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”All the world’s a stage,  

And all the men and women merely players;  

They have their exits and their entrances 

And one man in his time plays many parts,  

His acts being seven ages” 

 

― Shakespeare  

As You Like It  

Act 2, scene 7, 139–143 

 

 



 

 

ABSTRACT 

In response to injury, tissues employ conserved reparative mechanisms to heal the damage 

and recover their function. The reparative success varies according to the organism, the tissue 

or organ, and the age of the specimen. The reparative response occurs through two separate 

but overlapping processes: wound healing and regeneration. The wound healing process 

involves a wide range of tissue resident cells and non-resident immune cells with duties to 

clean up the injury site and rebuild tissue integrity. The regeneration process is based on 

tissue-specific stem cell/progenitor cells and occurs lastly to reform  functional tissue. The 

adult mammalian central nervous system (CNS) regenerative potential is notoriously 

inefficient and leads to long lasting complications. The CNS displays both poor wound 

healing and low regenerative potential of new neurons, with the wound healing process 

leaving a persistant scar that impedes tissue function. Understanding scar formation and 

regenerative mechanisms will be imperative for future therapeutic success in many CNS 

pathologies.  

 

The adult mammalian brain displays limited neuro-regenerative potential after injury. In 

addition to neural stem cells, the abundant population of parenchymal astrocytes has appeared 

as an alternative source for new neurons. Although to a limited degree, parenchymal striatal 

astrocytes are capable of acquiring stem cell potential and generate new neurons in response 

to injury in mice, a process that is mediated by suppression of active Notch signaling.  

Accordingly, blocking Notch signaling in adult astrocytes in the intact mouse brain induces 

the generation of new striatal neurons that are able to mature and survive. In Paper I we 

explored which subtype of striatal neurons are generated upon genetic deletion of Notch 

signaling in astrocytes. In addition, we investigated whether astrocyte-derived neurons 

integrate and communicate with other neurons in the striatal neuronal network by 

electrophysiology. We found that the newly formed astrocyte-derived neurons matured and 

integrated into the striatum, both receiving and providing synaptic input. Rather than 

generating neuronal types nascent to the striatum, striatal astrocytes gave rise to excitatory 

glutamatergic neurons. The functional relevance of these astrocyte-derived neurons remains 

to be elucidated.  

 

Fibrosis is defined as the pathological process of chronic aberrant wound healing. It occurs 

when the tissue fails to regenerate properly as a poor consolatory process to restore tissue 

integrity. In the CNS, fibrotic scar tissue occurs readily and is composed of a conglomeration 

of fibroblasts, immune cells, and extracellular matrix molecules. We have previously shown 

that the stromal fibroblasts that make up the fibrotic scar upon penetrating spinal cord injury 

originate from a subtype of perivascular cells, named type A pericytes. In Paper II, we have 

extended on previous findings and showed that in a vast number of CNS lesions, including 

non-penetrating spinal cord injury, traumatic brain injuries, ischemic stroke, experimental 



 

 

autoimmune encephalomyelitis and brain tumors, scar-forming fibroblasts are also derived 

from type A pericytes. Interestingly, in humans, we found that perivascular cells with 

analogous marker profile to type A pericytes are present in proximity to the brain and spinal 

cord vasculature and similar fibrotic scarring is observed in human CNS pathologies 

corresponding to the mouse models.  

 

To improve outcomes after CNS injuries, it is important to understand which signals recruit 

type A pericyte-derived scar-forming cells. In Paper III (manuscript), we have discovered that 

myelin, a lipid rich membrane that surround the axons and is released as debris upon injury, 

can induce the co-recruitment of type A pericyte-derived fibroblasts and peripheral immune 

cells, and lead to chronic scar formation. We have shown that the myelin-specific proteins 

MAG, Nogo, and OMGp are sufficient by themselves to trigger fibrosis. Conversely, ablation 

of MAG, Nogo, and OMGp proteins decreases the lesion size by attenuating the recruitment 

of peripheral immune cells and type A pericyte-derived fibroblasts, after spinal cord injury. 

Taken together these results reveal myelin as a potent trigger of fibrotic scarring after CNS 

injury. 

 

The work presented in this thesis expands our current understanding of the reparative and 

regenerative mechanisms taking place in the CNS and may contribute to devise new 

therapeutic strategies to facilitate recovery following CNS injuries and disease. 
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1 INTRODUCTION TISSUE REPAIR AND REGENERATION 

Evolution created the remarkable ability for organisms to regenerate and replenish tissue, 

organs and in some extraordinary cases entire body parts as response to damage or disease. 

Regenerative capabilities extend from regeneration of the entire head of the organisms (ribbon 

worm, hydra), to amputated limbs (newt, salamander) and whole skin as exemplified by the 

astounding defensive capability of the African spiny mice (Acomys) to shed skin to escape 

predation (1–4). While many animals in the metazoan phyla exhibit extensive regenerative 

capacity throughout life, mammals’ and in particular humans' regenerative ability is limited 

and restricted to a few self-renewing tissues and to some extent wound healing responses after 

damage and disease (5).  

Tissue regeneration is generally necessary at two occasions in the organism’s adult life: to 

regenerate new tissue due to the physiological attrition by its use, e.g., the skin epidermis and 

gut lining, or in response to injury where lost tissue needs to be replaced to restore function. 

The regenerative process can therefore be parsed into i) physiological regeneration - the 

homeostatic replenishment process of tissue that occurs throughout the life of the organisms ii) 

and reparative regeneration - which occurs as a response to injury signals to replace lost tissue 

(5,6). The spectrum of physiological regenerative capacity in mammalian tissue, which also 

determines its regenerative reparative properties, is largely dependent on the potency of the 

underlying tissue stem cell or progenitor pool (7). It ranges from high active regeneration (skin 

and gut epithelia, hematopoietic cells), to intermediate (liver, pancreas), and to little or no 

regenerative capacity like the heart and central nervous system (CNS), comprising the retina, 

brain and spinal cord (5,8).  

In tissues with poor regenerative capacity damaged tissue fails to regenerate in response to 

injury or disease.  Instead, lost tissue is replaced with non-functional fibrotic scar tissue, mainly 

composed of fibroblasts, immune cells and extracellular matrix (ECM) deposits. Fibrotic tissue 

formation acts as a consolidation process to close up the wound and repair the tissue, facilitating 

the reestablishment of tissue integrity (9–11). Although generation of scar tissue is observed in 

successful wound healing, it functions as a temporary structure that resolves and is replaced by 

newly formed functional tissue derived from resident stem cells or committed progenitors 

(7,12). Tissues will employ a mixture of both regenerative repair and tissue fibrosis in their 

reparative processes depending on their underlying regenerative capacity. 

In adult mammals, tissue regeneration is to a varying degree mostly incomplete and damaged 

tissue is often replaced with scar tissue. CNS physiological and reparative regeneration are 

particularly low with limited generation of new neurons in response to damage or disease. 

Injury to the CNS leads almost exclusively to detrimental scar formation and fibrosis (8,9,11). 

Conversely, some vertebrates like zebrafish (Danio rerio) and urodele amphibians (newt, 

salamanders) show astonishingly efficient regeneration of the spinal cord after injury (13–16), 

which has been, in part, attributed to the absence of permanent fibrotic scar formation after 

injury (14,17,18). These observations highlight the obstructive nature of permanent fibrotic 
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scar formation. Furthermore, the related anuran amphibian, Xenopus Laevis, exhibits great 

scar-free CNS regeneration in its larvae stage, but loses it with age, coinciding with the 

emergence of detectable fibrotic scar formation after injury (19,20). In mammals (opossum, 

rat, mice) the CNS does briefly display potent regenerative capacity, however this declines 

sharply after the early postnatal stages with a timely acquired propensity for fibrotic scar 

formation after injury in the organisms (21–24). In the CNS of adult mammals a scar is readily 

formed and sustained chronically, acting as a barrier for tissue regeneration (9). Therefore, due 

to the presence of long lasting fibrotic scar tissue and low regenerative capacity, functional 

recovery in the adult mammalian CNS is limited to rewiring strategies to reconnect the spared 

interrupted parts of the CNS to partly reform previous functions in process of axon regrowth 

(axonogenesis) rather than neurogenesis (8,25,26). Indeed, axotomized neurons survive long 

after axotomy (27,28), and despite retaining some inherent growth potential, they fail to 

regrowth through the inhibitory CNS lesion environment (29–31). Most CNS axons attempting 

to regrow terminate on the fibrotic core of the CNS scar or surrounding glial scar (32–35). 

Among others, studies to promote recovery after CNS injury aim at removing inhibitory 

environmental factors associated with the CNS scar (32) and promote axonal regeneration by 

boosting the intrinsic growth potential of neurons (36,37). It is therefore imperative to 

understand the mechanisms governing tissue scarring to find new therapies aimed at reducing 

it, or new ways to improve the limited but latent regenerative potential in the CNS. 

Successful endogenous regenerative repair occurs via engagement of stem cell or progenitor 

pools for repair (7). It was long thought that the low regenerative capacity was due to the lack 

of stem cell pools in the CNS. Since then neural stem cells (NSCs) have been found in specific 

niches of the brain and spinal cord. In addition to homeostatic functions, they respond to injury 

by proliferation and migration to the lesion site. Although few new neurons can be found, they 

display a strong aptitude to give rise to other cell types outside the neurogenic niches such as 

astrocytes and oligodendrocytes, the supporting glial cells of the CNS (11,16,38). Alternative 

sources to form new neurons have been discovered, such as the resident and abundant 

astrocytes in the parenchyma of the brain. In response to injury astrocytes proliferate and many 

engage in a neurogenic program, giving rise to new local neurons (39–42). This is particularly 

interesting for future regenerative therapies as reactive astrocytes far outweigh the endogenous 

NSC pools in cell number. Additionally, reactive astrocytes localize around the injury site, 

making them an easily accessible potential source of new neurons in situ (39).  

To better understand and improve outcomes after CNS injury it is important to understand the 

mechanisms and steps of tissue repair, and the limited ensuing neuro-regeneration. Here I will 

describe two overlapping events, namely: (1) the wound healing response, which involves 

numerous resident and non-resident cells, with emphasis on scar formation and source of 

fibrotic scar tissue in the CNS; and (2) the endogenous neuro-regenerative attempts, with 

special focus on reactive parenchymal astrocytes as an alternative cellular source for new 

neurons.  
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In Paper I we follow up on previous work of Magnusson et al. (42), which showed that neurons 

can be robustly generated after blocking Notch signaling specifically in parenchymal 

astrocytes, and explore astrocyte-derived neuron specification and integration in the adult 

striatum. In Paper II we describe how fibrotic scarring is a conserved mechanism across several 

CNS injury models that vary in severity and etiology in mice and show that scar-forming 

fibroblasts derive from a subtype of perivascular cells named type A pericytes. In humans, 

perivascular cells with analogous marker profile to type A pericytes are found associated with 

the brain and spinal cord vasculature and similar fibrotic scarring responses are observed in 

human CNS pathologies corresponding to the mouse models. In Paper III (manuscript) we 

explore the mechanisms of fibrosis in the CNS and uncover that myelin, a lipid-rich membrane 

that insulates axons for improved signal conduction (43,44), is released after spinal cord injury 

and turns into a pathological trigger of fibrosis via inflammatory cells as the main mediators. 
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2 WOUND HEALING AND FIBROSIS 

Wound healing is a conserved dynamic mechanism that encompasses a coordinated complex 

interaction of cells and signaling molecules to reform and repair damaged tissue after various 

insults that precede the final step of regeneration. Depending on etiology, size, and type of 

tissue the wound healing mechanisms may differ across various conditions but many 

characteristic features are shared among them with the common aim of restoring the tissue to 

homeostatic conditions (45). Generally, all wound healing processes follow predictable and 

overlapping phases of i) cell death and hemostasis ii) cellular recruitment and proliferation iii) 

tissue remodeling and resolution (46). Briefly, these distinct but sequential cascading phases 

start immediately after the wound is created by early active or passive release of damage 

associated signaling molecules by damaged cells. These signals initiate the second phase, in 

which  waves of fibroblasts and immune cells are recruited and proliferate at the site of injury 

to engage in tissue debris clearance, tissue integrity restoration and repair. Lastly, in the third 

phase of tissue remodeling fibroblasts and immune cells are cleared out while lost tissue is 

replaced with the necessary extracellular components and tissue specific cells via recruitment 

of resident stem cells or committed progenitor cells (7,46), and tissue and organ functions are 

restored to homeostatic levels. If the wound healing mechanism fails, or the tissue is not capable 

of proper tissue regeneration, it can result in a chronic non-healing wound, which is a 

maladaptive but common process in tissues like the CNS (9). Categorically, when wound 

healing fails it enters a fourth phase of ‘chronic wound healing’ which describes wounds 

exhibiting a long lasting continuous non-resolving phenotype.  

Chronic wounds can be phenotypically distinguished by either a failure to close properly due 

to delayed or disturbed acute wound response consequentially forming an ulcer; or by 

pathological excessive hypertrophic responses of the wound-participating cells such as immune 

cells and fibroblasts leading to a long-lasting staggered remodeling phase. This results in a 

permanent structure of cells that together with dense ECM deposits form a scar that may act as 

a barrier for proper repair of the tissue (47). Several factors can incite a chronic wound healing 

phenotype such as the size of the primary insult, the age of the organism (48,49), underlying 

disorders (45), and importantly inherent regenerative capacity of the underlying tissue (5,7). 

Regardless of the type of chronic wounds it leads to long lasting complications and tissue 

damage that may exceed the damage of the initial primary insult and therefore requires 

understanding of the underlying processes of wound healing. In the adult mammalian CNS 

fibrotic scar formation is notoriously inevitable as response to injury and other insults, and 

contributes to a large degree to the pathology of CNS disorders (9,10). Understanding the 

mechanisms of fibrotic scar formation in CNS insults will be critical for future therapeutic 

success. 
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3 PATHOPHYSIOLOGY OF CNS INSULTS 

The CNS encompasses the brain, spinal cord and retina and is prone to a large variety of 

damage and disease resulting in a complex set of symptoms depending on the size and area of 

the insult. CNS lesions can result from acute focal insults (e.g. traumatic brain injury (TBI), 

spinal cord injury (SCI) and ischemic stroke), or chronic diffuse insults (e.g. autoimmune 

disorders such as multiple sclerosis (MS) and brain cancer such as glioblastoma multiforme 

(GBM)) and will cause wide-spread neuronal death and a need for regenerative repair. One 

commonality amongst this multifaceted and etiologically wide range of insults is they share a 

similar pathophysiological response with formation of long lasting chronic obstructive fibrotic 

tissue and limited neuro-regeneration to replace lost neurons (9,11). Injury to the CNS 

encompasses a multilayered wound healing response with participation of a large set of neural-

lineage cells (astrocytes, oligodendrocyte progenitor cells (OPC), oligodendrocytes, 

ependymal cells) and non-neural resident cells (endothelial cells, meningeal fibroblasts, 

microglia, pericytes and other types of perivascular cells). Together with non-intrinsic or blood-

borne cells such as neutrophils, monocytes/macrophages, lymphocytes and NK cells, all cell 

types perform differing functions in attempt to repair the injury. Like other wound healing 

reactions, the process undergoes distinct phases that have been divided here in the acute stage 

(ranging from seconds to hours after the insult), subacute/intermediate stage (ranging from days 

to weeks), and a chronic stage that encompasses the processes lasting years and indefinitely 

(Figure 1) (9,10,46). In addition to the wound healing response, there is a small and modest 

regenerative response from local NSC in the brain and spinal cord (9,11). 

3.1 ACUTE PHASE OF CNS INSULTS 

The acute stage spans the pathophysiological process from seconds to hours after immediate 

injury. Diffuse insults like MS and GBM, which are not triggered by sudden trauma, are not 

considered to undergo an acute stage. Instead, they undergo a long-acting subclinical phase of 

repeated gradually accumulating tissue damage that much later enter the prototypical CNS 

wound healing response, as seen in the subclinical/intermediate and chronic phases (9). 

Acute focal injuries to the CNS can be triggered by traumatic mechanical insults or ischemic 

stroke that both lead to immediate cellular death and disruption of function of the affected 

tissue. Common traumatic events to the CNS include direct penetrative force by foreign bodies 

or blunt impact to the cranium or vertebra. These events can cause displacement and fractures 

causing compression or laceration resulting in damage to the underlying CNS (50,51). 

Similarly, occlusion of arteries to areas of the CNS leads to sudden cellular death and initiation 

of the pathophysiological cascade of CNS repair (52). 

Instantaneously after injury the impacted region sustains immediate tissue and cellular death 

with disruption of blood vessels and of the blood brain barrier followed by platelet activation 

and adhesion, and initiation of the coagulation cascade at the lesion site (53). The local lesioned 

environment during the acute stage becomes pronounced with hemorrhage, ischemia and 

oedema due to disrupted cerebrospinal fluid circulation (Figure 1a) (9,51,53). 
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Figure 1 - Central nervous system pathophysiology following injury – In response to injury a multicellular response is 

triggered with cascading and overlapping events in effort to repair and restore damaged tissue. The response can be 

divided into three phases: (A) Acute phase of injury of cell death and hemorrhage, (B) Subacute/intermediate phase where 

recruited tissue resident and peripheral immune cells engage in clearing tissue debris and scar formation, (C) Long-lasting 

chronic phase, in which limited neurogenesis is observed, with mainly formation of a permanent scar at the lesion site. 

 

3.1.1 Acute host-derived signals drive pathophysiology 

The microenvironment following CNS injury is a dynamic and active part of the wound healing 

process that may instruct cellular behavior of immune cells and other scar-participating cells. 

The cellular death, particularly of neurons and oligodendrocytes, caused by the primary insult 

leads to formation of neurotoxic cellular debris and release of cellular cytosolic and nuclear 

contents. These act as triggers to initiate the wound healing process by recruiting inflammation, 

and subsequently initiate scar formation (Figure 1a) (9,10,43,53). Collectively, the released 

molecules are known as ”alarmins” or host-derived damage associated danger signals 

(DAMPs). These include a wide range of passively released signals by damaged or necrotic 

cells (cytosolic and nuclear content such as ATP, HMGB1, IL-33, DNA, RNA) (9,10,54,55), 

or homeostatically inert molecules that are altered during injury, such as various cleaved or 

aberrant forms of ECM molecules (fragmented hyalouran, tenascincs, sulfated proteoglycans) 

(54,56). DAMPs interact with pattern recognition receptors (PPRs –  toll-like receptors (TLRs), 

or nod-like receptors (NLRs), via MAPK and NFKB) present on neurons and glia, which 

canonically are present to sense conserved pathological microbiological motifs to trigger 

inflammation and have similar functions in response to host-derived DAMPs (55,57,58).  



 

 9 

3.1.2 Myelin debris as a pathological signal 

One of the earliest described forms of pathologically-derived signaling cues in the CNS 

environment is the generation of myelin debris (59). Myelin is a specialized multilamellar 

membrane made by oligodendrocytes that enwrap axons for improved axonal impulse 

propagation and is present throughout the CNS, but is particularly enriched in the white matter 

(WM) where most of the axonal tracts lie bundled (43,44). In the acute stage after injury 

oligodendrocytes and myelin-enwrapped axons are damaged, resulting in myelin debris to be 

released within the lesioned parenchyma (Figure 2). Since myelin contains a plethora of axon 

growth inhibitory molecules that creates a non-permissive environment for CNS regeneration 

(60,61). Myelin also acts as potent inflammatory trigger and is shown to promote a pro-

inflammatory response (62). Secondary damage by the ensuing inflammation may generate 

additional damage to oligodendrocytes and denude spared axons in the vicinity of the injury, 

generating more harmful myelin debris (59).  

 

  

Figure 2 - Damage to myelin causes release of myelin debris – Myelin is a lipid rich multilamellar membrane that 

enwraps the axons to insulate and improve signal conduction. Upon injury myelin is released in form of myelin debris. 

Myelin contains the myelin specific proteins MAG (Myelin Associated Glycoprotein), Nogo (Neurite outgrowth inhibitor) 

and OMGp (Oligodendrocyte Myelin Glycoprotein) that, when exposed to the environment after injury, have detrimental 

effects on regeneration. Myelin also contains the structural proteins PLP (Proteolipid protein) and MBP (Myelin Basic 

Protein). 
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Myelin and the oligodendrocytes themselves contain three known groups of axon-repulsive 

molecules on their membranes, including myelin-associated inhibitors (MAIs), classical 

guidance molecules (semaphorins, netrins, ephrins), and chondroitin sulfate proteoglycans 

(CSPGs) (29). Together these axon-repulsive molecules play important roles in CNS 

development during neuronal migration and axonal elongation, and in postnatal homeostatic 

conditions they maintain and prevent aberrant sprouting of the sheathed neurons (44,63). In 

compacted myelin these proteins reside within the multilamellar- and peri-axonal spaces to 

perform their axonal maintenance function (Figure 2a). However, upon injury these molecules 

are exposed and mediate their repulsive actions on spared neurons in the vicinity of the injury 

- thereby inhibiting possible axonal regeneration and rewiring (Figure 2b) (25,63). MAIs are 

the most well studied with several ligands and receptors identified, with most isoforms of MAIs 

being specific to the CNS (63). Prototypical MAIs include myelin-associated glycoprotein 

(MAG), neurite outgrowth inhibitor A (Nogo-A, alias reticulon 4 (RTN4)), and 

oligodendrocyte specific glycoprotein (OMGp), which can transduce signals through multiple 

shared receptors, such as NgR1, PirB, and S1PR2 with co-receptors TROY, LINGO1, p75NTR 

(29,63), and various integrins (Figure 3) (64,65). MAG can also signal through NgR2 (Figure 

3) (66). Together, these act on the same downstream effector by converging on Rho-A/ROCK 

signaling in neurons, regulating cytoskeleton rearrangements, inducing growth cone collapse 

and failure of axonal elongation and regrowth (63). MAIs have been extensively studied, with 

promising ongoing clinical trials designed to block MAIs signaling after SCI (67,68).   

 

 

Figure 3 – Overview of myelin proteins and their receptors – The myelin associated proteins (MAIs) MAG (Myelin 

Associated Glycoprotein), Nogo (Neurite outgrowth inhibitor) and OMGp (Oligodendrocyte Myelin Glycoprotein) 

interact with Nogo receptor 1 (NgR1), Paired immunoglobulin-like receptor B (PirB) with co-receptors Tumor necrosis 

factor receptor superfamily member 19 (TROY), Leucine Rich Repeat And Ig Domain Containing 1 (LINGO1) and p75 

neurotrophin receptor (p75-NTR). Nogo contains three extracellular domains: the N-terminal domain, Nogo-Δ20 domain 

and Nogo-66. All three MAIs can interact with either NgR1 or PirB, while MAG can also bind to NgR2 and the Nogo-

Δ20 domain can bind to Sphingosine-1-Phosphate Receptor 2 (S1PR2). 
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In addition to directly acting on neurons myelin debris can trigger and conduct the 

inflammatory response after CNS injury (62). As a response to injury, microglia and later 

recruited macrophages aid in phagocytosing cellular debris including myelin debris (69,70). 

Endothelial cells and astrocytes have also been suggested to engulf myelin to promote 

inflammation (71,72). Myelin uptake is largely mediated by receptor-mediated endocytosis by 

Fc-receptors, complement receptors and  scavenger receptors that play a role in signaling 

instructive cues to the microglia and macrophages (73,74). Ingested myelin alters the 

phenotype of microglia and macrophages to adopt a more harmful pro-inflammatory profile, 

which further exacerbates the injury (75–77). Upon ingestion, microglia/macrophages adopt 

cumulatively a foam cell-like appearance due to the sheer load of myelin debris and due to 

inherent ineffective phagocytosis and lipid processing (78,79), and remain chronically 

contributing to a long lasting pro-inflammatory pathology (76). Foam cell formation is 

notoriously pathogenic in diseases such as atherosclerosis and, due to intracellular stress, leads 

to release of chronic pro-inflammatory stimuli (80,81), similar to the phenotype described in 

CNS injuries (73,76,79). Alleviating the myelin uptake, by either blocking its uptake or 

promoting the myelin clearance transport in macrophages, reduces the ensuing inflammatory 

response and leads to reduced lesion pathology (77–79,82). However, clearing of myelin debris 

is critical to remove harmful MAIs signaling from the CNS environment to allow possible 

axonal regeneration (62). In addition, non-ingested myelin debris are undesirable, as they 

worsen recovery by delaying remyelination of spared denuded axons (70,83–88). It would 

therefore seem that myelin phagocytosis would be overall beneficial for CNS injuries, however 

the efficacy of clearance needs to be improved to avoid over-loading microglia/macrophages 

and foam cell pathologies (77). Furthermore, phenotypic variation by myelin ingestion may 

occur depending on the disease model (73).  

Conversely to the pro-inflammatory response induced by myelin ingestion in traumatic CNS 

injuries (75,76,79), demyelinating diseases such as experimental autoimmune encephalitis 

(EAE) present few foamy-macrophages with an anti-inflammatory profile in the center of the 

lesions (89). Inflammatory cells in an intermediate state between pro- and anti-inflammatory 

might exist in human MS lesions (90). This discrepancy was highlighted by Kroner et al. (75) 

showing that in addition to myelin phagocytosis, local tumor necrosis factor (TNF) and iron 

(due to local hemorrhage by the trauma) prevent myelin-induced microglia and macrophage 

conversion to an anti-inflammatory phenotype and instead promote a pro-inflammatory profile. 

Furthermore, microglia and macrophages employ different engulfing mechanisms in CNS 

injuries like SCI and MS that could contribute to the differential response (91). Together these 

studies highlight the multifaceted role of released myelin debris in axonal growth inhibition, 

and as a conductor of the inflammatory system, and new roles may be attributed to this very 

promiscuous membrane. In Paper III (manuscript) we show that in addition to these functions, 

the myelin proteins Nogo, MAG, and OMGp play a role in promoting fibrotic scar formation 

via peripheral-derived immune cells.  
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3.1.3 First responders – microglia and macrophages 

Acute host-derived signals trigger primarily the resident sentinel immune cells - the microglia, 

to migrate to the lesion site, engage is phagocytosis of neurotoxic cellular debris (92), and 

communicate with other glial cells to limit the spread of the damage. In case the insult is grave 

enough, microglia initiate the inflammatory cascade consequently recruiting peripheral 

immune cells to aid in debris clearance and further inflammatory instructions (92–94). The first 

wave of inflammation is characterized by an early influx of neutrophils. In a second wave 

monocytes/macrophages together with the microglia clear neurotoxic cellular, myelin debris 

and any potential invading pathogens, together leading to release of pro-inflammatory 

cytokines/chemokines (Figure 1a) (55,95–97). Along with the immune cells, OPCs migrate 

towards the lesion site (98,99) and together with locally activated hypertrophic astrocytes begin 

to make up the basis of the cellular structure that will become the fully formed CNS scar (Figure 

4) (100–102).  

3.1.4 Secondary damage by CNS insults 

Notably, most of the pathology in CNS injuries comes from the secondary events, rather than 

the primary insult. Repair and recovery depend heavily on the regulation of the initial triggering 

factors, successful debris clearance, and mitigation of inflammatory responses (50,55,95,103). 

During the late acute stage, as the tissue becomes re-oxygenated, a host of reactive oxygen 

species (ROS) are generated, further potentiating direct damage onto neurons. ROS also 

promote indirect damage by oxidizing cellular debris, particularly lipids of the cell membranes 

and myelin debris, creating bioactive molecules that further contribute to the neurotoxic 

environment (53,104), which relies on microglia and macrophages to be effectively cleared 

(77). Paradoxically,  infiltrating immune cells get activated by the cellular debris and further 

potentiate the pro-inflammatory environment in a self-promoting feedback loop (73,77). In 

addition to damage on surrounding spared neural tissue, infiltrating immune cells have been 

seen to actively mediate axonal dieback of dystrophic axonal endings by release of cellular 

factors and phagocytosis of axonal products, further attenuating axonal regeneration (105,106). 

The cellular events taking place in the acute phase of CNS injury set the severity tone, size, and 

chronicity of the rest of the wound healing process (9,53). In addition, several extraneous 

factors such as sex and age (107), and whether the injury affects the brain or spinal cord (108) 

have been shown to impact on the wound healing process. 

3.2 SUBACUTE AND INTERMEDIATE PHASE OF CNS INSULTS 

During the next phase (2-10 days after injury) several CNS intrinsic neural (neurons, 

oligodendrocytes, OPCs, astrocytes and ependymal cells) and non-neural resident cells 

(microglial, endothelial cells, meningeal fibroblasts, pericytes and perivascular cells) are 

activated and interact with innate/adoptive immune cells (e.g. monocytes/macrophages, 

lymphocytes). These cellular events initiate the wound healing process to limit further damage 

and replace lost tissue in a maladaptive manner, resulting in the formation of the CNS scar 

(Figure 1b) (9,10,109).  
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Early on endothelial cells and their progenitors are recruited to initiate sprouting angiogenesis 

in order to reestablish vascularization and integrity of the blood brain and blood spinal cord 

barriers (BBB/BSB) (110–114) with aid from astrocytes (115) and pericytes (116). Following 

revascularization there is extensive proliferation and migration of local microglia and 

peripheral inflammatory cells, fibroblast-type cells, glial cells and progenitors that start to 

assemble around the lesion site into a protective scar with resultant ECM deposition (Figure 4) 

(9,10,117). 

During the subacute phase a third wave of inflammation occurs with the introduction of 

adoptive immune system in form of T-cell and B-cell lymphocytes and their subtypes to the 

lesion site (55,118–120). These immune cells host a range of beneficial and detrimental 

functions involving the post-traumatic inflammatory environment, with important functions to 

limit immunopathology by subsiding inflammation, and even promoting neurogenesis 

(118,121,122). Furthermore, resident NSCs in the brain and spinal cord initiate proliferation 

and migration, with a limited neurogenic response, generating mostly glial cells in response to 

CNS insults (11). The likeness to other typical wound healing processes is manifold at the 

subacute and intermediate stages apart from the astrogliotic response by astrocytes and other 

glial cell populations (7,46,123). 

3.3 CHRONIC PHASE OF CNS INSULTS 

As compared to other injuries, SCI and other CNS injuries have a notoriously non-resolving 

scarring phenotype, with many of the scar components remaining chronically after the primary 

insult (Figure 1c) (9,10). Tissue remodeling occurs during the next few weeks by full 

restoration of the BBB/BSB and neurovascular unit with fully formed vessels around the 

penumbra. The lesion site develops into a compartmentalized CNS scar with a non-neural 

fibrotic core composed of fibroblasts and immune cells, flanked by a glial scar made of reactive 

astrocytes, microglia, and NG2-expressing OPCs, with oligodendrogenesis occurring long after 

the initial lesion (Figure 4) (9,124). Both the glial and fibrotic components of the scar remain 

months after injury, impeding tissue- and axonal regeneration (9,10). At most, the injury 

condenses becoming smaller in size (Figure 1a-c) (32,125,126), with some altercations in the 

permissive and non-permissive ECM components and growth factors at this stage 

(54,127,128). The long-lasting ECM deposits delay tissue resolution by continuously 

triggering and maintaining fibrotic signaling and inflammation (129). Although the 

inflammatory response tapers off, a substantial portion of monocytes and microglia remain pro-

inflammatory indefinitely at the lesion core (130,131). This is in contrast to what occurs in 

scar-resolving tissues, where inflammatory cells transition to an anti-inflammatory and pro-

regenerative phenotype, and are cleared off. (132,133). The presence of pro-inflammatory 

immune cells is in large part due to phagocytosis of large amounts of cellular debris (mainly 

myelin from injured axons) and due to phagocytic overloading, resulting in the appearance of 

foamy macrophages that remain signaling chronically in the lesion. Foam cell formation 

contributes to the pathology and the pro-inflammatory signaling retains remodeling status of 

the scar instead of initiation of the resolution phase (73,76–78). Additionally, in rat and humans 
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cyst formation is frequently seen, further damaging and inhibiting possible tissue regeneration 

at the lesion site (134–137). 

4 SCAR FORMATION IN THE CNS 

The CNS scar is a histologically apparent structure consisting of a dense fibrotic core that is 

compartmentalized by a surrounding glial scar (Figure 4) (9,10). The fibrotic core is formed 

within the first week in response to CNS injury by local perivascular cells that proliferate and 

migrate to the lesion site in response to the ongoing inflammation to deposit dense ECM 

(32,125,126,138). The established fibrotic scar is later encased by activated resident glial cells 

including local hypertrophic reactive astrocytes(139,140), NG2 glia (141,142), ependymal-

derived glial cells (143–145) and Schwann cells from nearby ganglia (109), that collectively 

constitute what is called the glial scar of the CNS scar. The dense network of glial cells also 

intermingle with activated microglia at the lesion border (146). The glial scar functions to 

maintain the spread of inflammation and fibrosis of the fibrotic core (10). Incidentally however, 

in addition to acting as a physical barrier, both the glial and fibrotic scar components upregulate 

various axon growth-inhibitory factors following injury, creating a non-permissive 

environment for axonal growth and regeneration of the tissue (10,147). Additionally, the 

functional but reactive spared peri-lesion area has been considered as a third compartment, 

where the glial scar gradually transitions into healthy tissue (9), highlighted by the wide range 

of transcriptional changes that occur caudal to the lesion site (148). 

 

 

Figure 4 - The CNS scar – The CNS scar is composed of two compartmentalized cellular structures: the fibrotic scar 

which, is made up by fibroblasts originating from a perivascular source and infiltrating monocytes/macrophages; and the 

glial scar is composed of an assortment of resident glial cell types that encase the fibrotic scar. The fibrotic scar develops 

during the first week after injury and is fully formed approximately two weeks after injury, achieving the cytoarchitectural 

structure depicted above. 
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4.1 THE FIBROTIC SCAR  

The fibrotic lesion core, also known as the fibrotic or stromal scar, is mainly composed of non-

neural tissue including peripheral infiltrating immune cells and stromal fibroblasts, and to a 

lesser degree endothelial cells and their progenitors (Figure 4) (9,10). Together these cells 

corral at the center of the lesion within the glial border and deposit ECM to form a connective 

tissue matrix that acts as a scaffold for migrating cells (Figure 1a-b and Figure 4). Several ECM 

molecules have been shown to originate from the fibrotic core, including glycoproteins CSPGs 

and HSPGs, and various collagens, fibronectin, and laminins (117). In addition to the tissue 

scaffolding function, these ECM molecules have been shown to collectively weakly promote 

or inhibit axonal regeneration by direct signaling of the ECM molecules on regrowing axons, 

or via indirect methods of binding to released signaling molecules with axonal regrowth 

modulatory effects (117,128,149–151). ECM deposition in the CNS is particularly detrimental 

as it under physiological conditions contains relatively small amount of fibrous proteins and 

adhesive glycoproteins (152). Furthermore, fibroblasts may obstruct remyelination by 

interfering with OPC migration and differentiation (153–155). 

There is limited understanding about the cellular source, proliferation and migration of scar-

forming fibroblasts in the CNS. Canonically, TGFβ1-TGFβR1/2 signaling has been the most 

prominent pathway for induction of fibrosis across many organs (156) and several studies 

blocking TGFβ1 signaling showed reduction of fibrosis after penetrative CNS injuries 

(157,158). Accordingly, both TGFβR1 and TGFβR2 are expressed on meningeal fibroblasts 

(159), with the source of TGFβ1 reported from astrocytes, microvasculature, microglia and 

macrophages in rat and human brain injuries (158,160). The exact cell-to-cell signaling 

mechanism remains to be better defined to find more precise methods of blocking fibrosis, 

since TGFβ1 has also been reportedly to be important in neuroprotection and neuro-

regeneration in the brain (161,162). Infiltrating macrophages are the most likely candidate as 

they have the cytokine profile - including TGFβ1 - to recruit fibroblasts across many organs 

(132,133,163), and they coincide spatiotemporally with the generation of scar-forming stromal 

fibroblasts in the CNS (97,125,164). Of note, ablation of circulating monocytes/macrophages 

using either clodronate liposomes or immune-modulatory nanoparticles (IMPs) leads to a 

markedly reduced peripherally-derived inflammation and ensuing fibrosis (165,166). 

Furthermore, the adoptive immune system may play a role in maintenance of the fibrotic scar 

via IFNγ- IFNγ R1 signaling on CNS fibroblasts derived from recruited T-cells at the lesion 

site (154). We show in Paper III (manuscript) that recruitment of fibrotic cells is dependent on 

macrophage infiltration via the CCR2- CCL2 axis in response to myelin debris and more 

specifically membrane-bound myelin proteins. Identifying the trigger, as well as the mediator, 

of fibrosis is a great opportunity to further understand the interplay between these two cells in 

CNS fibrosis. Several therapies are currently being investigated to reduce fibrotic scar 

formation in human CNS injuries by blocking the recruitment of stromal fibroblasts, the 

preceding inflammation, or the produced ECM components with limited success (12,167,168). 
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4.2 THE GLIAL SCAR  

The glial scar is composed of various glial cells, mostly reactive astrocytes and to a lesser 

degree NG2 expressing glia (OPCs), and microglia from a multitude of cellular sources (Figure 

4) (169). Reactive scar-participating astrocytes are generated mainly from local astrocytes and 

ependymal cells, which harbor NSC potential (140,143,145,170,171). Ependymal cell-derived 

astrogliosis is less pronounced in non-penetrative injuries (crush) when compared to 

penetrating lesions (172). Additionally, ependymal cells can give rise to a small number of 

remyelinating oligodendrocytes after SCI (143,145). In response to injury NG2-expressing 

OPCs proliferate and migrate towards the injury border and intermingle with the other reactive 

glial cell types to aid in remyelination of denuded axons by generating oligodendrocytes or 

differentiate into remyelinating Schwann cells (109,124,173–177). Furthermore, some studies 

show that NG2-expressing OPCs can contribute to the astroglial scar by generating reactive 

astrocytes after SCI (141,178), but less so in the lesioned brain (179). Lastly, in response to 

acute injury, microglia respond by proliferating and accumulating first at the lesion site, and 

then at boundary between the fibrotic and glial scar as the lesion matures (146,166,180).  

The glial scar forms within the first week after injury and is completed after the fibrotic core at 

2-4 weeks after injury. Acutely after insults the resident astrocytes are seen to retract from the 

injury site as a response to the acute inflammation (10). In the late acute phase, and prominently 

during the subacute phase, resident astrocytes and other glial cell populations proliferate locally 

becoming hypertrophic and assemble around the lesion penumbra where inflammatory cells 

cluster and fibrotic scar tissue is formed (Figure 1a-b and Figure 4) (9,10). This process was 

shown to depend on IL-6, NF-κB, STAT3 and LKZ signaling (139,140,176,181–183), and 

several cytokines/chemokines and PPRs receptors were reported to trigger a reactive astrocyte 

phenotype (184). Furthermore, reactive astrocytes upregulate several intermediate filaments 

such as GFAP and vimentin (185,186), that together are important for glial scar formation 

(186–188). Upregulation of GFAP in astrocytes as they transition into a reactive phenotype 

makes it a useful immuno-histological marker for identifying the glial scar and is commonly 

used as such (189). To note, although glial scar formation is seen in many injury models across 

the CNS, heterogeneity exists in the underlying astrocyte populations and scar-participating 

reactive astrocytes across the CNS and across different injury models (169). Like the fibrotic 

scar, the glial scar upregulates and deposits ECM at the detriment of the spared neural 

parenchyma (149,190). 

Upon activation, reactive astrocytes form a dense inter-digitized network of cells creating a 

cellular border perpendicular to the fibrotic core (140,191), The glial- and fibrotic scar border 

is actively kept by specific cell-cell signaling between astrocytes expressing the ephrin-B2 

ligand that interact with fibroblasts in the fibrotic core that express the EphB2 receptor 

(192,193). Furthermore, ECM molecules expressed and released from stromal fibroblasts aid 

in construction of the glial-fibrotic interface. Stromal fibroblast derived type-I collagen 

instructs glial scar formation via N-cadherin signaling on reactive astrocytes (194). 

Additionally, the ECM molecule periostin expressed by stromal fibroblasts was shown in a 

step wise process to promote inflammation and fibrotic scarring, leading to further type-I 
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collagen deposition at the lesion core (195). Together these observations highlight the 

interactivity of the two scar compartments for maintenance of the glial-fibrotic scar border. 

5 SCARRING ACROSS CNS INJURIES 

The CNS scar was historically and erroneously classified solely as a glial scar, and was thought 

to be mainly composed of reactive glial cells (30,149). Formation of fibrotic tissue was only 

ascribed to occur in a few cases of penetrating injuries that breached the meninges resulting in 

meningeal-derived fibrotic tissue (12,149). More recently a growing number of studies have 

focused on the fibrotic lesion core, and fibrosis has been detected across a wide range of CNS 

insults (9,12).  

5.1 THE BENEFICIAL AND DETRIMENTAL ROLES OF THE GLIAL SCAR AND 
FIBROTIC SCAR 

Classically the glial components of the scar were regarded as the absolute barrier for axonal 

regeneration (149). Recent studies have, however, challenged this notion and showed that 

ablation of reactive astrocytes (100,115,139,140,182,188,196), microglia (94,146,197,198), 

NG2 glia (142,199) and ependymal cell-derived glia (170) worsened pathology by widespread 

inflammation and fibrosis (200). Altogether, these studies support that the glial scar acts to 

restrict tissue damage and releases anti-inflammatory cytokines (201). In addition, the glial scar 

may support regeneration, as regenerating axons are described to grow along glial ECM tracts 

through the lesion site (35,37). If the glial response is enhanced the lesion size is reduced and 

longitudinal connections of glial cells are formed across the lesion (100,194).  These structures, 

reminiscent of the glial bridges described thoroughly in zebrafish models of SCI, promote 

axonal regeneration (13,202,203). Similarly, in development neurons migrate and axons grow 

along immature astroglia (204–206). Furthermore, transplantation of Schwann cells into the 

fibrotic lesion core was shown to reorient the glial scar and form glial bridges that function as 

a scaffold for axons to regenerate across (207). Together this demonstrates a beneficiary role 

of the glial scar in SCI axonal regeneration. Indeed, some regrowing axons are able to bypass 

the glial border and exhibit dystrophic end-bulbs when terminating on the non-neural fibrotic 

lesion core (32–35). Reducing the fibrotic component of the CNS scar improves outcomes after 

SCI and EAE by attenuating harmful ECM deposition and allowing regeneration of axons or 

leading to increased numbers of oligodendrocyte lineage cells (32,154). Nonetheless, complete 

abolishment of fibrotic scar tissue generation is not beneficial, as the lesion site fails to close, 

leaving a large dehiscent wound with no possible opportunities for axonal regrowth across it 

(32). Taken together these studies highlight the interesting dichotomy of scar formation in the 

CNS, and the ambiguity of function of certain pathological mechanisms. Therefore, 

understanding the origin, function and modulation of fibrotic scar tissue will be key for 

successful regenerative therapies.  
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5.2 SOURCE OF FIBROTIC SCAR TISSUE IN THE CNS – A PERIVASCULAR 
ORIGIN 

It has been long withstanding that the source of stromal fibroblasts in the CNS scar was the 

result of meningeal fibroblasts that invade the lesioned parenchyma in cases of penetrating 

CNS injuries (12,149,151,208), likened to the re-epithelization process in cutaneous wound 

healing (46). Since, it has been found that fibrotic scarring occurs in humans and in murine 

models of penetrating and non-penetrating SCI (e.g. contusion, compression, crush), ischemic 

lesions, auto-immune disorders (MS/EAE) and CNS tumors (e.g. glioblastoma), in a similar 

fashion by proliferation, migration, and ECM deposition by stromal fibroblasts 

(9,12,216,164,209–215). Fibrotic scar tissue formation in the CNS shares many 

commonalities with the fibrotic response in other organs in terms of molecular markers for 

stromal fibroblasts, recruitment mechanism and the archetypical deposition of ECM 

molecules (12,46,217–219). Nonetheless, the cellular origin of stromal fibroblasts found in 

the fibrotic lesion core after CNS lesions have remained elusive for a long period of time. The 

cellular origin of stromal fibroblasts was first characterized by Göritz and colleagues (125), 

which showed that a subpopulation of perivascular cells expressing the glutamate aspartate 

transporter (GLAST) - named type A pericytes - were the main source of fibrotic scar tissue 

after SCI. Pericytes are a heterogeneous cell population ubiquitously present on capillaries 

and smaller caliber vessels (pre-capillary arterioles and post-capillary venules). They sit on 

the abluminal side of the endothelium with thin branching cytoplasmic projections that 

partially encircle the vascular tube. Under normal physiological conditions pericytes play 

important roles in vascular development, maintenance and function (220–222). Employing in 

vivo genetic fate mapping of GLAST-expressing type A  pericytes it was shown that during 

the acute and subacute phases of SCI this small subpopulation of resident perivascular cells 

(10% of all PDGFRβ-expressing perivascular cells) proliferate locally, lose contact with 

endothelial cells, migrate towards the injured area and give rise to the majority of stromal 

fibroblasts that compose the fibrotic lesion core (Figure 5). Type A pericytes express 

common pericyte markers such as PDGFRβ and CD13 and are embedded in the vascular 

basal membrane (125). Type A pericytes accumulate over the course of two weeks and 

remain chronically in the lesion core, serving as source of ECM molecules and other axonal 

growth inhibiting molecules (32,125). For brevity, the more inclusive term perivascular cells 

will be describing some studies, since there exists a wide range of heterogeneity and 

molecular markers used to classify pericytes, with varying degree of consensus on the 

criterions (221,223). Although type A pericytes classify as pericytes by the current standard 

based on molecular markers, morphology and microvascular location in relation to the 

vascular basement membrane (221), the level of accuracy for identification and classification 

of pericytes varies across organs and studies. Even though prior identity of a cell is important 

for classification purposes, function rather than subsets of markers should be the defining 

character for cell identity. Using various lineage tracing models, pericytes/perivascular cells 

have been widely implicated as the source of fibrotic scar tissue in the kidney, liver, lung and 

skeletal muscle.These cells are commonly found in distinct perivascular location before 

injury, but in response to an insult they prominently dissociate from the vasculature, adopt a 
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bipolar spindly morphology, express common pericyte/fibroblast markers (e.g. PDGFRα and 

PDGFRβ) and cluster in the lesion (209,210,224–226). Like in other organs, type A pericytes 

and type A pericyte-derived cells in the fibrotic lesion core express PDGFRα and PDGFRβ, 

however PDGFRα is also expressed by OPC that participate in injury (109,141), making 

PDGFRβ the more reliable marker in the CNS (226). Since expression of PDGFRβ is 

prominently kept by type A pericyte-derived cells after injury it may be used as a wide 

impartial identifier of fibrosis (32,125). Collectively, perivascular cells have emerged as a 

potential source of stromal fibroblasts in CNS models of injury and disease and in human 

pathology (12,126,209,210).  

 

 

Figure 5 - Schematic depiction of the lineage tracing model of type A pericytes – (A) Upon tamoxifen administration, 

recombination occurs in GLAST-CreERT2 cells leading to expression of a fluorescent reporter (EYFP, enhanced yellow 

fluorescent protein, or tdTomato); (B) Recombination and expression of the fluorescent reporter is inherited by progeny of 

the initial recombined cell; (C) GLAST is expressed in a subtype of pericytes (type A pericytes), but not in other pericytes 

(type B pericytes), and we can specifically trace type A pericytes and their progeny in response to injury. 

 

Spinal cord injury (SCI) leads to disruption of the long projecting axons from the 

sensorimotor cortex of the brain to the spinal cord leading to varying levels of paralysis, 

depending on the level of lesion along the rosto-caudal axis of the spinal cord (51,227). Various 

models exist to experimentally recreate traumatic injuries to the spinal cord, including 

penetrating (e.g. dorsal funiculus incision (DFI), dorsal hemisection,) and non-penetrating 

lesions (e.g. contusion, crush, compression) (37,227,228). As mentioned above, recent studies 

on fibrotic scar tissue generation from our lab and others have shown that PDGFRβ-expressing 
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perivascular cells are the primary source of stromal fibroblasts after SCI (125,138) and will be 

further discussed under the section “Results and discussion – Paper II”. In case of penetrating 

SCI, meningeal-derived fibroblasts also participate in fibrotic scarring. 

 

Traumatic brain injuries (TBI) can be modeled by stab wound, controlled cortical impact 

and percussion-induced injuries, leading to BBB disruption, inflammation, leukocyte 

infiltration (229,230) and the generation of a scar. PDGFRβ-expressing perivascular cells, 

presumably pericytes, are first seen to detach from the vessel wall (231), and later accumulate 

within the glial border making up the fibrotic core of the scar. This process has been termed 

“pericytosis” or reactive pericytes by the authors (232,233). Furthermore in penetrating TBI 

injuries PDGFRβ-expressing meningeal cells may also be recruited and participate in the 

formation of the fibrotic lesion core (159,229). Depending on the TBI model, perivascular cells 

and invading meningeal cells both contribute to ECM deposition (126). Fibrosis has also been 

seen in human TBI samples (234). 

Cerebral ischemic stroke leads to acute cellular death due to sudden interruption of blood 

flow, followed by extensive vascular remodeling and fibrosis at the lesion core, and can be 

modeled by occlusion of the middle cerebral artery (MCAO) (235,236). Upon MCAO 

pericytes are seen to detach from the vessel wall in rats and cats (237,238). PDGFRβ-

expressing cells accumulate at the ischemic core and peri-infarct area with accompanying ECM 

deposition (239–244). PDGFRβ-positive fibroblast-like cells, suggested to derive from the 

perivascular niche upon injury, form the fibrotic ischemic lesion core, flanked by reactive 

astrocytes. This scar organization is both seen in mouse models of MCAO and in human stroke 

(209,245). Furthermore, meningeal fibroblast-like cells are suggested to also participate in 

formation of fibrosis following ischemic injuries to the brain (246). With the exception of our 

recent study (Paper II), robust lineage tracing studies are lacking for definitive conclusion of 

the cellular origin of fibrotic tissue following ischemic stroke.  

 

Multiple sclerosis (MS) is an auto-immune disease affecting the CNS by inducing 

demyelination of axons, as a result of autoimmune inflammation by peripheral infiltrates of 

monocytes/macrophages and leukocytes that reside preferably around post-capillary venules in 

the white matter (247). MS can be modeled in mice by inoculation of myelin proteins with 

adjuvants and toxins to permeabilize the BBB in order to generate an autoimmune event by 

autoreactive T cells (248). The fibrotic nature of MS has been known in humans, and many 

fibrotic ECM molecules are detected within the lesions. Similarly, fibrotic scar formation has 

been observed after EAE induction in the mouse (126,211,247). PDGFRβ-positive fibroblast-

like cells, presumably originating from perivascular and meningeal sources, have been found 

in EAE lesions and human active MS lesions (153,216,249).  
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Glioblastoma is a frequent and aggressive form of malignant tumor in the human brain (250) 

and can be modeled by transplantation of mouse GL261 glioma cells into mouse brain (251). 

Little is known about the participation of PDGFRβ-positive pericytes or fibroblasts. Pericytes 

play an important role in the glioblastoma microenvironment by increasing in number, 

increasing its coverage via endothelial-derived PDGF-BB and PDGFRβ-pericyte mediated 

recruitment (252,253). This leads to non-permeable vessels, which is unfavorable for 

chemotherapeutics and partly explain why GBM is difficult to treat (252,254). PDGF-BB 

expression is high in tumors and has been shown to induce fibroblast formation from pericytes 

(212,255), and aberrant ECM deposition is seen heterogeneously in the tumor mass (213). In 

humans, increased transcriptional levels of PDGF-BB correlate with worsened outcomes and 

pathology (256).  

 

The various injury models across the CNS share common features of fibrosis and ECM 

deposition, with many studies pointing to PDGFRβ-positive cells participating at the lesion 

site. However, until recently it has remained unclear whether the cellular source for fibrosis 

varies across these models or whether stromal fibroblasts originate from the same perivascular 

source. In Paper II we made use of the previously described lineage tracing tool to track 

GLAST-expressing pericytes and show that most PDGFRβ-expressing stromal fibroblasts 

originate from type A pericytes in models of SCI, TBI, MCAO, EAE and GBM (Figure 6 and 

Paper II, Supplemental Figure 13). Furthermore, we extend our studies to fibrotic tissue 

generated in human CNS pathologies. We find that type A pericyte-like cells exist in the 

healthy human brain and spinal cord, and that fibrotic scar tissue rich in PDGFRβ-positive 

fibroblast-like cells is present in human CNS pathological tissue. 

6 NEUROGENESIS IN THE CNS 

It was previously though that the CNS only contained progenitors to generate glial cells,  that 

no new neurons were regenerated in the adult and were strictly formed during embryogenesis 

and early postnatal stages. This was challenged with evidence of newly proliferated neurons in 

multiple regions of the brain including the olfactory bulb, hippocampus, and neocortex 

(257,258). More conclusive evidence came later by studies in song-bird which showed that 

newly formed neurons were also integrated into functional circuits and replaced old dying 

neurons, indicating a physiological homeostatic need for regeneration of neurons in the CNS 

(259,260). Together this suggested that the brain harbors NSCs with functional homeostatic 

regeneration properties. The presence of the NSC stemness was further established by isolation 

and in vitro propagation of NSCs from various regions of the brain and spinal cord, showing 

the capacity to self-renew and multipotency by differentiation into various neural cell types 

(neurons, astrocytes, oligodendrocytes) (261–264).  
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6.1 NEURAL STEM CELL NICHES 

Today we know that the adult mammalian brain contains NSCs along the peri-ependymal and 

ventricle regions of the brain and central canal of the spinal cord, with two primary germinal 

centers in the forebrain – the ventricular-subventricular zone (V-SVZ) on the lateral ventricle 

walls, and the subgranular zone (SGZ) in the hippocampus (38). The V-SVZ gives rise to 

mainly immature neurons (neuroblasts) that migrate in chain-like stream to the olfactory bulb 

to mature and integrate into the local circuit and contribute to fine odor discrimination and 

reward in a continuous refinement of this important sensory organ. Although to a lesser extent, 

the NSCs in V-SVZ also generate astrocytes and oligodendrocytes (265–267); while the SGZ 

generates new excitatory neurons for the dentate gyrus of the hippocampus involved in memory 

and learning (268,269). The renewal, differentiation and migration of neuroblasts is regulated 

by large set of extrinsic and intrinsic signals (38,270). Comparable germinal zones with NSCs 

have also been found in humans (271–273), with varied potency compared to the mammalian 

counterparts (11,39,274). The human neuro-regenerative capacity in infants is high with active 

migration of V-SVZ neuroblasts to both the OB and prefrontal cortex (275,276). However, it 

declines sharply with age as few to no new neurons are replaced in the OB (277,278) and 

neocortex in humans after birth (11,279,280). Although the overall rate of neurogenesis is 

considerably lower, the hippocampus and striatum stand out in humans which are continuously 

repopulated with new neurons in the adult human brain to the same extent or even higher than 

the mice and rat counterparts (11,274,281). In the spinal cord ependymal cells along the central 

canal have been identified as the sole stem cell source and remain quiescent under homeostatic 

conditions, only giving rise to more ependymal cells (143,282–285). 

6.1.1 Neurogenesis in CNS injuries – a gliotic bias 

In addition to the cells activated in the wound healing response, the endogenous V-SVZ NSCs 

and the ependymal cells in the forebrain and spinal cord are seen to readily proliferate and 

migrate to the site of lesion in response to traumatic injuries (16,286,287) and ischemic stroke 

(11,16,270). Furthermore, the highly proliferative reactive astrocytes that form the glial scar in 

response to injury, have been shown to display neurogenic potential (39,40,288), albeit an 

ability limited to only a few reactive astrocytes (289,290).  

The self-renewal, multipotency, and importantly neurogenic potential of niche-derived NSCs 

and reactive astrocytes after CNS lesions have been demonstrated in vitro, however mainly 

astrocytes and oligodendrocytes are formed in vivo with very neurons if left unmanipulated 

(40,289,291). Spinal cord ependymal cells, so far the sole population with NSC properties in 

the adult spinal cord, are even more restricted and only generate glial populations including 

astrocytes and oligodendrocytes in vivo (143,145). Indeed, the CNS is considered to pose a 

highly gliotic environment and V-SVZ NSCs, reactive astrocytes, and spinal cord/brain 

ependymal cells fail to generate neurons in large enough numbers after injury (40,292,293). 

Accordingly, transplantation of isolated NSCs into the uninjured brain and spinal cord leads 

mostly to astrocyte or oligodendrocyte generation and few neurons in vivo (290,294–297). 

There are regional differences in the gliotic environment across the brain, with neocortex being 
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the most gliotic and striatum less so (39). Injuries to the cortex also generate a V-SVZ 

neuroblast response, however only glial cells are formed at the lesion site (291,298), as opposed 

to lesion-induced migration of V-SVZ neuroblasts to the striatum that lead to the generation of 

new neurons (293). Although astrocytes are formed from NSCs in the V-SVZ and from 

ependymal cells of the spinal cord after injury, they still have important functions for restricting 

tissue damage by participating in glial scar formation (170,298). More recent research aims at 

promoting NSC migration, self-renewal capacity, neurogenic potential after injuries to the 

CNS. Because the NSC response is much smaller in TBI, many studies focus on understanding 

the role of endogenous repair in stroke models of the brain (287,299). The potential cellular 

sources of NSCs for neuro-regeneration and repair after stroke will be discussed separately 

below.  

6.2 CELLULAR SOURCES FOR NEURO-REGENERATION IN THE CNS 

6.2.1 Neural stem cells 

Early discoveries of the brain’s capacity for self-repair were conducted in mouse and rat models 

of stroke, which causes acute ischemia and widespread neuronal death (235,236), and a 

following wound healing response in form of inflammation and CNS scar formation around 

the ischemic core (9). In response to striatal stroke neuroblasts are generated from the nearby 

V-SVZ and seen to proliferate and migrate to the stroke core penumbra in mice, rats and 

macaques (293,300–304). Neuroblasts are recruited by locally-derived cues from cells at the 

injury site (305–307) and are able to integrate into functional neural networks (308,309). 

Cortical strokes generate a similar neuroblast response with proliferation and migration from 

the V-SVZ, however are restricted to differentiate into reactive astrocytes and participate in a 

protective glial scar around the stroke core penumbra (171,298,310). Given the right cues 

however, neuroblasts recruited to the cortex are capable of forming neurons by forced 

expression of the early pro-neural gene Ascl1, indicating that neurogenic potential is still kept 

in these cells (171). This discrepancy of neurogenic versus astrocytogenic response could be 

attributed to the different injury types, or environmental cues of the striatum and cortex, as the 

cortex has been considered more gliotic than the striatum (39), or due to underlying dorso-

ventral heterogeneity in the NSC pools along the V-SVZ niche (311–316). The propensity for 

a gliotic response is exemplified by the response to demyelinating lesions where V-SVZ NSCs 

can reliably produce neuroblasts that migrate to form new oligodendrocytes at the site of lesion 

(317–319). 

6.2.2 Ependymal cells 

A second described source for neuro-regenerative repair is the ependymal cells of the brain and 

the spinal cord. The V-SVZ lies sub-adjacent to the ependymal layer, comprised of a single 

layer of ciliated neuroepithelial cells (ependymal cells) that constitutes the lumen of the brain 

ventricles with homeostatic functions to support V-SVZ NSCs (320,321). The ependymal layer 

was shown to be mostly quiescent in vivo but contained limited stem cell capacity in vitro 

(322), and was therefore not considered as a stem cell pool for neuro-regeneration. However, 
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the otherwise quiescent ependymal cells do respond to ischemic stroke of the striatum by 

proliferating and producing neuroblasts and astrocytes in the stroke penumbra (144). The self-

renewal capacity of the ependymal cells is however very low, and no mature neurons as found 

to be formed following stroke (144). Likewise, ependymal cells of the spinal cord also show a 

high degree of proliferation and migration following SCI, but do not generate neurons in vivo, 

making mostly astrocytes and a few oligodendrocytes (143,145). 

 

6.2.3 Parenchymal astrocytes 

A major obstacle by the highlighted studies is that endogenous neuro-regeneration from the 

NSC niche does occur, but the generated amount of neuroblasts is very limited, and the survival 

of mature integrated neurons even more so (293,302,306,323). It was estimated that almost 

80% of neuroblasts die within the first two weeks after stroke, and by 6 weeks the neuroblasts 

that are left only replace about 0.2% of the lost striatal neurons after stroke (293), which argues 

against its functional relevance for functional recovery. Efforts have been made to increase the 

amount of proliferating neuroblasts in the NSC niches by growth factor infusions into the 

ventricles, with some success of greatly increasing the numbers (324,325), however the base 

number of V-SVZ NSCs remains limited.  

A third population of endogenous cells that can function as a potential source of new neurons 

is parenchymal astrocytes. In addition to their glial scar duties in the brain in response to stroke 

or stab wound, parenchymal astrocytes seemingly hold additional NSC properties. 

The NSC capacity was first shown in vitro by isolating reactive astrocytes after stroke and stab 

wound injuries, and was considered to be restricted to generate astrocytes or oligodendrocytes 

in vivo (289–291). The plasticity of astrocytes was further highlighted by successful direct 

reprogramming of parenchymal and reactive astrocytes into neuroblasts or mature neurons in 

vivo with known neuronal transcription factors (326–328). Shortly thereafter the endogenous 

neurogenic potential of parenchymal astrocytes was described in vivo by their capacity to form 

neuroblasts and mature neurons following stroke (42,329,330) and excitotoxic damage (331). 

The neurogenic potential of astrocytes is not too surprising as niche NSCs share many markers 

and features of astrocytes, and during development astrocyte-like radial glial cells act as the 

common progenitor for neurogenesis and gliogenesis in the brain (40,206). Transcriptionally 

NSCs and parenchymal astrocytes are closely related and may exist along the same continuum 

of activation states of parenchymal astrocytes to quiescent NSC and lastly activated NSC (332). 

In response to damage this latent neurogenic potential seems to be accessed in reactive 

astrocytes which are seen to acquire many NSC hallmarks in vitro and in vivo (40). 

It was shown by Magnusson and colleagues that a few parenchymal astrocytes in the adult 

mouse striatum commit to the neuronal lineage by suppression of Notch-signaling, which acts 

as a suppressor of downstream neurogenic genes. Experimentally forced ectopic expression of 

NICD, the cleaved Notch1 intracellular signaling domain, in parenchymal astrocytes leads to 

the abolishment of the neurogenic response to striatal stroke. Conversely, full deletion of the 
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Notch downstream coactivator RBPj-κ in astrocytes leads to a remarkable widespread 

neurogenesis even in uninjured conditions in the stratum and medial cortex. Each astrocyte is 

estimated to produce up to 30-40 neuroblasts and some mature neurons (42), and if applied to 

stroke conditions RBPj-κ deletion in astrocytes leads to a 3.5-fold increase in neurogenic 

response compared to astrocytes with unmanipulated Notch signaling (333). Notch signaling 

has previously been implicated in maintaining quiescence in the NSC niches (334,335), and 

depletion of Notch signaling initiates the neurogenic program in radial glial cells (336). 

Accordingly, deletion of RBPj-κ in uninjured striatal astrocytes induced a near identical 

transcriptional program to SVZ NSCs, However, many astrocytes still halted at the early stages 

of the neurogenic program. This was surpassed by infusion of EGF into the striatum, allowing 

more astrocyte-derived neuroblasts and mature neurons to be formed, arguing for the 

importance of a permissive neurogenic environment in addition to inherent potential as a key 

factor of adult neurogenesis (41). Astrocytes of the somatosensory cortex showed lower 

propensity for neurogenesis when compared to striatal astrocytes, even when exposed to EGF 

(41), which is in agreement with previous notions that the cortex is highly gliotic (39,40). 

Nevertheless, RBPj-κ-depleted astrocytes are capable to mount a neurogenic response in 

combination with an injury stimulus in the brain such as stab of the somatosensory cortex (288). 

Based on the transcriptional data astrocytes were seen to enter a neurogenic program much like 

the SVZ NSCs, and this was noted to be a trajectory independent of reactive astrocytosis as a 

prior state (288). Therefore striatal and cortical astrocytes display latent neurogenic potential 

that can be enhanced by injury conditions, RBPj-κ deletion, or growth factor infusion 

(41,42,288,333). In Paper I we follow-up on previous work from Magnusson and colleagues 

(42) and study the subtype of neurons generated after deletion of RBPj-κ in uninjured 

parenchymal striatal astrocytes. In addition, we investigate whether the newly formed 

astrocyte-derived neurons functionally integrate into the local striatal circuitry by 

electrophysiology. 
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7 PRESENT INVESTIGATION 

7.1 Aims 

Paper I – To investigate the identity of newly generated striatal astrocyte-derived neurons 

after blocking Notch signaling. 

Paper II – To investigate if type A pericyte-derived scarring is a conserved mechanism 

across diverse CNS models of injury and disease. 

Paper III – To investigate the mechanisms governing myelin-induced type A pericyte 

recruitment and fibrosis. 
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7.2 RESULTS AND DISCUSSION 

7.2.1 Paper I 

It was widely assumed that the low regenerative potential of the CNS was due to the absence 

of neurogenesis. However, NSCs with neurogenic potential have been found in the SGZ of the 

hippocampal dentate gyrus and in specialized niches along the peri-ependymal regions in the 

brain (V-SVZ NSCs) and spinal cord (38). Furthermore, latent neurogenic potential was 

uncovered in other cell types including ependymal cells of the brain and spinal cord, and striatal 

astrocytes in response to injury (11). It was shown that resident striatal astrocytes, which upon 

injury are seen to generate neurons in a limited capacity, contained latent neurogenic potential 

that could be further enhanced by blocking RBPj- mediated Notch signaling (42). 

Remarkably, deletion of RBPj- alone evoked a neurogenic response in astrocytes of the 

uninjured striatum, without contribution from the V-SVZ, making it a viable model to study 

the integration and subtype specification of striatal astrocyte-derived neurons. Continuing on 

studies by Magnusson and co-workers (42) we characterized the newborn neurons by immuno-

staining and recorded their electrophysiological properties.  

The striatum is comprised in majority by projection neurons (medium spiny neurons, MSNs) 

that make up nearly 95% of the striatal neuronal population. In addition, a small but diverse 

group of interneurons exist in the striatum. The striatal network is composed of GABAergic 

neurons, and one subtype of cholinergic interneurons (337).  Using a previously established 

recombination protocol RBPj- deletion in astrocytes was induced by tamoxifen injection in 

Connexin-30 (Cx30)-CreERT2 transgenic mice (42,338) carrying a Rosa26-tdTomato reporter 

allele and conditional RBPj- null alleles. As previously reported we detected induction of 

neurogenic programs in recombined cells 12 weeks after homozygous deletion of RBPj- by 

expression of the mature neuronal marker NeuN (41,42) (Paper I, Figure 1a-b). We next sought 

to investigate if there is any subtype specification of these astrocyte-derived striatal neurons. 

Although we could see that many of the tested known striatal neuron markers were expressed, 

none co-localized with the recombined cells. Only a small fraction of astrocyte-derived neurons 

expressed neuronal nitric oxide synthase (nNOS), characteristic of medium-sized GABAergic 

striatal interneurons (Paper I, Figure 1f). A signature of mature and functional neurons is their 

ability to form connections via dendrites and synapses and ability to communicate with the 

existing neuronal network. The electrophysiological properties of the astrocyte-derived 

neurons did not match any known striatal neuronal subtype (Paper II, Figure 2), and most 

displayed glutamatergic properties but were able to integrate into the striatal circuitry (Paper I, 

Figure 4). 

Subtype specification of newly born neurons has been previously described in various models 

of stroke in mice and rats (300,308,324,329,339,340), and excitotoxic models (331). Although 

previous studies reported on the generation of SVZ- and astrocyte-derived GABAergic 

(GAD67+) and cholinergic (ChAT+) mature neurons in response to ischemic stroke (308,329), 

we did not observe these neuronal subtypes being generated from astrocyte-derived neurons in 
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our study (Paper I, Figure 2c-g). Instead, the astrocyte-derived neurons displayed small action 

potentials similar to low-threshold spiking (LTS) interneurons (Paper I, Figure 2c-g and Table 

1). In our study we do not however study the newborn neurons after ischemic stroke, which 

could provide additional cues for differentiation and maturation of newly formed neurons 

(341,342). Indeed combining Notch depletion and stroke gave a significantly larger response 

than Notch depletion alone, indicating that stroke-derived signals play a part in instructing 

neurogenesis (333), either interfering with proliferation or differentiation of parenchymal 

astrocytes. When blocking Notch signaling under uninjured conditions, the neurogenic 

response was preferably located in the medial striatum close to the V-SVZ niche (42), as also 

observed in our study (Paper I, Figure 1c), suggesting that diffusing V-SVZ niche signals can 

aid the latent neurogenic response (41). With the exception of the medial cortex, astrocytes in 

the cerebral cortex do not generate neurons or neuroblasts after RBPj- deletion alone. 

However, infusion of EGF which is known to induce transit-amplifying cells in the V-SVZ 

niche pushed these previously reluctant cells to enter the first steps of a neurogenic program 

(41). These observations highlight the importance of integrating signals for successful 

neurogenesis and how environmental cues dictate the neurogenic potential.  

Understanding the role of V-SVZ niche-derived cues, and stroke-derived signals can help 

identify critical points of intervention. Inhibiting solely Notch signaling in the striatum 

however has been shown to induce a NSC-like state in astrocytes (41), similar to niche NSCs, 

in which Notch signaling plays a role in maintaining quiescence before initiating a neurogenic 

program (334,335). Blocking Notch signaling leads to upregulation of pro-neural genes Ascl1 

and Neurog1 (41), which have been implicated in glutamatergic lineage specification in 

olfactory bulb interneurons and during cortical development (343,344). Deletion of RBPj- 

mediated Notch signaling induced glutamatergic properties in the astrocyte-derived neurons in 

this study, suggesting that Ascl1 and Neurog1 may work together with other downstream 

effectors to dictate the neurotransmitter phenotype of astrocyte-derived striatal neurons. Since 

most striatal neurons are GABAergic, and some cholinergic (337), the clinical relevance of 

astrocyte-derived glutamatergic neurons is yet to be described. Furthermore several immature 

astrocyte-derived neurons were found (Paper I, SI Appendix, Figure S3), which could be 

directed to desirable states by in situ reprogramming strategies (326–328). 

7.2.2 Paper II 

Regeneration in the CNS is limited in response to injury, mainly due to formation of fibrotic 

tissue instead of newly regenerated functional tissue. Fibrosis is part of the common reparative 

mechanisms in other organs and acts as provisional matrix of fibroblasts to rebind the tissue 

and produce ECM molecules to act as a scaffold for immune cells to clear cellular debris, and 

other tissue specific regenerative cells that will ultimately replace this structure (7,9,10,12,46). 

In CNS fibrotic tissue remains chronically in perpetual state of remodeling, leading to a lesion 

with active inflammatory cells, fibroblast and ECM which impedes of neurogenesis and axonal 

rewiring (9–12). In addition to fibrosis, gliosis by local glial cells occurs that flanks the fibrotic 

core to limit the spread of the inflammatory cells and fibroblasts (10,12). Therefore, it is 
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imperative to understand the origin of the fibrosis in CNS. Our lab has previsouly shown that 

a subtype of pericytes, termed type A pericytes, detaches from their native perivascular location 

and accumulates in the lesion site in response to penetrative SCI (125). Fibrosis is known to 

occur throughout the CNS and in various injury models, however due to the lack of tools the 

origin has been difficult to pinpoint. Interestingly though, the previous studies of injuries in the 

CNS share many commonalities to our previously published work such as PDGFRβ-expression 

being prominently seen in the lesion core after injuries (126). This prompted us to ask if type 

A pericyte-derived fibrosis is a conserved mechanism across the CNS. Furthermore, we extend 

this study to human pathological tissue to elevate the translational value of the study and 

highlight the important of type A pericytes as candidate cells in human cases of CNS injury. 

 

Figure 6 – Summary of the type A pericyte response across lesions - Type A pericytes (green cells) contribute to the 

injury by proliferation and detachment from their native perivascular space, forming fibrotic tissue in response to spinal 

cord injuries, traumatic brain injuries, ischemic stroke models that affect the cortex, and demyelinating disorders (EAE). 

Type A pericytes respond to striatal ischemic stroke by proliferation and remaining on the vasculature. Small cortical stab 

wounds and brain tumor (glioblastoma) do not trigger a significant type A pericytes response. 

 

To study this we employed our previously described in vivo lineage tracing tool (125) to label 

and detect type A pericytes in an inheritable manner with a CreERT2-loxP system (345). Using 

GLAST-CreERT2 transgenic mice crossed with Rosa26-enhanced yellow fluorescent protein 

(R26R-EYFP) or Rosa26-tdTomato (R26R-tdTom) reporter mice, henceforth referred to as 

GLAST-CreERT2;R26R-EYFP or GLAST-CreERT2;R26R-tdTom mice, we can genetically 

label our cell of interest. Upon tamoxifen injection, GLAST-expressing cells will undergo 

irreversible Cre-mediated recombination of loxP sites flanking a STOP codon of the 

fluorescent reporter allele, allowing its transcription and translation. This leads to specific and 

traceable expression, as the daughter cells of the labelled cells will inherit the expression 

(Figure 5 and Paper II, Supplementary Figure 1a).  
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Type A pericytes were detected across the CNS and constitute about 10% of all pericytes based 

on PDGFRβ pericyte marker expression and their perivascular location in the cortex and 

striatum of the brain and the spinal cord (Paper II, Supplementary Figure 1 and Supplementary 

Figure 3). In uninjured conditions of the spinal cord and brain type A pericytes express 

pericytes markers PDGFRβ, CD13, and Tbx18 but not markers for other pericyte cell 

populations such as αSMA and desmin which has been used to identify the non-fibrotic 

pericytes (type B pericytes) that remain on the vasculature in response to injury (125), and 

vascular smooth cells (Paper II, Supplementary Figure 1e–i and Supplementary Figure 3d–h). 

Apart of the type A pericytes GLAST-CreERT2;R26R-EYFP or GLAST-CreERT2;R26R-

tdTom are also seen to label ependymal cells and radial astrocytes in the white matter of the 

spinal cord (Paper II, Supplementary Figure 1b, 3a). Furthermore a small subset of 

parenchymal astrocytes and V-SVZ are seen to be labeled with the GLAST-CreERT2 (Paper II, 

Supplementary Figure 4a–e) (42,338). Ependymal cells, NSC and astrocytes do not generate 

fibrotic scar tissue with their progeny as they do not express the pan-fibrotic marker PDGFRβ 

(143). GLAST-expressing astrocytes in the cerebral cortex and striatum can become reactive 

upon injury and contribute to the glial scar (289,290). 

Using the GLAST-CreERT2;R26R-EYFP or GLAST-CreERT2;R26R-tdTom mouse lines and 

co-labeling with PDGFRβ we could detect type A pericyte-derived fibrotic scarring in several 

lesion models, including penetrating and non-penetrating SCI models, cortical and cortico-

striatal stab lesions to the brain, ischemic stroke and EAE. Across these models type A pericyte-

derived cells made up the large bulk of fibrotic PDGFRβ-positive cells. With the exception of 

striatal ischemic stroke, type A pericytes responded by detaching from the vascular wall, 

increased in number and clustered within the glial scar border (Figure 6 and Paper II, 

Supplementary Figure 13). In the GBM tumor model we observed rather little contribution of 

type A pericyte-derived cells to fibrosis, however plenty of PDGFRβ-positive fibrotic cells 

were heterogeneously spread throughout the tumor mass. In ischemic stroke confined to the 

striatum type A pericytes were seen to become proliferative and increase in numbers, however 

they remained associated with the vasculature throughout all time points investigated (Paper 

II, Figure 5). A small vessel dissociative response was noted at 5 days after MCAO measured 

by the distance of the type A pericyte-derived cell soma from the nearest vessel. However, this 

subsided in the later time points (Paper II, Figure 5x). 

EAE displayed a unique CNS scar cytoarchitecture with a diffuse glial scar border intermingled 

with the fibrotic core as supposed to a sharp demarcated reactive astrocyte-fibroblast that has 

been described for many models in this study and elsewhere (9,10,346). This has been noted 

previously (153,154,346) and could possibly highlight key differences the recruitment 

mechanisms, maintenance and heterogeneity of response in fibrotic injury models. 

Demarcation of the glial-fibroblast border has been shown to be mediated by EphB2-

expressing fibroblasts and ephrinB2-expressing reactive astrocytes (192), and fibroblast 

derived Col I signaling via the integrin–N-cadherin pathway (194). Col I was detected by us 

(Paper II, Figure 4t) and others (154) in EAE interspersed in the lesion core with the reactive 

astrocytes, yet no obvious glial-fibroblast boundary is seen as suggested by Hara et al. (194). 
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Less is known about EphB2 and ephrinB2 in EAE, but several types of ephrins is increased by 

axons in the demyelinated lesions and may play a role in T-cell chemotaxis, and EphB1 and 

EphB2 was detected in human MS samples at the lesion core (347). New sequencing data by 

Dorrier et al. (154) of the fibrotic cells after EAE can help elucidate if EphB2 is expressed or 

not as seen previously in SCI (192). This discrepancy could be explained by a heterogenous 

response by the astrocytes to different types injury, as there exist large set of heterogeneity in 

astrocytes and reactive astrocytes upon injury, and depending on the disease model reactive 

astrocytes can play different roles (102,169). This is exemplified by the diverse transcriptional 

profile of reactive astrocytes where they adopt a neuroprotective phenotype in an ischemic 

model, while a harmful detrimental phenotype in response to neuroinflammatory trigger by 

LPS (185). In line with this Barres et al., showed that neuroinflammatory stimulus like LPS 

triggers microglia to instruct astrocytes into a harmful A1 phenotype, while ischemia induces 

a neuroprotective A2 phenotype of reactive astrocytes (348,349). Interestingly, A1 astrocytes 

were associated with several neurodegenerative disorders as the main type of reactive astrocyte 

in human samples (348), which commonly display a more diffuse astroglial organization 

(102,211,350), which could be explained by a different inflammatory profile between the 

conditions. Indeed, the inflammatory response of EAE differs from other traumatic injuries 

being more of a CD4+ T-cell driven disease, that could give a resultant different outcome in 

the locally scar participating cells (9,248,351). Several instructive cues are derived from 

immune cells to for tissue regeneration and scarring across many organs (352,353), which was 

recently highlighted in the CNS by a direct IFNy-IFN signaling axis of T cells to initiate fibrotic 

scarring in EAE (154).  

There is a growing body of literature on the role of immune cells as the principal driver and 

recruiters of fibrosis (155,351). We and others have observed what fibrotic scarring is reliant 

on the peripherally derived monocyte/macrophage infiltration. Fibroblasts and 

monocytes/macrophages are seen to coincide spatiotemporally in the lesioned tissue 

(97,125,164), and inhibition of the recruitment decreases the fibrotic scar formation (165,166). 

In Paper III (manuscript) we further show that type A pericyte-derived fibrosis recruitment is 

dependent on macrophage infiltration via the CCR2-CCL2 axis, a classic chemokine by 

microglial to recruit the peripheral immune cells, which express CCR2, into the parenchyma 

(354). Furthermore developmentally scarring in the CNS is first seen as the immune system 

matures to its adult stage, after which scarring occurs readily (21–24).  

Since the dynamics and immune cell profile varies between injury models, and the instructive 

cues from many immune cells directly affect the fibrosis (155,351), it is easily conceived that 

the variations in the immune response could be the unifying explanation for the difference in 

type A pericyte-derived scarring in the study. As example, the temporal pattern is non-

conventional in stroke to other inflammatory responses, as neutrophils are not seen first on the 

site of the lesion as typically seen in traumatic injuries across organs (355, 356), and are derived 

locally from the bone of the skull (357). Furthermore following ischemic stroke the immune 

response is largely pronounced by a microglial response rather than a mixed response of 

microglial and peripherally derived monocyte/macrophage response as is seen in other 
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traumatic injuries (358). Even though there is limited infiltration peripherally derived 

monocytes/macrophages, these are seen to adopt a ramified morphology, common to 

homeostatic microglia (358). As previously noted, it seems as if the infiltrating peripherally 

derived monocytes/macrophages are critical for triggering a fibrotic response in the CNS, 

which is lacking in response to ischemic trauma in the striatum. Type A pericytes interestingly 

do increase in number, still associated with vessels, which could be a response by microglia as 

they are seen to associate closely with vessels promoting angiogenesis, releasing factors to 

promote proliferation of endothelial cells and pericytes (359–361). Type A pericyte might 

therefore maintain their pericyte functions in response to injury to ischemic stroke in the 

striatum. However we show that in response to a cortical stroke, which can be induced by distal 

middle cerebral artery occlusion (dMCAO) (362), triggers an archetypical fibrotic scarring by 

type A pericytes (Paper II, Figure 6). This is in agreement with previous studies showing 

pericyte detachment from the vessel wall when the stroke core was also found in the cortex 

(245,363). We utilized both stroke models and further compared deposition of pathological 

ECM. Interestingly, while both MCAO and dMCAO trigger an increase in the number of type 

A pericytes, substantial ECM deposition was only found in the cortical dMCAO model, where 

type A pericytes and progeny dissociate from the vasculature (Paper II, Figure 8a-e). Together 

this indicates that the magnitude of ECM deposition can be determined by the number of 

dissociated type A pericyte-derived cells from the vasculature Because the trigger is similar, 

and both models induce a proliferative response by type A pericytes, but different in terms of 

detachment from vasculature and ECM deposition, it is conceivable that they engage in 

different injury induced programs. Performing scRNAseq analyses of type A pericytes and 

immune cells form MCAO and dMCAO would be interesting to find differentially expressed 

genes that could help elucidate possible recruitment mechanisms for either an anti- or pro-

fibrotic program. 

The definition of a perivascular fibroblast, and a pericyte has been difficult to establish, as they 

share many markers, and the nomenclature has varied between studies based on the chosen 

markers (364). We previously classified type A pericytes by lineage tracing of GLAST and 

marker expression such as PDGFRβ, and other common markers for fibroblast (125). Based 

on their microvascular location under the basement membrane they can be dogmatically 

classified as pericytes (Paper II, Supplementary Figure 2) (221). Several models have identified 

other perivascular cells to participate in scar formation. Previous studies in models of spinal 

cord contusion by Zhu et al. (166) and EAE by Yahn et al. (153) suggest that the fibrotic source 

is from Col1α1 expressing perivascular fibroblasts that reside in larger diameter vessels, rather 

than pericytes. These studies were however not conducted with inducible Cre mice and 

fluorescence labeling would occur in any cell that expresses Col1α1, which could be 

upregulated after the insult, making it difficult to establish the exact source. Furthermore, a 

recent lineage tracing study in EAE with inducible Cre under Col1α2 showed that these cells 

in response to EAE trigger a fibrotic response, much like in (Paper II, Figure 4) by our GLAST 

lineage traced cells. Recent single cell sequencing of vascular cells in the uninjured mouse 

brain showed that in addition of pericytes, a subset of classified fibroblasts also showed Glast 



 

 35 

(Slc1a3) expression, with the likely explanation that Glast encompasses both cell populations 

(365).  

Lastly, we expanded the study to human cases of CNS lesions by immunostaining. We could 

find numerous GLAST+PDGFRβ+ perivascular cells in the healthy tissue of post-mortem 

human spinal cord and occipital cortex, that characteristically displayed a long ovoid body 

close to the vasculature (Paper II, Figure 9b,f). We could also find GLAST-PDGFRβ+ 

perivascular cells, most likely being the non-scarring population that was previously described 

as type B pericytes (125), and also GLAST+PDGFRβ- cells that most likely are astrocytes as 

this is commonly an astrocyte marker (Paper II, Figure 9c,g). We could detect extravascular 

PDGFRβ+ cell aggregates in CNS lesions of SCI, MS with flanking astroglial cells based on 

GFAP immunostaining (Paper II, Figure 10a-e), while human samples of stroke and GBM 

showed increased levels of PDGFRβ+ but were still closely associated with the vasculature 

(Paper II, Figure 10g-j), which is in consensus with the experimental models in mice performed 

in the study (Figure 6 and Paper II, Supplemental Figure 13). 

7.2.3 Paper III 

While studying the response of type A pericytes to injury across various CNS insults it became 

notable that the magnitude of the insult did not always correlate with the fibrotic response by 

type A pericytes. Rather, lesions leading to greater white matter (WM) damage seemed to 

generate a larger type A pericyte fibrotic response. This was observed in stab injuries to the 

cerebral cortex (grey matter, GM), which presented a modest number of type A pericyte-

derived cells at 14 days post injury (dpi) (Paper II, Figure 3), while a similarly sized injury that 

spanned the cortex and striatum had nearly 3-4-fold more type A pericyte-derived cells at 14 

dpi (Paper II, Figure 2). Both lesion models generated a large amount of type A pericyte-

derived cells at 5 dpi (Paper II, Figure 2,3). However, in cortical stab wounds type A pericyte-

derived cells are drastically decreased by 14 dpi, indicating a faster clearance of fibrotic cells 

and a resolving fibrotic scar phenotype (Paper II, Figure 3). In cortico-striatal stab wounds type 

A pericyte-derived cells remained chronically up to 7 weeks post injury (wpi) (Paper II, Figure 

2). Because the initial mechanical damage inflicted by cortico and cortico-striatal stab lesions 

was made in a similar manner and was matched in size, the anatomical location and 

environment could be a key difference in dictating fibrotic responses. One notable anatomical 

structure that is damaged by a cortico-striatal stab lesion is the WM compartment of the corpus 

callosum, while the cortical stab is restricted the GM. Additionally, we could observe robust 

type A pericyte-derived fibrotic scarring in the spinal cord WM in EAE lesions (Paper II, Figure 

4). In line with this, differences in the pathophysiology between MS lesions in the GM and 

WM has been described, with GM lesions generally showing a reduced reactivity of microglia, 

peripherally-derived monocytes/macrophages and leukocytes, and astrocytes (366). 

Furthermore, stab injuries to the cortex affecting the WM induce a stronger astroglial response 

when compared to those restricted to the GM (367).  

To test these observations, we devised an injury model to restrict the initial damage to the GM 

or WM respectively in the spinal cord (Paper III, Figure 1a). Using our previous established 
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GLAST-CreERT2 transgenic mouse crossed with a Rosa26-tdTomato reporter allele we could 

lineage trace type A pericytes and their progeny (125). We compared type A pericyte 

recruitment following a discrete stab lesion to the spinal cord dorsal horn (restricted to GM) 

versus after a stab lesion of the same size to the lateral spinal cord WM. We detected that injury 

to the WM evoked a larger type A pericyte-derived scarring response, increased lesion size and 

inflammatory response (Paper III, Figure 1a-d and Extended Data Fig. 4a-b,g). This is in 

accordance with other studies showing a greater immune response by microglia, and 

macrophages, and astrocytes to WM damage when compared to GM damage (367–369).  

WM is highly enriched in myelin (44), and upon injury myelin is released in form of myelin 

debris that contain several axonal inhibitory molecules (29,63). Additionally, myelin can 

trigger a pro-inflammatory response when phagocytosed by microglia and macrophages (62). 

Because there is a host of other acutely-derived signals upon traumatic injuries (9,55,58) we 

decided to turn into a simple model and study type A pericyte responses after focal 

demyelination, which induces minimal damage to surrounding axons and tissue (370) . For that 

we used lysolecithin (LPC), a membrane-solubilizing agent that induces demyelination by 

targeting myelin-producing cells, leading to local release of myelin debris. Injection of LPC 

into the ventral WM caused local demyelination as detected by the reduction of MBP immuno-

staining at the injection site and led to type A pericyte-derived scarring (Paper III, Figure 1f-

h). Additionally, to exclude any model-specific derived signals by LPC, we also injected 

isolated myelin membranes directly into the spinal GM and compared it to control injections 

of non-CNS native cell membranes (liver membrane) and saline. While liver membranes did 

not induce a type A pericyte response, myelin membranes led to a drastic recruitment of type 

A pericyte-derived cells at the injection site (Paper III, Figure 1j-l). Following both LPC and 

myelin injections the number of microglia/macrophages was also elevated, as detected by 

increased MAC2 immunoreactivity, which acts as activation marker for microglia and 

macrophages (371). Type A pericytes and their progeny intermingled with inflammatory 

microglia/macrophages in the lesion (Paper III, Extended Data Fig. 4c-g). Surprisingly, 

injection of myelin alone into the uninjured spinal cord parenchyma was able to recapitulate 

many steps of CNS scar formation, including a dynamic response of type A pericytes, immune 

cell recruitment, and glial scar formation. Interestingly, these cell type organized and formed 

the archetypical CNS scar with a fibrotic core of type A pericyte-derived cells and immune 

cells, flanked by a glial scar (Paper III, Figure 2). Because of the close spatiotemporal 

association of type A pericyte-derived cells and MAC2-expressing immune cells, we 

hypothesized that infiltrating immune cells are vital for the type A pericyte fibrotic response. 

To block the infiltration of peripherally derived monocytes/macrophages we used a CCR2 KO 

model to study the effects of myelin. Microglia are known to recruit monocytes/macrophages 

in response to injury by releasing the chemokine CCL2, which in turn recruits CCR2-

expressing monocytes/macrophages in the periphery (354,372). In CCR2 KO mice 

inflammation is therefore drastically reduced (83,373). Upon injection of myelin into CCR2 

KO mice the immune response was minimal, and, remarkably, type A pericyte-derived scar 

formation was completely abolished (Paper III, Figure 3e-i). What remained of the MAC2 
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signal was suggested to be a residual microglial response, as similar to 

monocytes/macrophages, microglia express MAC2 upon activation (374). We confirmed that 

type A pericytes and progeny do not express CCR2 by immuno-staining (Extended Data Figure 

5s-v). Since there should be no effect on microglia in the CCR2 KO model, one can suggest 

that in response to myelin injection most if not all of the type A pericyte-derived response is 

due to infiltrating immune cells. In addition, the experiments also suggest that microglia alone 

are incapable to provoke a type A pericyte fibrotic response. Despite both microglia and 

macrophages participating in myelin debris engulfment (69), the pathological myelin-derived 

signals might only be generated by myelin-engulfing macrophages. Myelin-engulfing 

microglia might provide the cue for peripheral macrophage infiltration but signaling to type A 

pericytes occurs via macrophages. This can be tested by bone-marrow transplant of modified 

macrophages that lack receptors for myelin engulfment (375,376), or by improving myelin 

clearance to avoid foamy and pro-fibrotic macrophage formation (78,79). The study was 

extended to a crush model of SCI and we observed a reduction in the number of inflammatory 

immune cells and accompanying type A pericyte-derived cells in CCR2 KO animals when 

compared to CCR2 +/- controls (Extended Data Figure 5j-q). The type A pericyte-derived scar 

was not completely abolished since inflammation was still present in the CCR2 KO crush 

model, albeit lower, which could be due to a multitude of additional tissue-derived recruitment 

signals to the periphery (9,10). A similar response was seen in models of TBI where CCR2 KO 

mice exhibited reduction of immune cells after injury, with reduction in lesion size, glial 

scarring ECM deposition, and showed improved behavioral outcomes (373,377). Since we 

know that type A pericytes also respond to TBI (Paper II, Figure 2,3) and act as the main source 

of ECM (Paper II, Figure 8f-h) these results could very well be due to the subsequent reduction 

of fibrotic type A pericyte-derived cells in the aforementioned studies (373,377).  

Myelin and liver membranes were readily ingested by MAC2+ microglia/macrophages, as 

detected by injecting fluorescently labeled myelin and liver membranes into the spinal cord 

parenchyma, respectively. Interestingly, the response and clearing dynamics of these 

membranes varied: both membranes were ingested to a similar degree at 3 dpi-5 dpi; however, 

while the clearance of fluorescently labeled liver membranes was apparent by the reduction of 

fluorescent signal, myelin membranes remained inside MAC2+ cells up to 8 wpi (Paper III, 

Extended Data Figure 3). This indicates two things: i) not all cellular membranes can trigger 

an inflammatory response, with myelin membranes being more immunogenic and therefore 

fibrogenic than liver membranes; ii) inherent differences in the membrane composition could 

explain the difference. The inert nature of the injected liver membranes into the CNS compared 

to myelin has been previously described (85,378). Endothelial cells and astrocytes have been 

suggested to ingest myelin as well to promote inflammation (71,72), which was not studied 

here. However, fluorescently labeled myelin was rapidly taken up by MAC2+ cells and at 5 

dpi almost 95% of the myelin had been found inside MAC2+ cells (Paper III, Extended Data 

Figure 3q). Astrocytes and endothelial cells could however play a role in early uptake and 

clearance of myelin.  
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Because exposure of the uninjured spinal cord to myelin and liver membranes resulted in 

distinct  responses by type A pericytes, we further explored what the difference between these 

cell membranes could be. Myelin is known to harbor a wide range of instructive cues to the 

microglia and macrophages upon contact and ingestion (379), and contains uniquely expressed 

membrane-bound proteins, collectively known as MAIs (29,63). MAIs have been implicated 

as inhibitors of axonal regeneration in SCI, as they induce growth cone collapse via receptors 

signaling on spared neurons/axons in the tissue (29,63). The most well studied MAIs include 

Nogo, OMGp, and MAG, which are very restricted to the CNS and peripheral nervous system 

(PNS) myelin (63). Nogo exists in three isoforms, of which Nogo-A is specific to the CNS and 

Nogo-B and C exist in various tissues throughout the body. MAG exists in two isoforms, S-

MAG and L-MAG, with L-MAG being enriched in CNS myelin. OMGp is the only MAI not 

found anywhere else outside the spinal cord and brain (63). We sought out to investigate 

whether these proteins could trigger type A pericyte-derived scarring, in addition to their 

classically known role as axon growth inhibitors. We injected matched amounts of Nogo-A, 

OMGp, and MAG recombinant proteins in addition to the structural myelin proteins MBP and 

PLP into the uninjured spinal cord GM (44). While MBP and PLP neither triggered MAC2+ 

inflammatory cells nor type A pericyte-derived scarring, all three injected MAIs Nogo, OMGp 

and MAG promoted fibrotic reactions (Paper III, Figure 4a-g and Extended Data Figure 6a-f). 

Nogo is a transmembrane protein that has three extracellular domains, the N-terminal domain 

(aa 1-172), Nogo-A-Δ20 peptide sequence (aa544-735) and Nogo-66 (aa 1026-1091) that 

interact with different receptors (63). Interestingly, injection of peptides corresponding to the 

different Nogo domains into the spinal cord did not trigger the same inflammatory and fibrotic 

reactions. Nogo-66 displayed the strongest response, more than the other two Nogo peptide 

sequences combined in terms of inflammatory immune cells and type A pericyte-derived cells 

(Paper III, Figure 4b,e, Extended Data Figure 6c,d). Next, we wanted to study the fibrotic 

response in an environment devoid of the three MAIs to understand the endogenous response 

to these proteins. For that we employed previously described transgenic mice lacking all 

isoforms of Nogo, MAG and OMGp (Nogo-, MAG-, and OMGp- null mutant mice) (380) and 

performed full crush SCI. We found that triple knockout animals (MAG-/-;Nogo-/-;OMGp-/-) 

present a reduced lesion volume and decreased inflammatory and fibrotic responses when 

compared to control triple heterozygous (MAG+/-;Nogo+/-;OMGp+/-) animals (Paper III, 

Figure 4h-n, Extended Figure 6g-i). The Nogo-66 peptide sequence is common to all Nogo 

isoforms (Nogo-A, -B, and -C) and these isoforms have been implicated in fibrotic tissue 

generation in several organs, such as in pulmonary fibrosis, liver fibrosis, cardiac fibrosis (381–

384). Interestingly, Nogo isoforms act via intracellular mechanisms to inhibit apoptosis in the 

fibrotic cells (381,385), which could contribute to a prolonged non-resolving phenotype. Nogo 

could contribute to the chronic phenotype seen in macrophages that engulf Nogo-rich myelin 

in a similar manner by reducing apoptosis through intracellular signaling mechanisms, which 

could contribute to the non-resolving CNS scar after injury. This could be studied by examining 

the immune cell profile between triple heterozygous (MAG+/-;Nogo+/-;OMGp+/-) and triple 

knockout mice (MAG-/-;Nogo-/-;OMGp-/-) after injury in terms of apoptosis and extend the 

study to chronic time points to observe differences in scar resolution. 
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Figure 7 - Model of myelin-induced type A pericyte fibrosis – Upon injury to the CNS, myelin debris containing the 

bioactive myelin specific proteins Nogo, MAG and OMGp act to trigger fibrosis mediated by infiltrating 

monocytes/macrophages. 

 

Existing therapeutic agents that either block Nogo, MAG and OMGp ligands, or their 

respective receptors, have known positive effects on recovery after injury (63,386). In addition 

to their known effects on alleviating axonal growth inhibition by MAIs, it is plausible that these 

therapeutic agents also attenuate the fibrotic response after injury. Using the available blocking 

strategies for MAIs or their receptors one could administer them in a model of crush SCI and 

study the effects on the fibrotic components in the acute and subacute stages of injury (60). It 

has been shown that, in addition to neurons, astrocytes (387,388) and microglia/macrophages 

with functions in promoting inflammation in demyelinating models of EAE (389,390), also 

express the common MAI receptor NgR1. Cre-loxP-mediated conditional deletion of NgR1 

under cell-specific promotors of microglia/macrophages or astrocytes could be combined with 

injury models and intraspinal injection of myelin to delineate the possible role of NgR1 in 

myelin-mediated fibrosis. In addition to the classically known MAIs there could be a wealth of 

inhibitory proteins yet to be discovered. Indeed MAIs proteins constitute only a fraction of the 

myelin proteome, with a large portion remaining undescribed (391).  

In summary we have shown that myelin damage, and specific myelin proteins are sufficient to 

trigger a type A pericyte-derived fibrotic response via infiltrating immune cells and may play 

a similar role in CNS injuries (Figure 7).   
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8 CONCLUDING REMARKS 

In this thesis we have explored the two avenues of tissue repair in the CNS, first wound healing, 

and fibrotic scarring, which is at the detriment of the second mechanism of neuro-regeneration. 

While the field is expanding fast, with identification of many cells and signaling molecules and 

their interplay, the processes have only begun to be understood in humans. Nonetheless, there 

are inherent differences in the regenerative potential between rodents and humans, which can 

make translational therapies challenging (5,392). 

First, in Paper I we show that although a neurogenic response can be triggered by deletion of 

Notch signaling in striatal astrocytes, the newly generated astrocyte-derived neurons do not 

mature into a neuronal subtype that is normally present in the striatum of an adult mouse. Stroke 

triggers a neurogenic response from V-SVZ NSCs and striatal astrocytes and some studies 

reported that mature neurons of the appropriate subtype form and integrate into the striatal 

network (308,309,393). Blocking Notch signaling in stroke conditions boosts the amount of 

immature and mature neurons generated, however the subtype specification and integration of 

these cells has yet to be evaluated (333). Blocking Notch signaling after stroke with the plethora 

of available anti-Notch therapies (394) led to worsened pathology in rodents (395–397). 

Possibly, since many cells rely on Notch signaling, systemic delivery of the therapeutic agents 

may have resulted in undesired side effects (394). Instead, one can use available data sets of 

Notch-depleted astrocytes, such as the dataset generated by Magnusson and colleagues 

(41,288), to pinpoint specific transcriptional nodes that can transform an astrocyte into a 

neuron. Astrocytes are abundant and reside widely throughout the CNS. Future therapies could 

employ knowledge derived from the sequencing studies to isolate, expand and differentiate the 

astrocytes and transplant these cells back into patients suffering from stroke.  

In Paper II we have studied and showed that type A pericyte-derived fibrotic scarring is present 

across several CNS injury models and disease (126). Furthermore, we have early indications 

that similar cells could exist in human tissue. Attenuating type A pericyte-derived scarring has 

been shown to improve regeneration and functional outcomes after SCI (32). Together with 

their possible relevance in humans, it will be important to understand their recruitment 

mechanisms to reduce fibrotic scar formation after CNS injuries. This study gave a wealth in 

understanding the conserved but heterogeneous response of the type A pericytes and their 

progeny across lesion models. This leads to excellent opportunities to compare how 

environmental cues can direct type A pericyte cellular behavior and gives opportunities for 

tissue wide sequencing to elucidate potential triggers and drivers of fibrosis. Accordingly, we 

did generate, identify, and confirmed that lesion models with white matter damage generated a 

more potent type A pericyte fibrotic scar (Paper III). We further identified that myelin, and the 

specific myelin proteins MAG, Nogo, OMGp can induce fibrotic scar formation alone with no 

external cues, highlighting the importance of environmental factors on cellular outcomes. 

Several therapeutic agents for blocking these proteins have been tested with some success, 

attributed to their role in promoting axonal regeneration (60). However, fibrotic tissue could 
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have been overlooked. It remains to be understood what the signaling mechanism of myelin is 

that conveys a fibrotic response from type A pericytes. 

 

Tissue repair and regeneration is a remarkable and beautifully complex process with many 

moving and communicating parts, with several actors in dialogue in temporally structured 

scenes, with the stage of the central nervous system directing an unfortunate tragedy. As an 

attentive audience to the unfolding drama we begin to understand the manuscript of the 

playwright and with the right cues may be able to affect the narrative of the story. With the 

spotlight on the type A pericyte - his acts begins seven ages… 
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