice and controls were stained for CD4 (red, left) and DAPI 

(blue) and the number of CD4+ cells per lesion area was compared between groups (right), p = 

0.38 by Student’s two-tailed t-test, n=21 control and 19 fHTK. c. Spinal cord sections from 

fHTK mice and controls were stained for CD8 (red, left) and DAPI (blue) and the number of 

CD8+ cells per lesion area was compared between groups (right), p = 0.22 by Student’s two-

tailed t-test, n=21 control and 19 fHTK. d. Spinal cord sections from fHTK mice and controls 

were stained for Olig2 in green and CC1 in red, and the percent of Olig2+ cells that were also 

CC1+ was quantified, p = 0.26 by Student’s two-tailed t-test e. Spinal cord sections from fHTK 

mice and controls were stained for neurofilament heavy polypeptide (NF) in green and CD11b in 

red, and the number of healthy, blebbed and total axons was quantified. Scale bars = 100 µm 
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Figure 2.S6: ECM proteins differentially regulate OPC properties in vitro 

a. Representative images of Olig2 (green) and PDGFRa (red) staining with EdU labeling (cyan) 

in rat OPC cultures on PLL, laminin, fibronectin, or collagen I after 2 hour incubation in 10 uM 

EdU. b, Quantification of EdU+ cells over OPCs (Olig2+PDGFRa+) for cultures represented in 

a. c. Representative images of MBP (red) staining in rat OPC cultures on PLL, laminin, 

fibronectin, or collagen I three days after removal of PDGF-AA. Cell nuclei detected with DAPI 

(blue). d. Quantification of MBP+ cells over total cells (DAPI+) for cultures represented in c. e. 

Representative images of PDGFRa (green) staining with DAPI in rat OPC cultures that had 

migrated through transwells coated with PLL, laminin, fibronectin, or collagen I following a 24 

hour incubation. f, Quantification of PDGFRa+ cells on the underside of each transwell for the 

cultures represented in e. Data displayed represent 3 biological replicates with 3 technical 

replicates and are presented as mean + SEM. Comparisons were performed using one-way 

ANOVA with Sidak’s post hoc tests, ****p<0.0001, ***p<0.001, *p<0.05. 
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Figure 2.S7: Bulk RNA sequencing analysis of CNS fibroblasts in health and EAE 

a-c. MA plots comparing the transcriptome of CNS fibroblasts in health with whole spinal cord 

tissue (a), CNS fibroblasts in health with CNS fibroblasts EAE D5 (b) or D10 (c) PSO with red 

dots signifying genes with FDR < 0.1. d. Pathway analysis using DAVID Bioinformatics 

Resources 6.8, NIAID/NIH, GOTERM_BP_DIRECT for genes with a log2 fold change greater 

than 2 for CNS fibroblasts EAE D5 PSO compared to CNS fibroblasts in health. e. CPM of 

collagen genes from the bulk sequencing of whole spinal cord tissue (Whole SC), CNS 

fibroblasts from health (CNS Fibro Health) CNS fibroblasts 5 days PSO (CNS Fibro EAE D5) 

and 10 days PSO (CNS Fibro EAE D10), *FDR < 0.05, **FDR < 0.01 to Whole SC, #FDR < 

0.05, ##FDR < 0.01 to CNS Fibro Health. f. Heat map of the expression levels of the top genes 

differentially expressed in CNS Fibro Health (each expressed at least 1 CPM in each control 

sample) compared to the whole spinal cord by FDR.  
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MATERIALS AND METHODS 

Experimental subject details 

 Col1a1GFP mice from David Brenner (C57BL/6 background) were used to label Col1 

producing cells for imaging and FACS sorting analysis. Rosa-lsl-tdTomato mice, Charles River 

Laboratories 007909 (C57BL/6 background), were crossed to Col1a2CreERT mice, Jackson Labs 

029567 (C57BL/6 background), Ng2CreERTM mice, Jackson Labs 008538 (C57BL/6 

background), or aSMACreERT2 mice (previously described)(Wendling et al., 2009)49 for lineage 

tracing analysis. B6;129S7-Hprt1tm2(Pgk1-Pac/Tk)Brd/Mmucd, MMRRC 010860-UCD (C57BL/6Try 

c-Brd mixed background), (lox-stop-lox-HTK) mice were crossed to Col1a2CreERT for the 

fibroblast ablation experiments. Ifngr1fl/fl mice, Jackson Labs 025394 (C57BL/6 background), 

were crossed to Col1a2CreERT mice for the IFN mechanistic studies. UBC-GFP (004353) 

reporter mice and CD45.1 (002014) mice used in bone marrow transplant (BMT) experiments 

were purchased from Jackson Labs. GFAP/tTA mice on the C57BL/6 background were mated 

with TRE/IFN- on the C57BL/6 background to produce GFAP/tTA;TRE/IFN- double 

transgenic mice and were maintained in the Popko lab for cuprizone studies. Animal protocols 

were approved by IACUC at UCSD, UCSF and Northwestern and we have followed all ethical 

regulations in the use of mice for this study. All mice used in this study were 3-4 months of age 

unless otherwise noted in the method details.  

EAE 

 EAE was induced through 2 subcutaneous injections of myelin oligodendrocyte 

glycoprotein (MOG) in Freud’s adjuvant and an IP injection of pertussis toxin (PTX) (Hooke 

Laboratories EK-2110). 24 hours after the initial injections a second IP injection of PTX was 

administered. 120-160 ng PTX was used for each dose based on manufacturer’s instructions for 
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the PTX lot. Mice were induced at 10-12 weeks of age unless notified otherwise. The following 

EAE score system was used to assess motor outcomes:  

0.5 – tip of tail limp 

1 – whole tail limp 

2 – mouse does not instantly turn over when flipped 

2.5 – wobbly gait 

3 – mouse dragging backside 

3.5 – paralysis of one hind limb  

4 – paralysis of both hind limbs 

5 – moribund  

Mice were scored every day following the induction of EAE and until tissue was collected.  

FTY720 injections  

 Col1a1GFP mice were injected with either saline or 2 mg/kg FTY720 I.P. starting on the 

day of EAE induction and continuing daily until tissue was collected on day 8-10 post symptom 

onset for the saline mice.  

Cuprizone model of demyelination  

 GFAP/tTA;TRE/IFN- double transgenic mice were maintained on 0.05 mg/ml 

doxycycline (Sigma, #D9891) in drinking water from conception. At six weeks of age 

doxycycline was discontinued in half the mice to induce CNS expression of IFN-γ, and all mice 

were administered a 0.2% cuprizone diet (Envigo, #TD.160049). Cuprizone feeding lasted for 5 

weeks and then mice were placed back to a normal diet for up to 3 weeks to allow remyelination 

to occur. Mice were then perfused and brains were removed, post-fixed with 4% PFA and 

cryopreserved in 30% sucrose. The tissue were then embedded in OCT for sectioning.  
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LPC model of demyelination  

 Demyelinated lesions were produced in the ventrolateral or dorsal spinal cord white 

matter of 8- to 10-week-old female C57bl6 WT mice as previously described (Niu et al., 2019). 

Anesthesia was induced and maintained with inhalational isoflurane and oxygen supplemented 

with 0.05 ml of buprenorphine (Vetergesic; 0.05 mg/ml) given subcutaneously. Having exposed 

the spinal vertebrae at the level of T12/T13, tissue was cleared overlying the intervertebral space, 

and the dura was pierced with a dental needle just lateral to midline. A Hamilton needle was 

advanced through the pierced dura at an angle of 45°, and 0.5 μl 1% lysolecithin (L-α- 

lysophosphatidylcholine; Sigma L4129) was injected into the ventrolateral white matter. Mice 

were perfused transcardially at 5 days post lesioning (5dpl), 7dpl, or 14dpl with 4% 

paraformaldehyde, postfixed for 4 hours, and cryoprotected overnight in 30% sucrose. Spinal 

cords were frozen in OCT for storage and cryostat sections cut at 15 micrometer thickness. 

Tissue slice collection and staining 

 Mice were anesthetized through an intraperitoneal injection of a ketamine/xylene cocktail 

and then perfused transcardially with D-PBS followed by 4% paraformaldehyde (Electron 

Microscopy Sciences 15714-S) using a Dynamax peristaltic pump. Spinal cords were dissected 

and placed in 30% sucrose until frozen in 1:2 30% sucrose:OCT and sectioned into 10 uM slices. 

Sections were blocked with 5% Normal Goat Serum and permeabilized in 0.2% Triton X-100 in 

D-PBS followed by an overnight incubation at 4ºC with the following primary antibodies in 

antibody buffer (NaCl 150 mM, Tris Base 50 mM, 1% BSA, L-Lysine 100 mM, 0.02% Sodium 

azide in water).  Primary antibodies used were: Col1 abcam ab21286 1:750, CD11b Bio-Rad 

MCA711 1:1000, CD45 Bio-Rad MCA1031 1:1000, GFAP abcam ab7260 1:500, CD31 BD 

Biosciences 553370 1:1000, PDGFRb eBioscience 14-1402-82 clone APB5 1:500, PDGFRa BD 
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Biosciences 558774 clone APA5 1:500, Sox9 abcam ab185966 1:500, Iba1 Wako 019-19741 

1:500, Olig2 EMD Millipore AB9610 1:500, NG2 EMD Millipore MAB5384 1:500, CD4 

eBioscience 16-0041081 1:1000, Col3 abcam ab7778 1:500, Periostin R&D Systems MAB3548 

clone 345613, ER-TR7 Novus NB100-64932 1:1000, CD8 clone 53-6.7 eBioscience 14-0081-82 

1:1000, Actin, α-smooth muscle Sigma-Aldrich A2547 1:500., Neurofilament heavy polypeptide 

abcam ab8135 1:1000, Desmin abcam ab8592 1:1000, CC1 Calbiochem OP80 1:500, CXCL10 

abcam ab9938 1:1000. Slides were then washed with D-PBS and incubated at room temperature 

for 1.5 hours with the following secondary antibodies, all 1:1000 in D-PBS: Goat-anti-Rabbit-

Alexa 488 (ThermoFisher A11034), Goat-anti-Rat-Alexa 488 (ThermoFisher A11006), Goat-

anti-Rabbit-Alexa 594 (ThermoFisher R37117), Goat-anti-Rat-Alexa 594 (ThermoFisher 

A11007). Following secondary incubation slides were washed and DAPI Fluoromount-G 

(SouthernBiotech, 0100-20) was added. Images were taken with an Axio Imager D2 (Carl Zeiss) 

and digital camera (Axiocam HRm, Carl Zeiss) using the AxioVision software and contrasted 

using Adobe Photoshop. For light sheet microscopy images, mice were perfused with 100 µL of 

a tomato lectin (Vector Laboratories DL-1177) in dPBS prior to paraformaldehyde and spinal 

cord tissue was dissected and incubated overnight with 4% PFA followed by a PBS wash. Cords 

were then cleared in a solution of 8% SDS, 10% N-butyldiethanolamine, 3% 1-Thioglycerol in 

PBS for 72 hours and then imaged on a Ziess Z.1 light sheet microscope at the UCSD School of 

Medicine Microscopy Core. For confocal images, Col1a1GFP+ mouse spinal cords stained with 

CD31 were imaged on a Leica SP8 Confocal microscope at the UCSD School of Medicine 

Microscopy Core. 

Lineage Tracing  
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 All mice received intraperitoneal (IP) injections of 2 mg tamoxifen in sterile corn oil for 

3 consecutive days at 6 weeks of age to induce tdTomato expression. EAE was induced at 12 

weeks of age as described above. Mice were scored based on the EAE scoring system described 

above and tissue was collected 10 days post symptom onset and stained for collagen I. The total 

collagen area per section was traced using Image J and the number of tdTomato+ reporter cells 

within this area was quantified and compared between groups. This number was normalized to 

the average of the number of reporter cells per white matter area for each of the reporters in age-

matched healthy mice. For Col1a2CreERT analysis n=7 health and n=9 EAE. For the 

NG2CreERTM analysis n=10 health and n=13 EAE. For aSmaCreERT2 analysis n=4 health and 

n=7 EAE. Males and females were used in all groups. 

Bone Marrow Transplantation  

 Female 12-week-old Col1a1GFP or UBC-GFP mice were used as bone marrow donors. 

UBC-GFP mice express enhanced GFP under the direction of the human ubiqutin C promoter. 

GFP is expressed in all tissues examined, is uniform within cell lineages and remains constant 

throughout development and in injury paradigms (JAX: 004353). Female CD45.1 mice were 

used as recipients for cell transplantation. This strain carries the CD45.1 pan-leukocyte marker to 

distinguish donor-derived cells from recipient CD45.2 cells. Recipient mice were irradiated with 

900 rads, split dose, 3 hours apart using a cesium source. Purified donor cells (4 × 106) from 

bone marrow were injected intravenously with 200,000 spleen helper cells, and hematopoietic 

reconstitution was monitored in the peripheral blood based on either GFP or CD45.1 expression. 

Recipients with ≥99% donor chimerism were considered reconstituted. Note that no GFP+ cells 

were observed in the blood from Col1GFP recipients. Transplanted mice were kept on antibiotic-
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containing food for 2 weeks. All mice were maintained at UCSF in accordance with IACUC 

approved protocols. 

Tissue Dissociation and FACS Sorting  

 To obtain single cell suspensions of CNS fibroblasts, spinal cords from Col1a1GFP mice 

were dissected, chopped with a #10 blade, and enzymatically dissociated with papain 

(Worthington Biochemical, LK003176, 1 vial per sample) containing DNase (125 U/ml, 

Worthington LS002007) for 1.5 hours at 35°C. This was followed by mechanical trituration in a 

solution containing ovomucoid (2 mg/ml, Roche 109878) and DNase (125 U/ml) and a second 

enzymatic digestion with 1.0 mg/ml Collagenase Type 2 (Worthington Biochemical, LS004176) 

and 0.4 mg/ml Neutral Protease (Worthington Biochemical, LS02104) at 35°C for 30 minutes. 

Next, myelin was removed with myelin removal beads (MACS Miltenyi Biotec 130-096-433) 

and LS columns (MACS Miltenyi Biotec 130-042-401) on a MidiMACS separator (MACS 

Miltenyi Biotec 130-042-302). Samples were then blocked with Rat IgG 1/100 (Sigma Aldrich 

I8015) for 25 minutes on ice. Cell suspensions were re-suspended in buffer containing DAPI, 

and live, CNS fibroblasts were FACS sorted into Trizol (Invitrogen 15596026) based on GFP 

fluorescence using an ARIA II sorter at the Flow Cytometry Core at the VA Hospital in La Jolla, 

CA. Forward scatter and side scatter analysis were also used as gates to limit the sorting to single 

live cells.  

Single-cell sequencing 

 Tissue was dissociated and FACS sorted as described above into PBS + 0.05% BSA. 3 

samples were collected of the Col1a1GFP+ cells in health group, each containing 2-3 spinal 

cords of Col1a1GFP females. For the Col1a1GFP+ cells in EAE group 2 samples each 

containing 2 spinal cords from Col1a1GFP mice 5 and 7 days after EAE symptom onset were 
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combined. For the whole spinal cord in EAE 1 spinal cord from a wild type mouse with EAE 4 

days after symptom onset was used. Following FACS sorting the single cell suspension was 

brought to the UCSD IGM core, run through the 10X Genomics pipeline (v2) and sequenced on 

an Illumnia HiSeq4000 or NovaSeq 6000. The sequencing files were run through the 10X 

CellRanger 2.1.1 pipeline to generate gene counts data, and then analyzed using Seurat v3. We 

used the sctransform pipeline to analyze individual datasets, and the integration pipeline to 

integrate the healthy and EAE samples (Hafemeister and Satija, 2019; Stuart et al., 2019). In all 

analyses a 200 non-zero genes cut-off was used. We next filtered out Col1a1 negative cell types 

by identifying clusters where the majority of cells do not express Col1a1 or Col1a2. This strategy 

removed 463 total cells. Following stringent criteria, 6,509 cells (93.4% of total cells) were 

analyzed using unsupervised clustering. Following the filtering, the counts were reanalyzed. 

Resolution parameter of clustering was set to 0.5. Wilcox method was used for differential 

expression analysis, with min.pct = 0.25 and logfc.threshold = 0.25. SingleR was used to 

annotate single cells using the Immgen reference dataset.  

 CNS fibroblast ablation and interferon gamma receptor deletion  

 All mice received intraperitoneal (IP) injections of 2 mg tamoxifen in sterile corn oil for 

3 consecutive days at 6 weeks of age to induce cre expression. EAE was induced at 12 weeks of 

age as described above. Administration of GCV (Sigma Y0001129) began on day 8 post EAE 

induction through a subcutaneous injection at a concentration of 25 mg/kg in dPBS and occurred 

each following day until tissue was collected. For the HTK experiment males were used as the 

HTK gene is X-linked, n = 22 control and 19 fHTK. One of the control mice died during the 

course of EAE so it was not included in the histology quantifications. For the IFNγ deletion 
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experiments, tamoxifen and EAE were administered in males and females. Mice were collected 

30 days after EAE induction. n= 14 control, 15 fIFNγ.  

Electron Microscopy  

 Control and fHTK mice at day 30 post EAE induction and C57/bl6 mice were 

anesthetized through an intraperitoneal injection of a ketamine/xylene cocktail and then perfused 

transcardially with D-PBS followed by 2% paraformaldehyde and 2.5% glutaraldehyde in a 

0.15M sodium cacodylate buffer. 1mm^3 spinal cord sections were dissected and placed in the 

fixing solution until processed at the CMM UCSD Electron Microscopy Core. Samples were 

then placed in 1% osmium in 0.15M sodium cacodylate for 1-2 hours on ice, washed 5x10 min 

in 0.15M sodium cacodylate buffer and rinsed in ddH2O on ice. Samples were incubated in 2% 

uranyl acetate for 1 to 2 hrs at 4C, dehydrated at increasing concentrations of ethanol on ice and 

then dry acetone for 15 min at room temperature, placed in 50:50 ethanol: Durcupan for 1hr at 

room temperature and then incubated in 100% Durcupan overnight. Tissue was embedded in 

Durcupan in 60C oven for 36 to 48hrs. Ultrathin sections (60nm) were cut on a Leica microtome 

with a Diamond knife followed by post staining with both uranyl acetate and lead. Images were 

captured on FEI Spirit Tecnai TEM at 80KV with Eagle 4kx4k camera. Images at 3000x were 

used for analysis in which all myelinated axons per frame were counted for each of the different 

conditions.  

Oligodendrocyte precursor cell (OPC) cultures  

 Primary rat OPCs were isolated from cortical hemispheres of postnatal day 7 rat brains as 

previously described (Mei et al., 2014). Briefly, rat cortices were minced and dissociated in 

papain (Worthington) for 75 min at 37°C with periodic shaking. Following trituration, the 

suspension was immersed in 0.2% BSA at room temperature and subjected to sequential 
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immunopanning consisting of two 30 min incubations in negative selection plates (Ran-2 and 

Gal-C) and one 45 min incubation for positive selection (O4). Selection plates were prepared by 

incubating dishes overnight at room temperature with goat IgG and IgM secondary antibodies 

(Jackson ImmunoResearch) in 50 mM Tris-HCl. Antibodies Ran-2, Gal-C, or O4 were added 

after washing with DPBS (Invitrogen). OPCs were dissociated from the positive selection dish 

with 0.05% Trypsin-EDTA (Invitrogen) and purified OPCs subsequently seeded onto 12mm 

coverslips coated with poly-L-lysine (PLL, Sigma-Aldrich), or PLL with 10 ug/mL of: laminin 

(EMD Millipore CC095), fibronectin (Sigma-Aldrich F0635), or collagen I (Aviva Systems 

Biology OPED00033). OPCs were seeded at a density of 15,000 cells per coverslip in DMEM 

(Invitrogen) supplemented with B27 (Invitrogen), N2 (Invitrogen), N-acetylcysteine (Sigma-

Aldrich), forskolin (Sigma-Aldrich), penicillin-streptomycin (Invitrogen), and PDGF-AA 

(Peprotech) and cultured overnight at 37°C, 5% CO2. The following day, OPCs were either 

incubated in 10 uM EdU with PDGF-AA for 2 hours, or cultured for 3 days following the 

removal of PDGF-AA from media with or without the addition of 50 nM T3 (Sigma-Aldrich). 

Immunohistochemistry: Cultures were fixed in 4% (w/v) paraformaldehyde (PFA) in DPBS for 

15 minutes and dehydrated. Cultures were blocked and permeabilized in 10% goat serum in 

DPBS containing 0.1% (v/v) Triton X-100 for 1 h at room temperature. Primary antibodies were 

diluted in 10% goat serum and incubated overnight at 4°C. Secondary antibodies were diluted in 

10% goat serum with DAPI and incubated for 1 h at room temperature. The following primary 

antibodies were used: rat monoclonal anti-PDGFRa (BD Biosciences, 558774, 1:200); rabbit 

polyclonal anti-Olig2 (EMD Millipore AB9610, 1:1000); rat monoclonal anti-MBP (Bio-

Rad/Serotec, MCA409S, 1:500). Alexa Fluor 488 and Alexa Fluor 594 IgG secondary antibodies 

(rat, rabbit, 1:1000) were used to detect fluorescence. The incorporation of EdU by proliferating 
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cells was detected via the Click-iT EdU Cell Proliferation Kit (Invitrogen C10340) after 

incubation in primary and secondary antibodies. Images were obtained on a Zeiss Axio Imager 

Z1 microscope. Cells were quantified from randomly selected fields of view per coverslip under 

10x magnification.  

 For migration experiments, transwell membranes (Corning, 8.0 μm pore polycarbonate 

membrane insert) were coated on both sides with PLL and 10ug/ml laminin, fibronectin, or 

collagen I was added to the top of the membrane. OPCs were seeded onto the membranes in 

DMEM + B27, N2, N-acetylcysteine, forskolin, and pen/strep. DMEM + B27, N2, N-

acetylcysteine, forskolin, and pen/strep + 10ng/ml PDGF-AA was added to the bottom of the 

well. Cells were scraped off the top of the membrane 24 hours after initial seeding and fixed with 

4% PFA in DPBS for 15 minutes. Cells were then blocked and permeabilized in 10% goat serum 

with 0.1% Triton, incubated in rabbit monoclonal anti-PDGFRa antibody (1:500, gift from WB 

Stallcup) overnight at 4°C and then incubated in secondary antibody & DAPI for 1 hour at room 

temperature (goat anti-rabbit Alexa Fluor 488 1:1000). The transwell membranes were then cut 

out and mounted for imaging, and the number of cells on the bottom of the transwell were 

counted. For all in vitro experiments 3 biological replicates, each with 3 technical replicates, 

were used. Statistics were calculated using Prism with a one-way ANOVA with Sidak's. 

Bulk RNA sequencing  

 For bulk RNA sequencing of CNS fibroblasts we collected and analyzed 3 samples each 

for the control, EAE 5 days PSO and EAE 10 days PSO groups. 2-3 spinal cords from 

Col1a1GFP females of 3-4 months of age were combined for each sample. 2 samples were 

collected for the whole spinal cord homogenate, each consisting of 1 spinal cord of a Col1a1GFP 

female at 3 months of age. RNA was purified from the FACS-sorted fibroblasts using the Qiagen 
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RNA Isolation Microkit. The RNA was then tested for quality and concentration at the UCSD 

IGM Core using an Agilent Bioanalyzer. Stranded, cDNA libraries were made using the 

SMARTer Stranded Total RNA-Seq Kit - Pico Input Mammalian (Clontech) and then the 

samples were sequenced on an Illumnia HiSeq4000, 100 cycles, paired ends. Sequence reads 

were aligned to Ensembl mm9 v67 mouse whole genome using Tophat v 2.0.11 and Bowtie 2 v 

2.2.1 using parameters –m 2 –a 5 –p 7.  The resulting files were then sorted using SAMtools 

v.0.1.19 and count tables generated using HTSeq-0.6.1. Differential expression analysis and 

statistical analysis including p values and FDR was performed using DESeq2. Heat maps were 

prepared using the Morpheus software (https://software.broadinstitute.org/morpheus) and 

clustered using hierarchical clustering with a metric of one minus the pearson correlation.  

EAE time course quantifications  

 To calculate the number of Col1a1GFP+ cells per lesion over time, tissue sections from 

Col1a1GFP mice with EAE were stained for CD45. CD45 areas were traced using Image J and 

the number of Col1a1GFP+ cells within this area were counted at different time points 

throughout EAE. To calculate the number of pericytes and T cells in EAE lesions over time, 

tissue sections from Co1la1GFP or c57/Bl6 mice induced with EAE and collected at different 

time points post symptom onset were stained with Desmin, CD4, or CD8. DAPI was then 

administered to all slides and used to determine the lesion location due to increased cell density. 

The number of Desmin, CD4 or CD8+ cells within the lesion were counted for each mouse using 

Image J. 3-6 mice were quantified per group with at least 4 spinal cord sections (two thoracic and 

two lumbar) analyzed from each mouse.   

fHTK quantifications 
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 To determine the extent of fibrotic scar tissue reduction, tissue was collected as described 

above and stained for collagen I and CD11b. The total area of both stains was traced using Image 

J and the total Col1+ area/CD11b+ area was reported. To quantify the % myelination per group 

tissue sections were stained with FluoroMyelin (Thermo Fisher F34652) 1:300 in dPBS at room 

temperature. The total white matter area was traced using Image J and compared to the total area 

of the myelin stain. To calculate the number of Olig2+ cells per lesion tissue sections were 

stained for Olig2 and CD11b. CD11b areas were traced using Image J and the number of Olig2+ 

cells within this area were counted and compared between groups. To calculate the percentage of 

Olig2+ cells that were CC1+, sections were stained with Olig2 and CC1 using the Vector Labs 

Mouse on Mouse Basic Kit (BMK-2202). DAPI was then administered to all slides and used to 

determine the lesion location due to increased cell density. The percentage of Olig2+ cells also 

positive for CC1 within the lesion were counted for each mouse using Image J.  To calculate the 

number of CD4+ and CD8+ cells per lesion, tissue sections were stained for CD4 or CD8. 

Lesion areas were traced using DAPI in Image J and the number of CD4 or 8+ cells within this 

area were counted and compared between groups. To calculate the number of axons in the 

lesions of control and fHTK mice, tissue sections were stained for CD11b and neurofilament 

heavy polypeptide. Quantifications were done using Cell Profiler. For all quantifications at least 

6 spinal cord sections (3 thoracic and 3 lumbar) were analyzed from each mouse.   

Col1a1GFP regional analysis  

 Brains and spinal cords of 4 adult, male, Col1a1GFP mice were collected, sectioned and 

stained for CD31 in red and smooth muscle actin in far red. The length of the total vasculature 

and smooth muscle actin positive vasculature and the number of GFP+ cells associated with the 

vasculature for the different brain regions were quantified using Image J.  
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Col1a1GFP; Col1a2CreERT overlap analysis  

 All mice were injected with tamoxifen, induced with EAE and tissue was collected and 

sectioned in the same way as the lineage training mice. 6 spinal cord cross sections per mouse 

were imaged and the percentage of Col1a1GFP+ cells that were also positive for the tdTomato 

reporter was calculated using Image J. n=5 health and n=4 EAE. 

Statistics  

 The statistics and n values used for each experiment are described in the figure legends. 

All error bars presented are ± standard error of the mean and n refers to the number of animals 

used in the experiment in every case.  

Data Availability  

 All RNA sequencing and single-cell sequencing raw and processed data files have been 

uploaded to GEO and will be made public before the time of publication. Reviewer access codes 

can be provided if requested. 
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INTRODUCTION 

 Understanding the mechanisms that lead to scar formation is essential to develop 

therapeutics that can prevent or reduce fibrosis in the CNS. Unfortunately, as of now very little is 

known about the pathways that lead to CNS fibrosis. Previous studies that have blocked scar 

formation in the CNS have done so using manipulations that are not cell specific and therefore 

difficult to target (Dias et al., 2018). The herpes thymidine kinase cell ablation paradigm used to 

reduce fibrosis in the previous chapter requires fibroblast genetic manipulation and is not a 

viable treatment for human patients. The interferon gamma studies from the previous chapter 

suggest that interferon gamma signaling regulates the amplitude of CNS fibrosis following 

inflammation, but blocking interferon gamma signaling in fibroblasts does not reduce fibrosis 

enough to result in changes in motor symptoms. We set out to test a series of molecular pathways 

to determine whether they are required for CNS fibrosis and impact overall disease severity. The 

pathways were chosen based on known pathways that regulate peripheral fibrosis, as well as 

pathways identified as enriched in CNS fibroblasts, or upregulated during EAE in CNS 

fibroblasts using RNA-seq.  

 The PDGFR signaling pathway plays roles in processes such as cellular proliferation and 

differentiation, pericyte recruitment, tumor growth, and fibrosis (Buhl et al., 2020; Daneman et 

al., 2010; Hoch and Soriano, 2003; Klinkhammer et al., 2018). PDGFRα and PDGFRβ are 

receptor tyrosine kinases that form homo (PDGFRα/α, PDGFRβ/β) or heterodimers (PDGFRα/β) 

upon ligand binding. The receptor dimers then transphophorylate tyrosine residues on opposite 

subunits leading to conformational changes and further activation of kinase activity whereby the 

receptors can phosphorylate a variety of substrates including Ras, PI3K, and Jak kinases that 

drive signaling and gene expression (Klinkhammer et al., 2018; Ying et al., 2017). PDGFR 
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signaling is a potential target for modulating fibrosis as PDGFR signaling through Ras and 

MEK/ERK in fibroblasts plays a key role in the migration of these fibrotic cells to the site of 

injury/inflammation in solid organ fibrosis (Donovan et al., 2013; Gao et al., 2005; Klinkhammer 

et al., 2018; Ying et al., 2017). Interestingly, the PDGFR inhibitor Imatinib attenuates neurologic 

inflammation and associated neurologic symptoms in a rat EAE model (Adzemovic et al., 2013), 

and the PDGFR inhibitor masatinib demonstrated therapeutic benefit to patients with multiple 

sclerosis in a pilot study (Vermersch et al., 2012), however the mechanism of action remains 

unknown. It has also been shown that reducing PDGFR signaling following rodent models of 

traumatic brain injury and stroke reduces fibrotic scar formation and in the case of stroke, 

increases the size of the infarct (Makihara et al., 2015; Pei et al., 2017). It is unknown in both 

cases how this reduction in scar formation impacts in overall tissue repair or symptom recovery. 

Here we aim to further understand how the PDGFR pathway contributes to CNS scar formation 

and disease recovery on a molecular level. 

 Other pathways known to be involved in fibrosis in the periphery include the Wnt 

pathway and LPA signaling pathway. We found using RNA sequencing of CNS fibroblasts in 

health and EAE that Wnt5a and Enpp2, genes involved in these pathways, are strongly expressed 

in CNS fibroblasts and decided to further investigate their role along with the PDGFR pathway 

in CNS fibrosis using in vitro and in vivo model systems. 

 Wnt5a is a ligand for the Wnt pathway, and has been shown to be highly expressed in 

fibrotic tissue of the lung and liver and positively regulate fibrosis in the kidney by promoting 

macrophage polarization (Feng et al., 2018; Newman et al., 2016; Rashid et al., 2012). More 

general roles of the Wnt pathway throughout the body include cell fate specification, 

proliferation and migration (Komiya and Habas, 2008). Wnt ligands can either activate canonical 
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Wnt signaling, which is characterized by the nuclear translocation of the intracellular signaling 

molecule β catenin, or noncanonical signaling which does not rely on β catenin translocation. 

While most of the common cell functions attributed to Wnt signaling occur due to canonical 

pathway activation, Wnt5a mainly activates the noncanonical pathway through interactions with 

Fzd2 and ROR1/2. (Zhou et al., 2017). Noncanonical pathway signaling has been implicated in 

cell polarity and differentiation, and specifically noncanonical pathway signaling by Wnt5a has 

been shown to promote inflammation (Pashirzad et al., 2017).  

 Enpp2 encodes for the protein Autotaxin (Atx), which is an enzyme that catalyzes the 

conversion of LPC to LPA, a bioactive lipid that can signal via G protein coupled receptors. This 

process occurs outside of the cell, allowing the newly-formed LPA to signal through LPA 

transmembrane receptors on the cell surface. LPA pathway signaling has been linked to fibrosis 

in the periphery, and pharmacologically targeting autotaxin itself has been shown to reverse 

fibrosis in the lung (Ikeda et al., 1998; Ninou et al., 2018; Ongenaert et al., 2016; Tager et al., 

2008). In the brain, LPA signaling has also been linked to myelination, progenitor cell function, 

synaptic transmission, brain immune responses, and neurovascular function (Yung et al., 2015). 

We hypothesized that autotaxin secretion by fibroblasts promotes LPA signaling to sustain 

fibrotic responses by fibroblasts.  

 

 

RESULTS 

Wnt5a and Autotaxin from CNS fibroblasts do not regulate fibrotic scarring  

 In our RNA sequencing dataset we found that fibroblasts are highly enriched for Wnt5a 

as well as the Frizzled receptor that Wnt5a uses to activate the non-canonical branch of Wnt 
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signaling, Fzd2 (Figure 3.1a). Because Wnt5a is secreted from the cell and been shown to 

promote inflammation, it is possible that Wnt5a release from fibroblasts acts on nearby cell types 

such as macrophages to sustain inflammatory signaling in EAE lesions. It is also possible that 

Wnt5a acts on fibroblasts themselves to promote fibrosis. 

 To test if Wnt5a expression by fibroblasts is necessary for inflammation and scarring in 

EAE, we selectively deleted Wnt5a from fibroblasts prior to EAE induction. Mice with 

fibroblast-specific Wnt5a deletion (Wnt5af/f;Col1a2CreERT) and littermate controls (Wnt5af/f) 

were injected with tamoxifen at 6 weeks of age, induced with EAE at 12 weeks of age and tissue 

was collected 30 days post EAE induction and analyzed for the extent of fibrotic scar formation. 

Both groups had robust scar formation and similar EAE score curves, so we determined that 

fibroblast-derived Wnt5a is not required for scar formation or inflammation in EAE (Figure 

3.1b,c). It is possible that Wnt5a does play a role in CNS fibrotic scarring, but there is 

redundancy with other Wnt pathway members.  

 CNS fibroblasts also highly express the gene encoding for autotaxin, Enpp2 (Figure 

3.2a). To test whether Autotaxin expression by fibroblasts is necessary for inflammation and 

scarring in EAE, we selectively deleted Enpp2 from fibroblasts prior to EAE induction. Mice 

with fibroblast-specific Atx deletion (Atxf/f;Col1a2CreERT) and littermate controls (Atxf/f) 

were injected with tamoxifen at 6 weeks of age, induced with EAE at 12 weeks of age and tissue 

was collected 30 days post EAE induction. Both groups had robust scar formation and motor 

symptoms equivalent to control mice, so we determined that fibroblast-derived Atx is also not 

required for scar formation or inflammation in EAE (Figure 3.2b,c). Other cell types could 

contribute to Atx secretion and LPA production such that an Atx deletion from fibroblasts would 

not significantly affect LPA signaling.  
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PDGFR signaling regulates fibroblast development and migration in vitro  

 Another pathway of interest is the PDGFR signaling pathway, as PDGFRα and PDGFRβ 

are both highly expressed in CNS fibroblasts (Figure 3.3a). To test whether PDGFRβ signaling is 

required for the development of CNS fibroblasts, we quantified the extent of vascular collagen I 

expression as a proxy for fibroblast presence in mice with knockouts of PDGFRβ. We collected 

PDGFRβ+/+, PDGFRβ+/- and PDGFRβ-/- embryos at e16.5 as the full knockout mice die at 

birth (Hoch and Soriano, 2003). We found that PDGFRβ-/- embryos had significantly less 

collagen expression surrounding blood vessels, suggesting that there are less collagen-forming 

cells in these mice (Figure 3.3b). To test whether PDGFR signaling is required for fibroblast 

maintenance in adulthood, we analyzed fibroblast numbers in adult Col1a1GFP mice with 

mutations in the PDGFRβ gene, deemed F7 mice, that have diminished PDGFR signaling but 

remain viable into adulthood (Winkler et al., 2010). We found less ER-TR7 staining, a marker 

for fibroblasts, around the vasculature in adult mice with less functional PDGFRβ signaling in 

the striatum (Figure 3.3c,d).  

 To determine whether PDGFR signaling is necessary and/or sufficient for fibroblast 

proliferation, migration and collagen production, we generated an in vitro model of CNS 

fibroblasts. To culture CNS fibroblasts we dissect and dissociate the meninges of Col1a1GFP+ 

mice pups at p2-3 and plate the resulting single cell suspension on a culture dish. Fibroblasts are 

the predominant cell type to adhere to the dish without the addition of any sort of cell adhesion 

additive, and they grow rapidly when cultured in 10% serum. To determine if PDGFR signaling 

is necessary for fibroblast proliferation we added 10uM AG1296, a nonspecific PDGFR 

inhibitor, to the fibroblast cultures and measured the number of cells 48 hours later using the 

alamarBlue proliferation reagent. To test if PDGFR signaling is necessary for collagen 
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production we measured the GFP fluorescence of the cells, as GFP is produced under the 

collagen promoter and is therefore an indirect measurement of collagen synthesis, following the 

same experiment. We then divided the GFP fluorescence by the alamarBlue measurements to 

calculate the collagen production per cell. We found no differences in proliferation or collagen 

production between cells treated with AG1296 or a buffer, indicating that PDGFR signaling is 

not necessary for fibroblast proliferation or collagen production. To test if PDGFR signaling is 

sufficient for these properties we added PDGF-BB, a PDGFR ligand, to the cultures at 20ng/uL 

and repeated the same experiment. We found that addition of PDGF-BB had no impact on 

fibroblast proliferation or collagen production and therefore PDGFR signaling is not sufficient to 

induce these properties. 

 To test whether PDGFR signaling is necessary and/or sufficient for fibroblast migration 

we plated fibroblasts on transwells with 8 uM pores and placed the transwells in 24 well culture 

dishes. Fibroblasts migrate through these transwells to serum if the transwell chamber does not 

contain serum. To test whether PDGFR signaling is necessary for migration we added AG1296 

or a buffer to the transwell chamber with the fibroblasts and placed media with serum in the cell 

culture well. We found that significantly fewer fibroblasts migrated to the serum if they were 

exposed to AG1296. To test whether PDGFR signaling is sufficient for migration we added 

PDGF-BB or buffer to media in the culture well without serum. Significantly more fibroblasts 

migrated to PDGF-BB than to a buffer in the absence of serum. Together these experiments 

show that PDGFR pathway activation is both necessary and sufficient for fibroblast migration.   

 To test whether PDGFRα and PDGFRβ expression by fibroblasts are necessary for 

inflammation and scarring in EAE we selectively deleted PDGFRα, PDGFRβ or both from 

fibroblasts prior to EAE induction. Mice with fibroblast-specific PDGFR deletions (PDGFRαf/f; 



81 

 

and/or PDGFRβf/f;Col1a2CreERT) and littermate controls (PDGFRαf/f, PDGFRβf/f, 

PDGFRαf/fβf/f) were injected with tamoxifen at 6 weeks of age, induced with EAE at 12 weeks 

of age and tissue was collected 30 days post EAE induction. There were no significant 

differences in the EAE score or fibrotic scar formation between the groups, suggesting that 

PDGFR signaling does not affect scarring at a chronic time point (Figure 3.4b).  

 

DISCUSSION 

 Together this data highlights that no single pathway that we have tested is necessary or 

sufficient for promoting CNS fibrotic scar formation. Instead, a pathway we have not tested yet, 

or different combinations of activated signaling pathways are likely necessary for CNS fibroblast 

proliferation, migration and collagen deposition which together promote CNS fibrosis.  

 As discussed in the previous chapter, we found that interferon gamma signaling in 

fibroblasts significantly impacts the amplitude of scar formation. However, deletion of Ifngr1 

from fibroblasts did not block scar formation to the same extent as a genetic ablation of 

fibroblast proliferation, suggesting that other signaling pathways are important for scar 

formation. This data inspired us to find these other pathways based on our RNA sequencing 

dataset of CNS fibroblasts in health and EAE, known contributors to fibrosis in the periphery and 

histological analyses of EAE lesions, and to test their role in CNS scar formation.  

 It is clear from the data presented here that Autotaxin and Wnt5a secretion from 

fibroblasts are not required for CNS fibrotic scar formation following inflammation, as mice with 

fibroblast-specific deletions of these genes do not have reductions in collagen deposition in EAE 

lesions. As Wnt5a is a secreted ligand that could be affecting the inflammatory environment of 

the EAE lesions, we were interested to see if deleting this gene from fibroblasts impacted the 
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overall EAE score. Although our n was small, we saw no changes in EAE score or lesion size 

after a fibroblast-specific Wnt5a deletion. While it is possible that the proportion of various 

immune cells differs in this model, we believe that due to the lack of EAE motor score 

differences that this paradigm did not warrant future study. 

 The overall role for PDGFR signaling in CNS fibrosis is less clear. In development, 

PDGFR signaling impacts the number of collagen-secreting cells surrounding the vasculature. 

Whether these cells are indeed fibroblasts remains unknown as it is possible that pericytes could 

secrete collagen in development, and reductions in PDGFR signaling also impact pericyte levels. 

In adulthood, when pericytes do not express Col1, our data suggests a region-specific role for 

PDGFR signaling in CNS perivascular fibroblast maintenance, as there are fewer ER-TR7+ 

vessels in the striatum but not the cortex in mice that had reductions in PDGFRβ signaling. It is 

unknown whether or not there is extensive perivascular fibroblast heterogeneity in the brain, but 

single-cell sequencing of Col1a1GFP+ cells in different adult brain regions could provide 

insights into this question. It is also unclear whether reductions in PDGFR signaling affect 

fibroblasts directly, or if pericyte signaling to fibroblasts plays a greater role in fibroblast 

maintenance.  

 Due to these developmental effects, we decided to use an in vitro model to investigate 

whether PDGFR signaling affects fibroblast proliferation, collagen production, and/or migration. 

While we did not find any evidence that PDGFR signaling affects fibroblast proliferation or 

collagen production, we saw striking a migration phenotype where fibroblasts migrate to PDGF-

BB and AG1296, a PDGFR inhibitor, blocks fibroblast migration to serum. We hypothesize that 

PDGF-BB secretion from endothelial cells serves as a migratory cue for CNS fibroblasts. 
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Expression of PDGFR ligands by other cell types in the EAE lesion could be the driving factor 

for fibroblast migration away from blood vessels in EAE, a critical early step for fibrosis. 

 When we deleted the PDGF receptors from fibroblasts and induced EAE we saw no 

significant effects on scar formation at day 30 post induction. It is possible that mice with 

impaired PDGFR signaling in fibroblasts do have a delay in scar formation due to migration 

defects of the cells, but to test this hypothesis tissue would have to be collected at earlier time 

points post EAE induction. It should also be noted that the control levels of fibrosis for this 

experiment were lower than reported for other similar experiments (scarring was present in 

around 50 % of the lesion area in the control mice for the PDGFR experiment compared to 

around 85 % in the HTK experiment). This could be because the mice strain used for these 

experiments was not on a pure C57/bl6 background like many of the other mouse strains 

reported here. The particular EAE kit that we used is optimized for mice of this background 

stain, so back-crossing this line into a pure C57/bl6 background could lead to higher total levels 

of scarring in control mice and enable us to see stronger differences between the different 

receptor knockouts.  

 An additional pathway that we hypothesize is involved in CNS scar formation is the 

TGFβ pathway, which has shown to be critical for fibrosis in tissues such as the lung and kidney 

(Biernacka et al., 2011; Meng et al., 2016; Meng et al., 2015). Previous studies have shown that 

CNS fibroblasts express TGFβ receptors following traumatic brain injury, and that inhibiting 

TGFβ signaling following brain injuries in rodents reduced fibrotic scarring and promoted 

neuronal regeneration (Komuta et al., 2010; Logan et al., 1994; Yoshioka et al., 2011). We have 

an ongoing collaboration with Tom Arnold at UCSF to investigate the role of this pathway in 

CNS fibrosis, which will illuminate whether this pathway also contributes to CNS fibrotic 
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scarring. It is possible that the combination of TGFβ, IFNGR and PDGFR signaling are required 

for a robust fibrotic response, and further studies knocking out these pathways from fibroblasts 

in combination are recommended to understand the complete profile of fibroblast activation and 

fibrosis.  
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FIGURES 

 

 
 

Figure 3.1: Wnt5a is highly expressed by CNS fibroblasts but does not contribute to CNS 

scar formation. a. mRNA levels in counts per million (CPM) of Wnt pathway genes from the 

sequencing of whole spinal cord tissue (Whole SC) and CNS Fibro Health, CNS Fibro EAE D5 

and CNS Fibro EAE D10. b. EAE score for the control and Wnt5a Col1 KO mice up to 30 days 

post EAE induction. c. Quantification of the percentage of the area of immune infiltration 

(denoted by CD11b) that is Col1+, n= 4 per condition.  
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Figure 3.2: Autotaxin is highly expressed by CNS fibroblasts but does not contribute to 

CNS scar formation. a. mRNA levels in counts per million (CPM) of LPA signaling pathway 

genes from the sequencing of whole spinal cord tissue (Whole SC) and CNS Fibro Health, CNS 

Fibro EAE D5 and CNS Fibro EAE D10. b. EAE score for the control and Atx Col1 KO mice up 

to 30 days post EAE induction. c. Quantification of the percentage of the area of immune 

infiltration (denoted by CD11b) that is Col1+, n=4 or 6 per condition.  
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Figure 3.3: PDGFRβ signaling plays a role in CNS fibroblast development. a. Spinal cord 

sections from mice with chronic EAE were stained for Col1 (green) and PDGFRβ (red, top) or 

PDGFRα (red, bottom). Col1a1-GFP+ cells express both PDGFRα and PDGFRβ. b. Brain tissue 

sections of embryonic PDGFRβ null mutants, heterozygotes and wild type mice were stained for 

Col1 and the percent vascular length that was Col1+ was measured. n=3-4 per condition, 

*p<0.05. c,d. Brains tissue sections from adult PDGFRβ f7/null and PDGFRβ f7/+ mice were 

stained for the fibroblast marker ER-TR7 (c) and the percent vascular length positive was 

measured in the cortex and striatum (d). n=3-4 per condition,  **p<0.01.  
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Figure 3.4: PDGFRβ signaling enhances CNS fibroblast migration in vitro but not collagen 

production in vivo. a. Cell proliferation, Col1a1-GFP reporter expression per cell and migration 

assays were performed in media with either a PDGFR inhibitor (AG1296), a recombinant PDGF-

BB ligand or vehicle. The PDGFR inhibitor decreased the migration, but not proliferation or 

Col1 expression of CNS fibroblasts, and PDGF-BB increased migration, but not proliferation or 

Col1 expression. n=3 per condition, *p<0.05, **p<0.001. b. Quantification of the percentage of 

the area of immune infiltration (denoted by CD11b) that is Col1+ for mice with fibroblast-

specific knockouts of the different PDGFR receptor combinations, n=3-10 per condition. 

 

 

 

 

 

 

 

 

 

 

 



89 

 

MATERIALS AND METHODS 

RNA sequencing  

 RNA sequencing plots were generated from the RNA sequencing dataset described in 

Chapter 2. 

Mice and EAE 

 EAE was induced through 2 subcutaneous injections of myelin oligodendrocyte 

glycoprotein (MOG) in Freud’s adjuvant and an IP injection of pertussis toxin (PTX) (Hooke 

Laboratories EK-2110). 24 hours after the initial injections a second IP injection of PTX was 

administered. 120-160 ng PTX was used for each dose based on manufacturer’s instructions for 

the PTX lot. Mice were scored in the manner described in Chapter 2 (see page --- for details) 

Mice strains used include: Wnt5a f/f (Jackson Labs 026626), Autotaxin f/f from Wouter 

Meelenaar through Jason Cyster, Col1a2CreERT (Jackson Labs 029567), PDGFRaf/fbf/f mice 

obtained from Philip Soriano, and PDGFRBnull/F7 from Philippe Soriano.  

Histological Analysis and Staining 

 Mice were anesthetized through an intraperitoneal injection of a ketamine/xylene cocktail 

and then perfused transcardially with D-PBS followed by 4% paraformaldehyde (Electron 

Microscopy Sciences 15714-S) using a Dynamax peristaltic pump. Spinal cords were dissected 

and placed in 30% sucrose until frozen in 1:2 30% sucrose:OCT and sectioned into 10 uM slices. 

Sections were blocked with 5% Normal Goat Serum and permeabilized in 0.2% Triton X-100 in 

D-PBS followed by an overnight incubation at 4ºC with the following primary antibodies in 

antibody buffer (NaCl 150 mM, Tris Base 50 mM, 1% BSA, L-Lysine 100 mM, 0.02% Sodium 

azide in water).  Primary antibodies used were: Col1 abcam ab21286 1:750, CD11b Bio-Rad 

MCA711 1:1000, PDGFRb eBioscience 14-1402-82 clone APB5 1:500, PDGFRa BD 
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Biosciences 558774 clone APA5 1:500, ER-TR7 Novus NB100-64932 1:1000, Actin, α-smooth 

muscle Sigma A5228. Slides were then washed with D-PBS and incubated at room temperature 

for 1.5 hours with the following secondary antibodies, all 1:1000 in D-PBS: Goat-anti-Rabbit-

Alexa 488 (ThermoFisher A11034), Goat-anti-Rat-Alexa 594 (ThermoFisher A11007), Goat-

anti-Mouse-Alexa 594 (ThermoFisher A11005). Following secondary incubation slides were 

washed and DAPI Fluoromount-G (SouthernBiotech, 0100-20) was added. Images were taken 

with an Axio Imager D2 (Carl Zeiss) and digital camera (Axiocam HRm, Carl Zeiss) using the 

AxioVision software and contrasted using Adobe Photoshop.  

PDGFRβ developmental experiments  

 Pregnant mothers from PDGFRβ+/-; PDGFRβ+/- matings were monitored for plug 

formation and sacrificed when the pups were p16.5. Brains were dissected and placed straight 

into 4% PFA for 4-5 hours after which they were washed, incubated in 30% sucrose, and then 

frozen in blocks containing 1:2 30% sucrose:OCT. Brain tissue sections of embryonic PDGFRβ 

null mutants, heterozygotes and wild type mice were stained for Col1 and the percent vascular 

length that was Col1+ was measured using Image J. To study how PDGFRβ levels in adulthood 

affect perivascular fibrotic protein levels, brain tissue sections from adult PDGFRβ f7/- and 

PDGFRβ f7/+ mice were stained for the fibroblast marker ER-TR7 and the vascular smooth 

muscle marker α smooth muscle actin (as a proxy for large blood vessels) and the percent 

vascular length positive for ER-TR7 was measured in the cortex and striatum using Image J. 

PDGFR in vitro experiments  

 The brain meninges from p2-3 Col1a1GFP mice were dissected and digested with papain 

for 1 hour at 37C. Following a light mechanical digestion and spin in an ovomucoid solution, the 

resulting pellet was resuspended in a DMEM-based culture media and plated on 96 well plates 
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with 10% fetal bovine serum for proliferation and collagen production studies and transwell 

inserts for migration studies. For the PDGF-BB migration experiments the upper chamber 

contained DMEM with 0% serum and the lower chamber contained this solution with 20 ng/uL 

recombinant PDGF-BB or vehicle alone (Sigma srp3229). For the AG1296 experiments the 

upper chamber contained DMEM with 0% serum and 10 uM AG1296 (abcam ab141170) or 

vehicle and the lower chamber contained DMEM with 10% serum. After 24 hours the cells on 

the top of the transwell were scraped, the cells on the bottom were fixed and the number of 

GFP+ cells on the bottom of the transwell were counted using a fluorescent microscope. To 

measure collagen production, GFP fluorescence of the cultures with 10% serum and the same 

concentrations of PDGF-BB, AG1296 or a vehicle was measured with a spectrophotometer as 

GFP is produced under the control of the collagen promoter. The number of cells was determined 

by adding 10 uL of the the alamarBlue proliferation reagent (ThermoFisher DAL1025) to each 

well, incubating the cells for 3 hours and then measuring the fluorescence with an excitation 

wavelength of 540 nm and emission wavelength of 590 nm. 
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CHAPTER FOUR: 

 

Generation and characterization of a model of preretinal fibrotic scarring 
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INTRODUCTION  
 

 Fibrosis, or the pathological deposition of extracellular matrix proteins, occurs as a 

consequence of many common ischemic retinal vasculopathies, including retinopathy of 

prematurity (ROP) and end-stage proliferative diabetic retinopathy (Friedlander, 2007).  Ischemic 

retinal diseases are characterized by areas of non-perfused retina, leading to aberrant 

neovascularization and blood vessels that lack the properties of the blood-retinal barrier (Sapieha 

et al., 2010).  Neovascularization occurs on the retinal surface and grows into and along the 

posterior vitreous cortex (Campochiaro, 2013).  These vessels are friable, often resulting in 

vitreous hemorrhage, and form pre-retinal fibrotic membranes mainly composed of fibrillar 

collagens (Snead et al., 2008). The fibrovascular membranes have contractile properties, resulting 

in traction on the underlying retina, which can ultimately result in retinal detachment and blindness 

(Snead et al., 2008). Although fibrosis is a common cause of visual morbidity, intervention is 

limited to invasive surgery (El Rayes et al., 2008; Gilbert et al., 1996; Gupta et al., 2012; Meleth 

and Carvounis, 2014; Mintz-Hittner et al., 1997; Newman, 2010; Repka et al., 2011; Storey et al., 

2018; Trese and Droste, 1998). Identifying therapeutic targets to limit pre-retinal fibrosis would 

be of enormous clinical value and potentially reduce vision loss in many retinal diseases. 

 The cell type responsible for retinal scar tissue formation is unclear.  Some evidence 

suggests that retinal fibrotic scars originate from retinal pigment epithelial (RPE) cells, which 

adopt macrophage-like or fibroblast-like functions in response to retinal disease; these cells then 

migrate to the site of injury and form a scar by producing collagen (Hiscott et al., 1999; Machemer 

et al., 1978). Although this may contribute to the scarring of proliferative vitreoretinopathy 

following rhegmatogenous retinal detachment, it is unclear how RPE cells would migrate through 

the intact retina in the absence of retinal breaks, as is the case in most ischemic retinal diseases. 
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Other studies suggest that Müller glia cells are activated as a consequence of neovascularization; 

upon activation, glial cells are thought to proliferate and extend processes to aid in the development 

of proliferative blood vessels (Friedlander, 2007). These processes are thought to consequently 

extend to the vitreous where the glial cells produce a scar (referred to as gliosis and a gliotic scar), 

causing traction and retinal detachment (Friedlander, 2007). In cases of brain and spinal cord 

injury, a scar of two parts forms in the injury site: an inner fibrotic scar characterized by the 

deposition of extracellular matrix, and an outer glial scar made of reactive astrocytes (Kawano et 

al., 2012; O’Shea et al., 2017). This fibrotic layer is paramount as it prevents blood, debris, and 

toxins from entering the CNS parenchyma, however, it also prevents proper repair since axons 

cannot grow past the deposited ECM proteins (Fernández-Klett and Priller, 2014b),(Sofroniew, 

2009b). It is possible that similar distinct scar layers form in the retina, and that Müller glia are 

responsible for glial scarring while another cell type forms the fibrotic scar. In these cases of brain 

and spinal cord injury, pericytes have been shown to upregulate collagen following injury and 

form the fibrotic scar (Dias et al., 2018; Göritz et al., 2011). However, resident CNS fibroblasts 

associated with the meninges and large vessels were found in a single-cell sequencing study of the 

CNS vasculature, and have also been suggested to contribute to fibrotic scar formation (Soderblom 

et al., 2013; Vanlandewijck et al., 2018). It is unclear whether resident fibroblasts are found in the 

retina. In an original single-cell sequencing study of the retina, fibroblasts were picked up in a 

couple of samples, but were described as contamination (Macosko et al., 2015).  

 In order to study pre-retinal fibrosis, a reproducible disease model in mice that reliably 

produces scarring is needed. One common model of ischemic vasculopathy, including ROP, is 

oxygen-induced Retinopathy (OIR) in rodents (Smith et al., 1994). To mimic the high oxygen 

environment given to premature babies, neonatal mice are exposed to 75% oxygen in an enclosed 
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chamber from postnatal day 7 (P7) until P12, when they are returned to room air (21% oxygen).  

The hyperoxia results in vaso-obliteration that recapitulates avascular retina in ischemic retinal 

vasculopathies. Once returned to room air, these avascular areas experience relative hypoxia which 

leads to pathological neovascularization.  However, in OIR the neovascularization regresses and a 

functional capillary bed forms in the areas of vaso-obliteration. Hence, this traditional mouse 

model of OIR does not result in the clinically-severe pathological pre-retinal fibrotic scarring that 

occurs in humans (Gupta et al., 2012; Lajko et al., 2016b; Selvam et al., 2018; Trese and Droste, 

1998).  It is well known that earlier pre-term birth and longer duration of oxygen supplemented 

are risk factors for progressive ROP (Aiello et al., 1995; Cayabyab et al., 2016; Hellström et al., 

2009; Lajko et al., 2016b; Selvam et al., 2018). Therefore, we hypothesized that in mice exposed 

to hypoxia earlier and longer than in the standard mouse model of OIR, the phenotype may be 

more severe and result in persistent neovascularization, and subsequent pre-retinal fibrosis. 

 Here, we designed specific exposure conditions to reliably reproduce fibrotic scars in the 

retina based on the OIR model, which we refer to as long OIR, or l-OIR.  Using this model, we 

performed single-cell sequencing of the scar forming cells to implicate that that pericytes are the 

main scar-forming cells in a model of ischemic retinal disease.  

 

RESULTS 

Col1a1GFP expression drops throughout development in healthy mouse retinas  

 To determine the extent of collagen expression in the retina throughout development we 

collected fixed retinas from Col1a1GFP mice at various postnatal time points and characterized 

GFP expression. GFP expression increased until P7, then declined precipitously in non-disease 

retinas (Fig 1). GFP expression also became concentrated in specific layers over time, such as the 
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inner nuclear layer (INL) and nerve fiber layer (NFL), suggesting cells in these layers have the 

highest potential for fibrotic scar formation. By P14, GFP expression in the retina was limited to 

the INL and NFL and decreased in intensity as the mice age. 

l-OIR mice display robust neovascularization at P30  

 To investigate the effect of l-OIR on vascular development in the mouse retina, we 

performed l-OIR on Col1a1GFP+ mice and compared their vascular pathology to Cola1GFP+ 

mice with traditional OIR and Col1a1GFP+ mice in a normoxic environment. For l-OIR 

experiments mice were placed in 75% oxygen from p2 to p16 to mimic the conditions of a pre-

term birth (Fig 2A). In both P25 OIR and normoxic P25 and P30 control retinas, deep, intermediate 

and superficial blood vessels spanned full retinal area. As expected, P25 OIR retinas did not 

contain areas of vasoobliteration or neovascularization (Connor et al., 2009; Lajko et al., 2016a; 

Selvam et al., 2018; Smith et al., 1994). In P30 l-OIR retinas, however, abundant neovascular buds 

continued to persist at P30 and the vascular layers were disrupted (Fig 2B,C). Together, these 

observations indicate that the l-OIR model causes more severe pathology that is sustained at later 

developmental time points than OIR in mouse retinas. 

Scar production and increased Col1a1GFP expression are present in l-OIR mouse retinas 

 To determine if the l-OIR model leads to pre-retinal fibrotic scarring, we analyzed both 

whole retina eyecups and sections for the presence of collagen protein and Col1a1GFP+ cells. In 

retinal eyecups from l-OIR mice, an extensive collagen-positive fibrotic plaque spanned the 

majority of the retinal surface (Fig 3C). In retinal tissue sections from l-OIR mice, we saw collagen 

1 deposition in the NFL surrounding Col1a1GFP+ cells that were absent in the control mice (Fig 

3B).  GFP expression significantly increased in both the NFL and the INL in l-OIR retina sections 
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relative to age matched normoxic controls (Figure 3D), demonstrating induction of collagen 1 

protein production and fibrotic scarring in response to l-OIR.   

Pericyte, Fibroblast and Müller glia markers colocalize with GFP+ cells in l-OIR retinas 

 To determine the identity of the Col1a1GFP+ cells in l-OIR, we immunostained control 

and l-OIR retina tissue sections for  markers of pericytes (NG2), fibroblasts and pericytes 

(PDGFRβ), Müller glia (SOX9), and retinal pigment epithelium (Stra6), as past studies suggest 

both retinal pigment epithelial cells and Müller glia produce scar tissue in the retina(Friedlander, 

2007; Hiscott et al., 1999; Machemer et al., 1978), and that pericytes and/or fibroblasts play roles 

in fibrosis in other CNS locations (Dias et al., 2018; Göritz et al., 2011; Soderblom et al., 2013).  

The majority of inner nuclear layer Col1a1GFP+ cells colocalized with the Müller glia marker 

Sox9, and the majority of NFL Col1a1GFP+ cells colocalized with the pericyte and fibroblast 

marker PDGFRβ and to a lesser extent the pericyte marker NG2 (Fig 4).  Hence, the collage 1 

fibrotic tissue deposition at the NFL may originate from fibroblast or pericytes. 

Single-cell sequencing of the retina in health and l-OIR reveals collagen-expressing cells 

express pericyte marker genes  

 To further characterize the identity of the cell types expressing collagen in l-OIR, we 

performed single-cell sequencing on Col1a1GFP+ cells from healthy and l-OIR retinas and 

analyzed all clusters exhibiting collagen I expression. The healthy and l-OIR retinas displayed 

significant overlap (Figure 5A). Comparison to other transcriptomic databases of the retina and 

CNS vasculature were used to define the likely cell type of each of the clusters, revealing the 

presence of pericytes, various neuron populations, and Müller glia (Macosko et al., 2015; Roesch 

et al., 2008; Vanlandewijck et al., 2018) (Figure 5B-H, S1). Interestingly, we did not observe 

perivascular fibroblasts present in the retina in health or following l-OIR.  In general, the Müller 
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glia clusters decreased in proportion of total cells from control to l-OIR while the neuron and 

pericyte clusters increased in total proportion (Figure 6A). Collagen expression was restricted 

mainly to the cells in cluster i, the cluster expressing mainly pericyte and some smooth muscle 

markers. Further analysis of this cluster identified distinct regions corresponding to pericytes and 

smooth muscle cells. Col1a1 expression was restricted to pericytes while Col1a2 expression was 

found in both cell types but higher in proportion in pericytes (Figure S2). Sporadic collagen 

expression was found throughout the Müller glia and neuronal cell clusters, indicating that while 

the cells had enough reporter expression to be sorted by FACS, collagen I mRNA was expressed 

at very low levels (Figure 5C, S1). This suggests that the cells actively secreting extracellular 

matrix proteins have a transcriptomic profile of pericytes.  

 

DISCUSSION 

 We developed the l-OIR model to generate a more severe model of ROP than traditional 

OIR that mimics earlier term pregnancies and the severe, chronic pathology of the disease. We 

chose to expose mice pups to high oxygen levels at P2 both to model a premature birth and because 

our data showed that during the first 6 weeks of development, the overall area of the retina that is 

Col1a1GFP+ decreases. This decrease in retinal collagen expression may indicate that younger 

pups are more vulnerable to robust scarring, consistent with clinical experience in humans 

(Hellström et al., 1991). This would be in contrast to many peripheral tissues where the likelihood 

of fibrotic scarring increases with age (Murtha et al., 2019).    

 l-OIR retinas exhibit extensive and persistent neovascular budding, followed by the 

presence of a plaque-like scar on the surface of the retina at postnatal day 30. Therefore, the l-OIR 

model more closely resembles the phenotype of ischemic retinal diseases in humans, such as 
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advanced ROP and DR, and could be used to evaluate therapeutic targets to reduce retinal fibrotic 

scarring. The exact time point during l-OIR where fibrotic scarring begins, and whether or not the 

fibrotic scarring persists past P30 remain unknown.  

 Potential candidates for the origin of the pre-retinal fibrotic scar include fibroblasts, 

pericytes, Müller glia and RPE cells.  Here, we analyzed l-OIR tissue for overlap of Col1a1GFP+ 

cells with markers specific to these cell types. Interestingly, we saw colocalization of different 

cell-specific markers in different retinal layers. In the NFL, where we see the most collagen protein 

expression, we mainly see colocalization of the Col1a1GFP with PDGFRβ and to a lesser extent 

NG2, both pericyte markers, suggesting that pericytes could be responsible for scar production in 

the retina. Because fibroblasts also express PDGFRβ, they may also be contributing to scar 

formation.  

 In the INL, however, we mainly see colocalization of the Müller glia marker Sox9 with the 

Col1a1GFP reporter, suggesting that Müller glia cell bodies express collagen 1. Previous studies 

imply that Müller cells play a role in scar formation in the retina, commonly referred to as gliosis 

(Bringmann et al., 2009; Bringmann et al., 2006). These studies suggest that Müller glia undergo 

hypertrophic growth in disease and extend their glial processes on the surface of the retina. In the 

brain and spinal cord fibrosis and gliosis are two separate processes, with an inner fibrotic scar in 

the injury core surrounded by a glial scar made up of reactive astrocytes (Kawano et al., 2012; 

O’Shea et al., 2017). Müller glia may extend processes to the surface of the retina to form a glial 

scar in l-OIR, and these processes could also secrete collagen proteins to contribute to the fibrotic 

scar.  

 Single-cell sequencing of Col1a1GFP+ cells from healthy and l-OIR retinas revealed that 

cells that highly express collagen genes also express pericyte-specific markers. The pericyte cluster 
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also increased in proportion from health to l-OIR, which could suggest either pericyte proliferation 

or collagen reporter upregulation following hyperoxia. Müller glia and neuronal-like cells were 

FACS sorted as GFP+ but did not express many detectable copies of the Col1a1 or Col1a2 genes, 

suggesting they express collagen at low enough levels to turn on the reporter, but likely not levels 

that significantly contribute to scarring. While Müller glia could be playing a small role in fibrotic, 

and more likely glial, scar formation, our data suggests that pericytes are the major drivers of pre-

retinal fibrosis. It remains possible that another cell population has trans-differentiated following 

l-OIR into pericyte-like cells. Future genetic lineage tracing studies could confirm the pericyte 

origin of retinal scar tissue. 

 We were surprised that our dataset did not contain perivascular fibroblasts, as these cells 

have been implicated in fibrotic scar formation in the brain and spinal cord (Kelly et al., 2016; 

Soderblom et al., 2013). It is possible that modeling fibrotic scarring in the mouse retina has 

traditionally been difficult due to the lack of these cells, and that perivascular fibroblasts are found 

in the retinas of species more prone to scarring, such as humans. This could be tested through a 

single-cell sequencing study of human postmortem retinas. 
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FIGURES 

 

 
 

Figure 4.1: Collagen1a1-GFP expression in the retina throughout development. A. 

Col1a1GFP+ mouse retinas were sectioned into 10µm slices, stained for DAPI and imaged for 

DAPI and GFP fluorescence at a fixed exposure time. B. GFP expression per total retina section 

was quantified and increases from P3 to P7, then decreases with time. Scale bar is 100µm. Error 

bars represent SEM. n = 3-4 per time point. 
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Figure 4.2: Vascular pathology in l-OIR retinas.  A. Protocol for OIR and l-OIR. The standard 

tissue collection points for s-OIR and the tissue collection point used here for l-OIR are labeled in 

red. The stages of retinal pathology for s-OIR are boxed below the s-OIR timeline and the 

hypothesized stages of pathology for l-OIR are labeled below the l-OIR timeline. B. s-OIR, l-OIR 

and control retina sections from Col1a1GFP mice (top) or flatmounted retinas (bottom) were 

stained for CD31 to demonstrate the formation of neovascular buds in l-OIR but not control retinas, 

quantified per leaflet in (C). Error bars signify SEM, scale bar is 100µm. n = 3-4 per time point. 
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Figure 4.3: Collagen scar pathology in l-OIR retinas. A. Fixed and dissected Col1a1GFP+ 

retinas were imaged under a dissecting microscope to visualize GFP+ cells. B. Control and l-OIR 

retina sections from Col1a1GFP+ mice were stained for collagen in red, and the percentage of the 

collagen scar relative to the retinal area is quantified in (C), n = 12 control and 15 l-OIR. D. l-OIR 

and control retinas were sectioned and quantified for GFP+ cells in the INL and NFL, n = 3-5 per 

condition. Error bars signify SEM, scale bars are 100µm.  



104 

 

 
Figure 4.4: Colocalization of cellular markers with Col1a1GFP+ cells in l-OIR retinal 

sections. A. Control and l-OIR retinal sections from Col1a1GFP mice were stained for a pericyte 

marker (NG2), a fibroblast and pericyte marker (PDGFRβ), a Müller glia marker (SOX9), and a 

retinal pigment epithelium marker (Stra6) in red with the GFP reporter in green. In the top 2 rows 

the NFL is marked by blue arrows and the INL with white arrows. B. Quantification of 

colocalization in the images from (A), we see the majority of GFP positive cells in the INL are 

SOX9 positive, however, the majority of NFL GFP positive cells colocalize with PDGFRβ or 

NG2. Error bars signify SEM, scale bar is 100µm, n = 3-9 per condition.  
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Figure 4.5: Single-cell sequencing of Col1a1GFP+ cells from control and l-OIR retinas 

suggests that pericytes are the scar-forming cells. A. UMAP plot of Col1a1GFP+ cells sorted 

from control and l-OIR retinas showing overlap of the 2 samples. B. UMAP plot of the cells 

colored by the different cluster and labeled with the cell type identity of each cluster. C-E. 

Feature plots of the expression levels of collagen I genes (C), pericyte-specific genes (D), 

fibroblast-specific genes (E), smooth muscle-specific genes (F), Müller glia-specific genes (G), 

and retinal neuronal-specific genes (H).  
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Figure 4.6: Single-cell sequencing cluster analysis. A. Table of the number of cells per cluster, 

the percentage of the total number of cells for health and l-OIR that corresponds to each cluster, 

and the identity of each cluster (MG = Müller glia). B. Heat map depicting the top 10 

differentially expressed genes per cluster.  
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Figure 4.S1: Cell-specific marker expression in the single-cell sequencing dataset. Violin 

plots of the expression levels and probability densities of collagen I genes (A) and genes specific 

for pericytes (Cspg4, Kcnj8), Müller glia (Sox9), vSMCs (Myh11, Lmod1, Acta2) and fibroblasts 

(Dcn, Aebp1) (B). 
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Figure 4.S2: Detailed analysis of cluster i. A. UMAP plot of the re-clustering of original cluster 

i. B. Feature plots depicting the expression levels of collagen I genes and genes specific for 

pericytes (Kcnj8, Abcc9), vSMCs (Acta2, Myh11), and fibroblasts (Dcn) throughout cluster i.  
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MATERIALS AND METHODS 
  

Animals 

 Col1a1GFP+ mice were obtained from David Brenner and maintained in the UCSD BSB 

animal facility. These mice have a C57/Bl6 background and express GFP under control of the 

collagen promoter.  

Reagents 

 1xDPBS used in the following experiments is Ca2+ and Mg 2+- free (Thermo Fisher 

Scientific, Waltham, MA, USA), unless specified otherwise. 

 4% PFA for tissue fixation was prepared from 32% PFA (Electron Microscopy Sciences, 

Hatfield, PA, USA) diluted in DPBS and kept at 4°C for maximum one week. Used PFA was 

disposed of in accordance to the Environment Health and Services (EH&S) guidelines. 

 Permeabilizing-blocking solution (Perm-Block) was prepared by dissolving 0.2% of 

bovine serum albumin powder (BSA – Sigma-Aldrich, St Louis, MO, USA), 0.3% of Triton X-

100 (Thermo Fisher Scientific, Waltham, MA, USA) and 5% of normal goat serum (NGS) (Life 

Technologies, Carlsbad, CA, USA) in DPBS. 

 Ketamine-Xylazine anesthesia solution was prepared by combining Ketamine 

(MWI/Vetone, Boise, ID, USAbrand) and Xylazine (MWI/Vetone, Boise, ID, USA) to a final 

concentration of 4mg/mL Ketamine and 0.6mg/mL Xylazine in sterile clinical-grade saline 

solution (MWI/Vetone, Boise, ID, USA). 

 30% Sucrose solution was prepared by dissolving sucrose (Sigma Aldrich, St. Louis, MO, 

USA) in 1xPBS. 

Mouse model of Oxygen Induced Retinopathy (OIR) 
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 The mouse OIR model was performed as described (Smith et al., 1994). Briefly, pups and 

their nursing mothers were placed in a sealed 75% oxygen chamber (Biospherix, Parish, NY, USA) 

at postnatal day 7 (P7) and monitored daily. The mice were removed from the chamber at postnatal 

day 12 (P12) and placed in room air until tissue was collected.  

 Mouse model of Long Oxygen Induced Retinopathy (l-OIR) 

 Pups and their nursing mothers were placed in a sealed 75% oxygen chamber (Biospherix, 

Parish, NY, USA) at postnatal day 2 (P2) and monitored daily. Every two days, the nursing mother 

mouse would be switched with a normoxic nursing mother mouse to minimize oxygen toxicity. 

The mice were removed from the chamber at postnatal day 16 (P16) and placed in room air until 

tissue was collected. 

Perfusion 

 Pups were anesthetized with 1 ml of Ketamine-Xylazine (4mg/mL Ketamine and 

0.6mg/mL Xylazine) 10 minutes before perfusion. The thoracic cavity of the mice was opened and 

the right atrium was clipped.  The animals were then perfused through the left ventricle of the heart 

with sterile DPBS for 2 minutes, at a speed of 4.5 ml/min, using the Dynamax RP-1 peristaltic 

pump (Mettler Toledo-Rainin, Oakland, CA), followed by perfusion with 4% PFA for 8 minutes 

at the same speed.  Finally, the mice were washed with DPBS for 1 minute.  The globes were then 

enucleated and post-fixed for 10 minutes in 4% PFA.  One globe from each mouse was placed in 

DPBS for retina dissection, and the other globe was placed in a 30% sucrose solution for 

sectioning. 

 Fluorescent dyes and Antibodies 

 The following fluorescent dyes and antibodies were used for immunostaining: Col1 abcam 

ab21286, CD31 BD Biosciences 553370, PDGFRb eBioscience 14-1402-82 clone APB5, Sox9 
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R&D Systems AF3075, NG2 EMD Millipore MAB5384, Stra6 Abgent AP9433b, Goat-anti-

Rabbit-Alexa 594 ThermoFisher R37117, Goat-anti-Rat-Alexa 594 ThermoFisher A11007, 

Donkey-anti-Goat-Alexa 594 ThermoFisher A11058. All antibodies were used at a dilution of 

1:500. 

 Retinal flat mounts and immunostaining 

 Following fixation, globes were rinsed once in DPBS. The whole retina was dissected in a 

35x10mm petri dish (Becton Dickinson Labware, Franklin Lakes, NJ, USA) filled with DPBS 

under a dissecting microscope using two #5 forceps (FST by Dumont, Switzerland) and a 27G 

needle (BD Biosciences, San Jose, CA, USA).  To generate flatmounts, four short radial incisions 

were made using Vannas Spring Scissors (Fine Science Tools, Inc., Foster City, CA, USA).  Once 

opened, one retina was placed per well in a 24-well plate (Corning, Corning, NY, USA) wrapped 

in an aluminum foil to prevent fluorescence decay, and blocked for 1 hour in Perm-Block 

(200μl/well) at room temperature on an orbital shaker.  Next, the retinas were placed in 200μl/well 

of fresh DPBS with primary antibodies added at 4°C on a shaker overnight.  The retinas were then 

washed 4 x 10 minutes, and placed in 200μl/well of DPBS with secondary antibodies at 4°C 

overnight.  After the secondary antibody staining, retinas were washed 4 x 15 minutes and laid flat 

on a 25x75x1mm microscopy slide (VWR, Randor, PA, USA), with the inner side of the retina 

facing up. Retinas were mounted using the Vectashield mounting medium with DAPI (Vector 

Laboratories Inc., Burlingame, CA, USA), and covered with a thin glass coverslip (VWR, Randor, 

PA, USA). The slides were dried for 10 minutes in the dark, then sealed using nail polish (Electron 

Microscopy Sciences, Hatfield, PA, USA), and imaged using a Zeiss Imager D2 fluorescence 

microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with the AxioVision software (Carl 

Zeiss AG, Oberkochen, Germany). 
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 Retinal Sectioning and immunostaining 

 Whole globes from the 30% sucrose solution were frozen in Optimal Cutting Temperature 

(OCT) Compound (Sakura Finetek USA, Inc., Torrance, CA, USA) and sectioned into 10μm 

sections using a croyostat. These sections were placed on a 25x75x1mm microscopy slide (VWR, 

Randor, PA, USA) for immunostaining. The sectioned retinas were circumscribed with an 

ImmEdge pen (Vector Laboratories, Inc. Burlingame, CA, USA) and were placed in Perm-Block 

for 30 minutes at room temperature, with the exception of slides stained with Sox9 which were 

blocked in a solution of 0.2% Triton-X 100, 10% Normal Donkely Serum in DPBS. Perm-Block 

was removed with a vacuum, and the retinas were placed in Perm-Block with primary antibodies 

overnight at 4℃. The next day, the Perm-Block with primary antibodies were removed with a 

vacuum and the retinas were washed three times for 10 minutes each was with 0.1% Triton-X 100 

in DPBS. The sections were then placed in 0.1% Triton-X 100 in DPBS with secondary antibodies 

added and left overnight to stain at 4℃. After the secondary antibody staining, retinas were rinsed 

four times for 15 minutes, twice with 0.1% Triton-X 100 in DPBS, then twice with just DPBS. 

Sections were mounted using the Vectashield mounting medium with DAPI (Vector Laboratories 

Inc., Burlingame, CA, USA), and covered with a thin glass coverslip (VWR, Randor, PA, USA). 

The slides were dried for 10 minutes in the dark, sealed using nail polish (Electron Microscopy 

Sciences, Hatfield, PA, USA) and imaged using a Zeiss Imager D2 fluorescence microscope (Carl 

Zeiss AG, Oberkochen, Germany) equipped with the AxioVision software (Carl Zeiss AG, 

Oberkochen, Germany). 

ImageStudioLite Analysis  

 Retinal sections for the development time course study were analyzed in ImageStudioLite 

by circumscribing the entire retinal tissue with the freehand drawing tool using DAPI as a guideline 
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and using a green color filter to analyze the GFP fluorescence intensity (images taken at the same 

exposure time were used for this analysis). The intensity was then normalized by the total area for 

each retina analyzed. 

ImageJ Analysis of l-OIR Tissue Sections 

 Retinal sections were analyzed in ImageJ for the l-OIR analyses. To determine the 

percentage of the retina that was affected by a collagen scar, the entire retina would be outlined 

using DAPI as a guideline. Collagen in the NFL was then outlined and the collagen+ area was 

divided by the area of the total retina. To determine the number of GFP+ cells per retinal layer, 

freehand selections were used to circumscribe the INL and NFL using DAPI to obtain the total 

area of these layers. The multipoint tool was used to count the number of GFP positive cells in 

each layer, which was then normalized to the area of that layer. The normalized counts were 

averaged in RStudio. A two-tailed T-test was performed comparing the significance between each 

layer analyzed. To determine the colocalization of the GFP marker with other cellular markers, 

images stained for these markers were uploaded into Image J and the total number of GFP+ cells 

in the INL and NFL were counted as described above. Then, the number of GFP+ cells in each 

layer positive for the different cellular markers was counted and divided by the total number of 

GFP+ cells in that layer.  

Tissue Dissociation and FACS Sorting 

 To obtain single cell suspensions of collagen-producing cells in the retina, retinas from p30 

Col1a1GFP normoxic mice, or mice exposed to l-OIR, were dissected, grossly chopped with a #10 

blade and enzymatically dissociated with papain (Worthington Cat no. LS003127, 100 uL per 

sample) containing DNase (125 U/ml, Worthington LS002007) for 1 hour in a cell culture 

incubator at 35°C. Following the incubation the samples were mechanically triturated in a solution 



114 

 

containing ovomucoid (2 mg/ml, Roche 109878) and DNase (125 U/ml). The samples were spun 

down and re-suspended in buffer containing DAPI, and live, Col1-expressing cells were FACS 

sorted into dPBS + 0.05% BSA based on GFP fluorescence using an ARIA II sorter at the Flow 

Cytometry Core at the VA Hospital in La Jolla, CA. Forward scatter and side scatter gating was 

used to limit the sorting to single live cells.  

Single-cell sequencing 

 Tissue was dissociated and FACS sorted as described above. 1 sample was collected of 

each of the p30 control and l-OIR group, each containing both retinas from 4 mice. Following 

FACS sorting, the single cell suspension was run through the 10X Genomics pipeline (v3) at the 

UCSD IGM Core and sequenced on an Illumnia HiSeq4000. The sequencing files were run 

through the 10X CellRanger 3.0.2 pipeline to align the data to a reference genome and generate 

counts files, and then analyzed using Seurat v3. Both samples were merged tougher and in all 

analyses a 200 non-zero genes cut-off was used. We next filtered out 3 clusters with no Col1a1 or 

Col1a2 expression and the remaining cells were analyzed using unbiased clustering where the 

resolution parameter of clustering was set to 0.5. The Wilcox method was used for differential 

expression analysis where the min.pct = 0.25 and logfc.threshold = 0.25. 

Statistics  

 The n values used for each experiment are described in the figure legends. T-tests were 

used for statistical analyses unless otherwise noted and all error bars presented are ± standard error 

of the mean.  

Data Availability  

 The single-cell sequencing raw data files have been uploaded to SRA and will be made 

public before the time of publication. Reviewer access codes can be provided if requested. 
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CHAPTER FIVE: 

 

Scientific discussion on the roles and functions of CNS fibrosis and fibroblasts 
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 While only found in small numbers in the CNS parenchyma, CNS fibroblasts have been 

shown to contribute in important ways to CNS development and disease pathology, progression 

and recovery. Their role in contributing to CNS fibrosis makes them important drug targets for 

neurological diseases and conditions.  

CNS fibroblasts form a fibrotic scar in response to neuroinflammation  

 We have shown that a robust fibrotic scar forms following neuroinflammation. In the 

EAE model of neuroinflammation we illustrated using lineage tracing studies that the fibrotic 

scar arises from the proliferation of CNS fibroblasts and not pericytes or bone marrow-derived 

cells, although the relative contribution of fibroblasts in the meninges and perivascular spaces 

remains unknown. This is an especially intriguing question in inflammation where there may not 

be physical damage to the pial/glial barrier, as opposed to physical injury, where meningeal 

barriers could be damaged and provide meningeal fibroblasts easy access to injury sites. This 

data is in contrast to studies that suggest that pericytes are responsible for CNS fibrotic scar 

formation, and has important implications for the treatment of CNS disorders with fibrotic 

scarring.  

 It is possible that different cell types form the fibrotic scar following different triggers, 

where different signaling mechanisms are upregulated in the perivascular spaces. We have 

shown here that fibroblasts are the predominant origin of the scar following neuroinflammation, 

but a different cell type such as pericytes, or combinations of fibroblasts and pericytes, could be 

activated to upregulate collagens following hypoxia or an injury. It is also a possibility that CNS 

fibroblasts form the fibrotic scar following all triggers in tissues where they are present. We 

hypothesize that this scenario is more likely as the Type A pericytes that have been identified as 

the scar-forming cells in spinal cord injury have never been identified by single-cell sequencing 
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studies, and may actually be CNS fibroblasts. They were identified as pericytes by the expression 

of PDGFRβ and their location in the perivascular space, but fibroblasts also share these 

characteristics. Either way, the lineage tracing experiments here should be repeated under cases 

of CNS injury and hypoxia. 

 We next demonstrated that reducing fibroblast proliferation and therefore scar formation 

in EAE using a fibroblast-specific expression of the herpes thymidine kinase led to a modest 

EAE motor symptom decrease and an increase in oligodendrocyte lineage cells in inflammatory, 

demyelinating lesions. We saw no overall changes in myelination as there were severe reductions 

in healthy axon numbers in our EAE model, but hypothesize that in a less severe inflammatory 

demyelinating model that the increase in oligodendrocyte availability in lesions caused by 

reducing scar formation would lead to higher levels of remyelination and even greater changes in 

disease recovery. Our method of reducing scar formation was not perfect, and many of the 

remaining collagen protein in our model was located around blood vessels. It is possible that this 

perivascular fibrosis is especially detrimental as it could hinder blood flow and deprive local 

neurons of necessary nutrients. The impact of perivascular fibrosis specifically should continue 

to be studied in vitro and in vivo, and methods for reducing perivascular fibrosis should be tested 

in a variety of CNS disease models.  

 Additionally, we showed that interferon gamma signaling contributes to CNS scar 

formation, although blocking this signaling in fibroblasts does not disrupt scar formation to an 

extent that leads to significant changes in EAE motor scores. To attempt to discover a 

mechanism that is required for CNS scar formation and impacts disease outcomes, we also tested 

the roles of numerous other signaling pathways in CNS fibrosis following EAE through 

fibroblast-specific knockouts of Wnt5a, Enpp2, PDGFRα and PDGFRβ. We found that none of 
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these additional pathways alone are required for scar formation following EAE. While PDGFRβ 

signaling is important for fibroblast development and migration, specifically deleting the 

PDGFRβ receptor from CNS fibroblasts did not impact overall fibrotic scar formation. Although 

we did not discover a potential therapeutic target to reduce fibrosis following inflammation, we 

believe that the advances we have made will be important to understand CNS fibrosis following 

other triggers such as physical injury, and that the RNA sequencing dataset we have generated 

will be useful in identifying other potential mechanisms of fibrosis.  

Fibrosis in the retina can be modeled through l-OIR and arises from pericytes 

 In the retina, fibrosis is a devastating component of many vascular retinopathies and yet 

almost nothing is known about its origin. It has been difficult to answer questions about the 

source and mechanisms of retinal scarring as the current mouse models of retinopathies do not 

exhibit fibrotic pathology. We showed that fibrotic scarring can be modeled in the mouse 

through an extended OIR procedure termed l-OIR. This model will advance the study of 

retinopathies by providing a framework to test for potential therapeutics that could reduce the 

harmful pathologies found in these diseases.  

 Early characterization of this model revealed that this scar is likely formed by cells of 

pericyte origin. This is intriguing as it differs from our discovery that CNS fibroblasts, and not 

pericytes, are the primary drivers of fibrosis in the spinal cord following EAE. Single-cell 

sequencing studies of the mouse retina in health and following l-OIR were devoid of fibroblasts 

completely, suggesting that the mouse retina, unlike the brain and spinal cord, may not contain 

CNS fibroblasts. We hypothesize that producing scarring in the mouse retina is so difficult 

because there are no CNS fibroblasts present, and pericytes are activated to form the scar 

although they have less potential to produce robust scarring. We further hypothesize that there 
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are fibroblasts in the human retina, where scarring is far more prevalent and severe. Single-cell 

sequencing studies in the human retina that target perivascular cell populations would reveal 

whether fibroblasts are present and to what extent.  

CNS fibroblast unanswered questions  

 Many unanswered questions remain about the functions of CNS fibroblasts in health and 

disease that will need to be answered to fully understand how they can be best targeted to 

promote disease recovery. First, it is unknown whether there are significant transcriptional and 

functional differences between fibroblasts in the meninges and perivascular spaces, and if 

fibroblasts in these different locations respond differently to disease. Techniques such as two-

photon microscopy can be utilized to further probe their location-specific responses. 

Additionally, other than structural support largely in the meninges, it is unknown how these cells 

contribute to the healthy, adult CNS.  

 We propose that CNS perivascular fibroblasts may play a role in sensing changes in their 

environment, specifically blood flow and tissue stiffness, via mechanotransduction. Fibroblasts 

are known to respond to mechanical stress through membrane receptors such as integrins and 

respond by remodeling local tissue through secretions of extracellular matrix proteins (Camelliti 

et al., 2005; Herum et al., 2017). Blood flow throughout the body is sensitive to environmental 

factors, and fibroblasts in the CNS could be responding to these changes over time by subtly 

remodeling their environments and signaling to nearby smooth muscle and endothelial cells. The 

exact responses and consequences of this fibroblast mechanical sensing should be confirmed as 

these cells sit in critical sites where they can monitor both the periphery and CNS. It is unknown 

whether CNS fibroblasts play a role in maintaining perivascular basement membrane tissue and 

stiffness over time, but it is possible due to their high expression of ECM proteins. 



121 

 

 While the role of CNS fibroblasts in fibrotic scar formation has been the most widely 

studied function of these cells in disease, there are still many open questions about this response 

such as whether there is fibrosis following neurodegenerative diseases and infections, the role of 

fibroblast proliferation and fibrosis in repair from stroke, and the full profile of signaling 

mechanisms that lead to scar formation. While PDGFR, TFGβ and IFNG signaling in fibroblasts 

have been shown to impact CNS fibrosis, the effect on manipulating these pathways was 

incomplete and other pathways and/or combinations of these pathways are likely contributing to 

scar formation.  

 It is also unknown whether CNS fibroblasts contribute to diseases in other ways than 

secreting fibrotic matrices and supporting reticular networks. In the periphery, fibroblasts have 

been shown to be key players in inflammatory signaling. They can attract immune cells to sites 

of injury by releasing chemokines such as monocyte chemoattractant protein 1, influence 

leukocyte transendothelial migration and promote immune survival through reductions in 

apoptosis (Van Linthout et al., 2014). The RNA sequencing data from CNS fibroblasts presented 

here illustrates that fibroblasts upregulate the expression of many cytokines in disease, and it has 

also been revealed that fibroblasts are a source of retinoic acid following stroke (Kelly et al., 

2016). These studies suggest that CNS fibroblasts could play important roles in recruiting and 

eliciting damage responses from other cells in injury sites. As current studies have shown that 

fibrotic scarring impedes axon regeneration, it will be interesting to learn whether other 

contributions of fibroblasts to CNS disease have only negative outcomes for recovery. Ways of 

preventing collagen expression in fibroblasts without influencing their proliferation or signaling 

could delineate other roles for these intriguing cells in disease. 
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 Finally, to appreciate how CNS fibroblasts impact human disease, further 

characterization of human tissue from different CNS pathologies is needed to understand how 

the responses of CNS fibroblasts compare between humans and mice. While fibroblasts in the 

human meninges have been well documented, less is known about the presence of perivascular 

fibroblasts associated with parenchymal vessels. It is well known that there is fibrotic scarring 

following human pathologies such as spinal cord injury, but unknown if fibroblasts contribute in 

different ways than we have presented here in the mouse.  
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