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Chapter I: Evidence for the functional diversity of oligodendrocyte progenitor 

cells 

Introduction 

 Since their discovery as the fourth major glial type in the adult central nervous 

system, oligodendrocyte progenitor cells (OPCs) have been an important area of study, 

especially in the remyelination field. Numerous groups are working diligently to elucidate 

the signaling mechanisms that underlie the differentiation process of OPCs into 

myelinating oligodendrocytes, and what aspects of this pathway can be harnessed to 

promote more efficient and complete remyelination following a demyelinating insult. This 

area of research has the potential to lead to the development of exciting new therapies 

for debilitating demyelinating disease such as multiple sclerosis (MS), Guillain–Barré 

syndrome, and other leukodystrophies.  

 While the large majority of the OPC field has historically focused on the their role 

as a progenitor pool for mature, myelinating oligodendrocytes, recent literature has begun 

to explore the idea that the population of OPCs maintained in the adult brain represents 

multiple diverse subpopulations that fall under the current cellular identification of 

OPCs1,2. The case for OPC heterogeneity is bolstered by emerging evidence that strongly 

indicates OPCs in the adult brain may have their own role independent of their function 

as progenitors3-5. Understanding the population characteristics of OPCs and investigating 

their potential diversity may lead to the discovery of novel roles for OPCs in the healthy 

and diseased brain. 

 While the field lacks a complete understanding of the heterogeneity of OPCs within 

the adult brain, the body of literature investigating the function of OPCs since their 
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discovery in 1983 contains multiple lines of evidence that point to diversity within this 

population. Here we will review the current evidence that demonstrates the potential for 

OPC diversity within the adult brain and briefly explore ways to directly address the 

question of OPC heterogeneity. 

 

Historical background 

 Oligodendrocyte progenitor cells were initially characterized in 1983, their 

discovery arising from an effort to characterize glial cells within the optic nerve. Raff and 

colleagues (1983) observed that cultures of isolated cells from the optic nerve contained 

a significantly larger percentage of oligodendrocytes when they were maintained in 

serum-free media than when they were maintained in the presence of serum. When 

cultured with serum, these same cells produced a large percentage of type-2 astrocytes. 

Both types of cells largely developed from the same A2B5+ precursor cells. This in vivo 

characterization led to the recognition of a new type of glial cell, originally called O2A 

progenitor cells because of their ability to generate both type-2 astrocytes and 

oligodendrocytes in culture 6. As the body of literature investigating O2A progenitor cells 

grew, evidence began to suggest that, in vivo, O2A progenitors exclusively generated 

oligodendrocytes and that the production of astrocytes from these cells was a result of 

culture conditions7.  While it still remains a topic of debate whether OPCs have the ability 

to produce astrocytes in vivo, fate-labeling studies have led to the general acceptance 

that the large majority of mature cells produced by OPCs are oligodendrocytes8,9. As a 

result, the term O2A progenitors fell out of favor in most of the literature, being replaced 

with the most commonly used term ‘oligodendrocyte progenitor cells’10. However, as the 
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idea that OPCs may play other roles besides being a progenitor pool gained popularity in 

recent years, other names for this cell population began to make their way into the 

literature, including polydendrocyte, after the vast array of processes that each cell has, 

and NG2-glia, after one of the main markers of OPCs11,12. 

 As the variety of names suggests, despite 35 years’ worth of literature on this cell 

type, the precise set of roles they play, especially in the adult brain, remains contested. 

One confounding factor that makes these cells particularly challenging to study is the 

limited number of molecular markers used to identify OPCs. 

 

Molecular Identification 

 One of the challenges that faces the OPC field is the lack of distinct markers that 

definitively label OPCs and do not overlap with any other cell type. With current known 

markers, OPCs can only be distinguished from other cells type by the colocalization of 

two markers. Multiple markers are expressed in all oligo-lineage cells, and can be used 

to distinguish OPCs and oligodendrocytes from other neural and glial cell types. The 

transcription factor Sox10 is upregulated early in the development of OPCs from neural 

precursor cells and expression is maintained in mature oligodendrocytes13,14. Olig2 is also 

a nuclear marker that is known to induce an oligodendroglial identity and is maintained 

through differentiation15,16. While these markers are useful for identifying cells of the 

oligodendrocyte lineage, they do not distinguish mature myelin-forming oligodendrocytes 

from OPCs. OPCs are identified using one of the nuclear markers mentioned above, 

along with either platelet derived growth factor α (PDGFRα) or neural/glial antigen 2 

(NG2) to mark the cell body and processes and distinguish them from mature 
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oligodendrocytes17.  PDGFRα is a growth factor receptor that marks the cell body and 

processes of OPCs, but is down regulated as OPCs differentiate, making it an ideal target 

for distinguishing OPCs from oligodendrocytes18. However, endothelial cells also express 

PDGFRα, so an oligo-lineage nuclear marker must also be used to identify OPCs19. NG2, 

a proteoglycan, is also used to visualize the cell body and processes of OPCs, but is also 

expressed in pericytes of the brain20. Moreover, macrophages have been shown to 

ectopically express NG2 in the context of injury, making OPC identification and analysis 

of their behavior even more challenging21. 

 

Characteristics of OPCs within the Adult Brain 

 The discovery of OPCs as the fourth main glial type lead to a quickly growing pool 

of literature that described their origins in the developing brain and spinal cord, their 

migration to populate the central nervous system (CNS), and the differentiation of a large 

majority of OPCs into mature myelinating oligodendrocytes22-24. But, unlike other 

progenitor cells that play critical roles in the development of the nervous system, a 

substantial population of OPCs remain in the adult brain outside of the specific adult 

neurogenic niches that have been shown to support multipotent stem cells throughout 

life25. 

 OPCs within the adult brain have been shown to populate every region of the CNS. 

Olig2 and Sox10, pan oligodendroglia markers, are expressed strongly in white matter 

that is densely populated by mature oligodendrocytes and lowly expressed in the gray 

matter from less densely packed OPCs14,15. As a pool of progenitor cells, OPCs make up 

a relatively large percentage of cells in the brain, with 2-8% of cells expressing OPC 
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markers, depending on the brain region. Despite the significant increase in density of 

oligodendrocytes in the white matter compared to the gray matter, there are only 

approximately 1.5 times more OPCs in white matter tracts than in gray matter regions. 

Moreover, in gray matter regions, OPC number matches oligodendrocyte number at 

approximately a one-to-one ratio26. 

 The landscape of OPCs within the adult brain varies vastly from the mature 

oligodendrocyte “pearls-on-a-string” spacing that is often seen in white matter tracts. 

OPCs dynamically maintain an evenly tiled spacing, with each OPC occupying its own 

territory. Cells maintain their tiled nature through contact inhibition with other OPCs, 

actively retracting their processes upon contact with another OPC27. Even tiling is 

dynamically maintained, with neighboring cells quickly filling a territory left vacant by the 

death or differentiation of an OPC. Local cells either proliferate or rearrange themselves 

to repopulate the empty area. While the exact molecular pathway that results in process 

retraction upon contact between OPCs remains unknown, the mediators of contact 

inhibition are quickly downregulated as a cell initiates differentiation. Neighboring OPCs 

quickly overtake the area occupied by a differentiating cell, while a dying OPC maintains 

it territory until it has been cleared from the area27. As a population, OPCs dynamically 

maintain full coverage of the brain. 

 Despite clearly delineated territories belonging to each individual OPC, these cells 

exhibit significant mobility in the mature cortex. OPC mobility in the developing brain has 

been well documented, with time course analysis of prenatal development indicating 

widespread migration of OPCs from their birth in the ventral midbrain to populate the 

entire CNS24,28. Earlier studies using time-lapse microscopy showed that even in early 
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postnatal days, OPCs continue to exhibit substantial mobility in slice-culture29. With the 

emergence of in vivo two photon imaging we can now visualize mobility dynamics of 

OPCs in living animals over multiple months27,30. Using this approach, Hughes and 

colleagues (2013) demonstrated that adult OPCs maintain their mobility even after 

establishing their individual territories27. Repeated in vivo imaging sessions showed that, 

within the cortex, OPCs move on average 2 microns per day, with some OPCs moving 

more than 30 microns in a three day timespan. Moreover, even if the soma remains 

stationary, OPC processes are actively motile within the cortex, continuously altering their 

arrangement, branching, and distribution27. While new microscopy techniques have 

allowed for a better understanding of dynamics of OPC behavior within the adult brain, 

the purpose of the continuous movement of processes and soma translocation remains 

an open question. 

 Another defining characteristic of OPCs is their ability to proliferate and maintain a 

self-renewing capacity throughout adulthood. OPCs maintain a consistent density of cells, 

at least during early adult life, which requires a pool of proliferative cells to replace dying 

or differentiating OPCs31. Hughes and colleagues (2013) showed that the death of an 

OPC is followed by proliferation of a neighboring cell 98% of the time and a differentiating 

cell is replaced through proliferation 76% of the time27. They are the most proliferative 

cells within the CNS, making up 70% of BrdU labeled cells in the mouse brain26. This has 

also been confirmed in human brain tissue, with immunofluorescence showing that Ki67 

labeling colocalized with NG2, but not with any markers of neurons, astrocytes, microglia, 

or oligodendrocytes32. While it is generally accepted that OPCs have a high rate of 

proliferation, there is some disagreement on the percentage of the population that actively 
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progresses through the cell cycle. Short BrdU pulse-chase experiments of 2 hours shows 

that, at any time, 1-4% of OPCs are actively mitotic26. Multiple studies have looked at long 

term BrdU incorporation in an attempt to describe what percentage of the OPC population 

has the ability to actively divide. The exact proportion of the population that actively 

progresses through the cell cycle remains contested in the literature, as multiple 

publications report varying levels of BrdU labeling in the OPC population, most likely due 

to variations in pulse-chase timelines, age of the animals, and which regions of the brain 

were examined. Simon and colleagues  observed 80% of OPCs entering the cell cycle 

within a month, and saw little increase in that percentage with longer observation time33. 

Others have reported no more than 55% of OPCs showing BrdU labeling after an 

extended pulse-chase labeling period31,34,35. A small subset of other experiments have 

seen all OPCs labeled with EdU36. Regardless of the exact proportion of the population 

that actively enters the cells cycle, in almost every study a subset of the population does 

not proliferate, even after 100 days of BrdU administration34. It is unclear whether this 

quiescent population does not proliferate simply because other OPCs replaced dying or 

differentiating cells more quickly, or if there is an intrinsic quality to this subpopulation of 

OPCs that results in less proliferation. 

  

Oligodendrocyte Stability 

 With such as large population of progenitor cells that has the ability, under 

homeostatic conditions, to replace themselves within 10 days36, it would be logical to 

conclude that mature oligodendrocytes require fairly consistent replacement if the main 

role of OPCs is to serve as a pool of progenitors. There is however, increasing evidence 
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in both humans and animal models that indicates oligodendrocytes represent a relatively 

stable population in the healthy brain and that a large number of oligodendrocytes survive 

the lifetime of the organism. 

 First indications of the longevity of oligodendrocytes come from studies of what the 

authors call the “long-lived proteome.” Toyama and colleagues (2013) utilized offspring 

of dams continuously fed a diet rich in 15N. Their pups were then fed a diet rich in 14N, 

and their brains were subsequently analyzed for proteins that retained significant amounts 

of 15N. Mass spectrometry of heavy-nitrogen labeled-proteins after a pulse-chase period 

of 6 months revealed that a number of myelin-specific proteins, including MBP, PLP, 

MOG, and Cnp1, retained significant amounts of 15N 37,38. While this does not provide 

insight into the overall replacement rate of oligodendrocytes, it does indicate that at least 

some myelin within the brain is maintained for at least 6 months. 

 While it has been known that oligodendrocytes are produced during adulthood, 

and their generation is necessary for motor learning tasks, the extent of oligodendrocyte 

generation and replacement has remained relatively unclear until recently9,39. Inducible 

reporter systems have allowed for a more systematic evaluation of longevity of 

oligodendrocyte cell bodies themselves, as the turnover of myelin is not necessarily 

equivalent with the turnover of oligodendrocytes. In 2017, Tripathi and colleagues used 

an Opalin-GFP reporter system to track the survival of oligodendrocytes. Surprisingly, 

they found that, of those oligodendrocytes present at P60, between 90-100% of them 

remained at 6 months, in all of the brain regions examined except for the optic nerve. By 

20 months of age, over half of the oligodendrocytes present in all brain regions had 

differentiated by P60, and this number increased to 90% in the corpus callosum. This lack 
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of turnover of oligodendrocytes is accompanied by relative population size stability, with 

the density of oligodendrocytes increasing in the corpus callosum in the first six months 

of age and then stabilizing for the next year and a half. Based on this lack of turnover, 

Tripathi and colleagues calculated that by 8 months of age, mice are only generating 0.4 

oligodendrocytes/mm2 each day40. 

 The turnover rate of oligodendrocytes in the human brain has also been explored, 

and the results indicate that a similar oligodendrocyte stability exists within the corpus 

callosum of humans. Utilizing the incorporation of 14C into cells as a result of the initiation 

of nuclear bomb testing in 1955, Yeung and colleagues (2014) were able to demonstrate 

that oligodendrocyte nuclei from the corpus callosum and frontal lobe had levels of 14C 

that correlated with the first five years of a person’s life, regardless of their date of death. 

This indicates that a significant population of mature oligodendrocytes present at the time 

of death were born within the first five years of a person’s life. While a small population of 

oligodendrocytes may be added as a result of activity-dependent myelination, mature 

oligodendrocytes reach the population size seen in adults by 9 years of age and maintain 

this population size for the majority of a lifetime, showing a small decrease in 

oligodendrocyte number with age. However, when myelin from the corpus callosum was 

isolated and carbon dated, these proteins had levels of 14C that more closely correlated 

with the death of the patient. Calculations of oligodendrocyte production indicates that, 

on average, in the adult human brain, one out of every 300 oligodendrocytes are replaced 

each year41. This long lifespan and relatively slow production of oligodendrocytes does 

not seem to necessitate the large dynamic population of progenitor cells that are 

maintained in the adult brain.   
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Summary 

 Within the adult brain, oligodendrocyte progenitor cells maintain a well-coordinated 

population that covers the entire brain. They maintain their proliferative capacity 

throughout adulthood and quickly replace a dying or differentiating neighbor. OPCs have 

the ability to move relatively large distances throughout the brain in a short period of time 

and maintain active processes within their individual territory. OPCs have been 

predominately known for their role as a progenitor pool for oligodendrocytes and very few 

other functions have been ascribed to this population. Based on these characteristics, it 

would be reasonable to expect that oligodendrocytes require constant replacement and 

generation of new cells in order to justify such a large and dynamic population. However, 

multiple lines of evidence indicate that oligodendrocytes are exceptionally stable, with 

some lasting the entirety of a human lifetime. During adulthood, oligodendrocytes are 

produced at a surprisingly slow rate and seem to utilize only a fraction of the available 

progenitor cells. These discrepancies underscore two important questions that remain in 

the OPC field – what other functional roles might OPCs have apart from their ability to 

generate oligodendrocytes, and are there subpopulations of OPCs that perform different 

functions? 

 

Development 

3 Waves of OPC development 

 Evidence for distinct populations of OPCs begins from the time of their birth in the 

developing CNS. Within the telencephalon, OPCs develop in three different waves from 

three distinct areas. PDGFRα is first expressed around E12.5, and these OPCs arise from 
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the medial ganglionic eminence, the most ventral portion of the ventricular zone in the 

developing mouse 42. These OPCs are marked by the transcription factor Nkx2.1 and 

begin to spread laterally and into the cortex as the mouse develops. Around E16.5 a 

second set of OPCs begins to migrate from the lateral ganglionic eminence that no longer 

express Nkx2.1 but instead express Gsh2, a transcription factor that marks the more 

lateral portions of the neural tube that give rise to interneurons 43. These OPCs also 

migrate dorsally to populate the cortex along with the Nkx2.1 derived OPCs. Around the 

time of birth, a third wave of OPCs develops from the dorsal portion of the cortex, 

expressing the transcription factor Emx1 and lacking expression of both Gsh2 and 

Nkx2.1. These OPCs don’t populate the ventral aspect of the forebrain, but migrate to 

populate dorsal structures such as the motor cortex and the corpus callosum 24,44. 

Interestingly, the first wave of OPCs that are derivatives of Nkx2.1 expressing cells are 

not retained in any significant population in the adult brain. By P10, the Nkx2.1 population 

has decreased significantly, and by P30 the only region that retains any significant Nkx2.1 

OPC population is the preoptic area, which corresponds to the developmental medial 

ganglionic eminence that gave rise to this initial wave of OPCs 24. 

 This sequential and distinct generation of three populations of OPCs in the 

forebrain brings up multiple questions about the role of these OPCs during development, 

and the potential for each subset to maintain unique roles in the adult brain. The early 

emergence and postnatal disappearance of the Nkx2.1 oligolineage population is the 

most indicative of a non-progenitor role for OPCs, as oligodendrocyte maturation and 

myelination is just beginning during the first postnatal weeks in rodents 45. With a 

significant decrease in the Nkx2.1 derived population from birth to P10, it is unlikely that 
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the first wave of OPCs is contributing significantly to the population of myelinating 

oligodendrocytes. Deletion of any of the three waves of OPCs leads to compensation by 

the remaining two populations. Deletion does not result in any overt behavioral or 

myelination abnormalities, although in-depth behavioral analysis has not been performed 

to assess specific subsets of behavioral changes 24. It therefore remains an open question 

whether the three waves of OPCs that populate the forebrain are functionally different or 

contribute interchangeable populations of OPCs. 

 Other regions of the developing CNS also exhibit multiple birth places of OPCs, 

including the spinal cord and hindbrain 46,47. In both regions, the majority of OPCs come 

from the ventral aspect of the spinal cord and brain, with a much smaller population 

developing from the dorsal aspect at a later time point 46,48. While both the dorsal and 

ventral born cells express canonical OPC markers, they seem to be regulated by different 

signaling pathways. Nkx6.1 and Nkx6.2, known regulators of the oligolineage 

transcription factor Olig2, are necessary for the proper production of OPCs from the 

ventral spinal cord 49,50. However, in Nkx6.1/6.2 double knockouts, the dorsal spinal cord 

retains the ability to produce OPCs, while there is no contribution from the normally 

dominant ventral population. The two populations also respond to Sonic Hedgehog 

signaling differently, with inhibition of this pathway preventing ventral OPC development, 

but having no effect on dorsally derived OPCs 46. 

 

Brain vs. Spinal Cord OPCs 

 In addition to differences in the development of OPCs that arise from the dorsal 

and ventral aspects of the developing CNS, OPCs that arise from the spinal cord seem 



13 
 

to be regulated differently from those that arise from the brain. Deletion of Olig2, an 

important regulator of both motor neuron and OPC development, prevents development 

of OPCs and subsequent oligodendrocytes within the spinal cord 22,51,52. However, the 

brains of Olig2 knockout mice are able to develop OPCs, although the kinetics of their 

development is slightly delayed. It seems that this development of OPCs despite the lack 

of Olig2 is due to compensation by a related transcription factor, Olig1 22. It remains 

unclear why Olig1 can compensate for the lack of Olig2 in OPCs developing within the 

brain, but cannot compensate for the same deletion in the spinal cord. Deletion of Nkx6.1 

and Nkx6.2 have even more pronounced differential effects in the brain and the spinal 

cord. Without Nkx6.1 or Nkx6.2, OPCs that arise from the ventral portion of the spinal 

cord fail to develop. However, the same deletion results in an expansion of the ventral 

population of OPCs in the hindbrain 47,53. It remains unclear how a single signaling 

pathway can have opposing effects on the same cell type, but this data provides additional 

evidence for OPC heterogeneity. 

 

Functions as a Progenitor Pool 

Canonical Role as Oligodendrocyte Progenitors 

 The most studied role of OPCs is their ability to generate myelinating 

oligodendrocytes. This was originally described in culture systems, and, with the 

development of fate mapping technology, it has been shown that a large number of OPCs 

in the postnatal brain contribute to the formation of myelinating oligodendrocytes in the 

first postnatal weeks 54-57. It was only later that studies were able to unequivocally 

demonstrate that OPCs present in the adult brain were able to form oligodendrocytes that 
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had the ability to myelinate axons 9,31,58. Recent single cell sequencing data has shown 

that myelinating oligodendrocytes can be divided into six distinct subpopulations, and that 

these populations are represented at different proportions in varying brain regions 59. 

There is currently no data that distinguishes whether these groups of oligodendrocytes 

arise from distinct subpopulations of OPCs, or if their distinct molecular characteristics 

are specified after differentiation. 

 Recent work has shown that the differentiation of OPCs into oligodendrocytes in 

the adult brain is heavily influenced by neuronal activity, and plays a significant role in 

motor learning. Gibson and colleagues (2014) demonstrated that stimulation of neurons 

in the motor cortex lead to a specific increase in the proliferation of OPCs and their 

differentiation into oligodendrocytes around the projecting axons of these neurons. 

Oligodendrogenesis resulting from the stimulation of these motor neurons was found to 

result in enhanced motor performance 60. Similarly, preventing the formation of new 

oligodendrocytes in adulthood is sufficient to inhibit the ability to learn a new complex 

motor task 61,62. Neuronal activity and myelination in the adult brain seem to be tightly 

linked, as highly active neurons are much more likely to be subsequently myelinated than 

those that are less active 63. Rapid electrical response to neurons has been shown to be 

a characteristics of a subset of OPCs, at least in the early postnatal brain 64. It is possible 

that this subset of OPCs is distinctly responsible for monitoring neuronal activity and the 

subsequent myelination that results.   
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Multipotency 

 Another source of potential heterogeneity within the OPC population arises from 

studies that show the production of small populations of neurons and astrocytes from 

OPCs. This idea remains controversial, as there are many contradicting lines of evidence 

on this topic. Much of the initial speculation about the ability of OPCs to generate neurons 

and glial cells other than oligodendrocytes developed from in vitro studies that 

demonstrated the ability of cultured OPCs to generate both neurons and astrocytes 23,65-

67. Multiple in vivo fate-labeling studies have observed the development of gray matter 

astrocytes from cells that originally expressed canonical OPC markers 8,68,69. Zhu and 

colleagues (2011) found that the development of astrocytes from OPCs was restricted to 

development and not seen from adult OPCs. They also demonstrated that a single OPC 

clone either developed OPCs and oligodendrocytes or astrocytes, but they rarely 

observed both cell types arising from the same clone 69.  Lastly, a small handful of studies 

have also observed OPCs that develop small populations of neurons within the piriform 

cortex, which has been replicated in multiple transgenic mouse lines 31,70. NG2-glia 

derived neurons have also been observed in the hypothalamus, where they have been 

shown to produce physiologically-competent neurons that express both NeuN and HuC/D 

71. 

 While it is widely accepted, based current literature, that the vast majority of cells 

coming from the OPC-lineage in the adult brains are oligodendrocytes, there is still 

disagreement concerning the ability of OPCs to produce other cells. Multiple studies 

provide evidence for the generation of both neurons and astrocytes from OPCs. However, 

other studies fail to find any other cell-types other than OPCs and oligodendrocytes 
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resulting from OPC lineage tracing 72. Still others postulate that these populations arise 

as a result of off-target labeling in OPC-reporter mouse lines 34. Despite these remaining 

questions, the potential for OPCs to produce other cell types within the CNS brings up 

potential evidence for subsets of OPCs that maintain multipotency during adulthood. Both 

the astrocyte and neuron populations that were shown to develop from OPCs were 

relatively small and restricted to specific regions of the brain. OPC-derived astrocytes 

were only found in the gray matter, and labeled neurons were found specifically in the 

piriform cortex and hypothalamus 8,31,71. This indicates that the potential production of 

astrocytes and neurons are restricted to specific populations of OPCs that reside in these 

areas. These OPCs either represent a specific subpopulation that retains the ability to 

produce more than just oligodendrocytes, or the environments of these regions permits 

the production of multiple cell types. Both possibilities indicate that a specific subset of 

OPCs potentially has the ability to maintain multipotency.  

 

Regional and Molecular Heterogeneity 

Gray vs. White Matter 

 The idea of regional heterogeneity within neurons in the CNS dates as far back as 

Ramón y Cajal’s drawings in the 1800’s. The same idea of regional heterogeneity in glial 

subtypes has been a much more recent development, especially in regards to OPCs. 

Most literature regarding regional specificity of OPCs in the adult brain describes the 

differences between gray and white matter OPCs. 

 OPCs are more densely packed in white matter and have distinct morphologies. 

White matter OPCs have elongated cell bodies, and processes that generally run parallel 
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to each other and extend from either pole. Gray matter OPCs have rounder cell bodies, 

with processes that extend from the soma in all directions 26,73. Clonal analysis of Ascl1+ 

OPCs has shown that, while Ascl1 is present in OPCs in both the white and gray matter, 

one clone will only produce cells that reside in a single region, indicating that there is 

some type of regional fate restriction prior to the proliferation of these clones 74. Cells in 

white matter proliferate much more quickly than gray matter OPCs, proliferating more 

than six times as fast at P21, and almost four times as fast during adulthood 35,36,58. Cell 

cycle time not only varies between gray and white matter, but differs between white matter 

tracts, with OPCs in the corpus callosum proliferating faster than those is the optic nerve 

36. White matter OPCs also produce more oligodendrocytes in a given time period than 

gray matter OPCs 26,35,36,75. OPCs in different regions also exhibit different 

electrophysiological properties, at least during early postnatal development. Gray matter 

OPCs have a resting membrane potential approximately 15mV lower than those in the 

white matter, and show different membrane capacitance and input resistance, indicating 

differences in the array of ion channels present on OPCs in each region. Some gray 

matter OPCs also exhibit depolarizations reminiscent of action potentials, which are not 

found in any white matter OPCs 73. The functional differences that these 

electrophysiological variations have on gray and white matter OPCs remains unclear. 

 These distinct groups of OPCs have been shown to respond to mutations and 

insults in differing ways. The jimpy mouse carries a mutation in the myelin-associated 

PLP gene and exhibits hypomyelination 76,77. Analysis of the OPC response to this 

mutation shows that OPCs in the gray matter of these mice decrease their proliferation, 

while those in the white matter increase their proliferation. Similar patterns are seen with 
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oligodendrocyte production, with an overall decrease in the gray matter and a doubling in 

the white matter 78. Irradiation insults also cause regionally distinct effects on OPCs, with 

the gray matter exhibiting a higher percentage of OPCs staining positive for the 

proliferation marker Ki67 than those in the white matter following radiation treatment 79. 

 While OPCs in the gray and white matter exhibit a number of differences, the 

cellular makeup and environment of these regions are quite different, which brings up the 

question if these differences are intrinsic to distinct subsets of OPCs, or if they are a result 

of adaptations of homogenous cells to their environment. Transplantation studies have 

indicated that, while the environment plays a role in the characteristics of OPCs, white 

and gray matter cells retain some of their differences, despite grafting into the opposite 

region. When gray and white matter OPCs are transplanted into white matter, they both 

exhibit an increase in the number of oligodendrocytes derived from transplanted cells 

over 11 weeks, although the kinetics of the increase in gray matter-derived 

oligodendrocytes is slower than those originating from the white matter. Despite 

eventually reaching similar population sizes, gray matter cells overall exhibited many 

more oligodendrocytes with a pre-myelinating morphology, while the majority of white 

matter-derived oligodendrocytes had parallel processes typical of myelinating cells. When 

these cells are grafted into gray matter, white matter-derived cells produce increasing 

numbers of oligodendrocytes in the weeks following engraftment, but no new 

oligodendrocytes are produced from gray matter-derived cells. This indicates that, while 

the white matter environment can encourage gray matter cells to produce more 

oligodendrocytes, white matter cells harbor intrinsic programming that allows them to 

maintain the same oligodendrogenesis kinetics despite residing in the gray matter 
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environment 75. Slice culture experiments have shown that the addition of PDGF, a growth 

factor known to be critical for OPC proliferation, causes significantly more proliferation in 

the white matter than in the gray matter, despite equivalent expression of the receptor 

PDGFRα in both groups of cells 80,81. These graded responses to PDGF were maintained 

when OPCs were transplanted into either gray or white matter 81. 

 There are a number of differences between white and gray matter OPCs, including 

characteristics such as morphology, proliferation, differentiation, and membrane 

properties. While some of these components may be influenced by the environment 

particular to each region, it is clear that there are some intrinsic differences between gray 

and white matter OPCs, providing additional evidence for distinct subpopulations that fall 

under the category of oligodendrocyte progenitor cells. 

 

GPR17+ OPCs 

 While very little work has been done regarding molecular markers of specific 

subsets of OPCs, GPR17, a G-protein coupled receptor, has recently been investigated 

as a potential marker for a subset of OPCs maintained to specifically respond to insult or 

injury 82-86. Only a subset of OPCs express GPR17, with some estimating that only one 

third of OPCs produce GPR17 87,88. GPR17 OPCs proliferate less and are less likely to 

differentiate into oligodendroytes than their GPR17- counterparts 83,84,88. Even during the 

peak of murine oligodendrogenesis (P6-P30), only approximately 30% of GRP17+ OPCs 

differentiate into mature oligodendrocytes 84. GRP17 seems to act as a repressor of 

differentiation, as preventing its internalization decreases the number of OPCs that 

produce oligodendrocytes in culture, and GPR17 knockout mice express the mature 
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myelin marker MBP in embryonic stages, while wildtype mice don’t begin myelin 

development until postnatal time points 83,89. The highest expression of GPR17 is seen in 

OPCs and immature, premyelinating oligodendrocytes, with a significant downregulation 

as oligodendrocytes fully mature 88,90. 

 While GRP17+ OPCs seem to be relatively quiescent in the naïve brain, this 

population reacts strongly to any type of insult or injury. Following stroke, traumatic brain, 

or experimental autoimmune encephalomyelitis (EAE), GPR17+ OPCs are found 

surrounding the lesion or injury, and begin to both proliferate and differentiate in response 

to damage 83,84,91,92. This same patterning has also been seen in human brains from 

patients having experienced a traumatic brain injury 93. This significant expansion and 

differentiation of GPR17+ OPCs in response to CNS damage has led to the hypothesis 

that GPR17+ OPCs are maintained in the adult brain in an immature state as a population 

of cells prepared to sense and quickly respond to damage 94. The environment of 

damaged tissue seems to recruit and facilitate the migration of GRP17+ OPCs, as 

transplanting them into the brain after a middle cerebral artery occlusion results in 

significantly further migration and longer retention of GPR17+ cells than transplantation 

into naïve brains 92. Some literature also suggests that GPR17 signaling in OPCs may 

result in their differentiation into neurons, potentially contributing to neuronal repopulation 

in damaged tissue, although this has yet to be fully validated in vivo 86,95. While the 

functionality of GPR17+ OPCs remains unclear, these cells represent a molecularly 

distinct subpopulation of OPCs that exhibits a distinct response to CNS damage. 
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Ascl1+ OPCs 

 Ascl1, also known as Mash1, is a transcription factor that has also been shown to 

mark a subset of OPCs. Ascl1 is a transcription factor that is known to play a significant 

role in neurogenesis and is maintained in OPCs during adulthood 96,97. OPCs that are 

born very early in development (E12.5) are much more likely to express Ascl1, while 

consecutive waves are much less likely to express it 98. In the adult brain the proportion 

of OPCs that express Ascl1 varies widely depending on the brain region, from less than 

a third of OPCs in the striatum expressing Ascl1 to 100% co-expression in the 

hippocampus and corpus callosum 97,98. While Ascl1 is downregulated in mature 

oligodendrocytes, it seems to be positively influencing the differentiation program of 

OPCs 99. Deletion of Ascl1 results in significantly fewer myelinating oligodendrocytes in 

the spinal cord as well as an increase in the number of symmetrical OPC/OPC divisions 

at the expense of asymmetrical OPC/oligodendrocyte divisions 97,100. Alterations to Ascl1 

seem to have a stronger impact on oligolineage cells in the white matter than on those in 

the gray matter. White matter OPCs express higher levels of Ascl1, and loss of Ascl1 

leads to a loss of oligolineage cells in the white matter only 74,101. Ascl1+ OPCs 

differentiate faster in white matter, and are maintained in a progenitor state longer in the 

gray matter 74,102. While the exact role of Ascl1 in OPCs remains unclear, current evidence 

suggests that this transcription factor may identify a subset of OPCs that are more likely 

to differentiate into oligodendrocytes than Ascl1- OPCs.  
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Functions beyond Progenitors 

OPCs as Electrically Active Cells 

 With the vast number of neurons and glial cells within the brain, significant 

crosstalk between neurons and all subtypes of glia is necessary for proper functioning of 

the brain 103. OPCs are particularly reactive to neuronal activity, as originally described 

by Barres and Raff in 1993, when they observed a significant decrease in OPC 

proliferation after injecting tetrodotoxin into the optic nerve 104. The extent of the neuron-

OPC connection wasn’t realized until Bergles and colleagues (2000) performed patch-

clamping experiments on OPCs and observed fast, inward currents reminiscent of action 

potentials. Characterization of these depolarizations indicated that they were caused by 

multiple glutamatergic synapses converging on a single OPC and activating AMPA 

receptors 64. Currently, OPCs are the only known type of glial cell to form canonical 

synapses with neurons. Further characterization showed that only a subset of OPCs in 

the neonatal brain exhibited these depolarizations and expressed voltage-gated sodium 

channels, but that these OPC synapses were found in both gray and white matter 72,105. 

However, some argue that all OPCs exhibit synaptic depolarizations and that loss of this 

response is due to cellular maturation into a late-stage OPC that will eventually 

differentiate 72,106. Characterization of glutamate receptors and ion channels on 

oligolineage cells has shown that, as an OPC differentiates into an oligodendrocyte, it 

downregulates the number of AMPA and NMDA receptors present on the membrane and 

completely loses expression of voltage-gated sodium channels, while upregulating 

glutamate transporters 106. This indicates that, while oligodendrocytes are still able to 
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respond to glutamate release, they lose the quick “action-potential like” depolarizations 

that occur in OPCs as a result of synaptic release of glutamate 107. 

 Despite almost two decades of work on the OPC-neuron synapse, its functional 

purpose remains unclear. AMPA signaling has been shown to significantly increase the 

motility of OPCs, and blocking both NMDA and AMPA receptors has been shown to 

increase OPC proliferation and significantly change OPC morphology 108-110. Preventing 

vesicular release in general results in a reduced number of oligodendrocytes as well as 

a reduction in the number of myelin sheaths that each oligodendrocyte is able to produce 

111. OPC-neuron synapses also seem to play a role in demyelination repair. Following a 

demyelinating lesion in the cerebellar peduncle, many OPCs exhibited depolarizations in 

response to an electrical stimulus, while OPCs in this tract in a healthy adult mouse did 

not produce any depolarizations. Inhibiting AMPA/kainate receptors within the lesion 

inhibited remyelination, while blocking all neuronal activity resulted in a significant 

increase in OPC proliferation 107. Based on this data, many hypothesize that the OPC-

neuron synapse temporally controls OPC proliferation and differentiation as a mechanism 

to regulate myelination. While this certainly may be the case, especially with the high 

concentration of AMPA receptors found on immature OPCs, the nano-second time scale 

of OPC depolarizations seems to indicate a role for these synapses that must occur very 

quickly. Since OPC differentiation takes at least two days in the perinatal brain, and 4 

days at later time points, it is unlikely that the only purpose of the OPC-neuron synapse 

is to regulate OPC differentiation and myelination 30. 
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Glial Scar Formation 

 The glial scar is a region of reactive gliosis that surrounds a lesion or injury within 

the CNS. Reactive astrocytes are most often seen as the main component of the glial 

scar, but OPCs also seem to be contributing to its formation 112. Immediately following a 

laser injury to the brain, OPCs begin extending their processes to surround the lesion, 

reaching the injury sight slightly after microglia, followed later by the migration of the cell 

soma. These cells remain in the area of the lesion for much of the recovery, and disappear 

as the glial scar is removed 27. In both mouse models of traumatic brain injury and stroke, 

as well as human instances of spinal cord injury, OPCs can be found surrounding the 

area of focal injury with a concomitant increase in their proliferation 113-117. The glial scar 

contains significant amounts of chondroitin sulphate proteoglycans (CSPGs), which 

includes the OPC marker NG2 118,119. The increase in NG2 within the glial scar is, at least 

in part, contributed by the compact ring of OPCs that forms around the lesion 116,118. OPCs 

within the glial scar have also been shown to express the CSPG neurocan 118. Whether 

the increase in OPCs within the glial scar is beneficial or detrimental to repair and 

recovery following injury is up for debate. CSPGs within the glial scar, including NG2, 

have been shown to inhibit axon outgrowth into the lesioned area 119,120. Specific ablation 

of NG2+ cells, or all proliferative cells within the lesion, have been shown to at least 

partially rescue the lack of axonal entrance into the lesion 116,117,121. However, deletion of 

NG2 cells from the glial scar increases edema and hemorrhaging within the lesion and 

proliferating OPCs at the sight of injury have been shown to contribute to later 

oligodendrogenesis 116,122. 
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 The functional purpose of the significant increase in OPCs within the glial scar has 

yet to be fully described, but recent evidence indicates that they may play a significant 

role in orchestrating other cell types in the formation of the glial scar. Ablation of all NG2+ 

expressing cells within and surrounding a lesion prevents not only the accumulation of 

OPCs within the scar, but also prevents the clear astrocytic border that normally encloses 

the area of focal damage 116. The deletion of β-catenin, and therefore canonical Wnt-

signaling, in OPCs also reduces the number of OPCs that surround the lesion as well as 

the number of microglia/macrophages and reactive astrocytes that surround the damage. 

Within this model, more axons cross into the area of damage, but it remains to be seen if 

this abrogation of normal glial scar formation results in functional improvement following 

CNS injury 121. Some evidence has also suggested that OPCs may be a small source of 

astrocytes specifically within the glial scar 123,124. Whether the OPCs that contribute to the 

glial scar represent a specific subpopulation of OPCs that are particularly prepared to 

respond to injury is unclear, but it is known that those cells participating in glial scar 

formation change fundamental characteristics usually found in OPCs. Specifically, they 

lose the contact inhibition that usually maintains organized tiling of these cells in the brain 

and begin forming clusters 27,116,121. 

    

Maintaining Homeostasis 

 With the emergence of transgenic lines that allow for the specific and effective 

ablation of OPCs, literature is currently emerging that more conclusively indicates non-

myelinating roles for OPCs 125. Some of these studies provide evidence that OPCs play 

a significant role in maintaining homeostatic conditions in the CNS that allow for proper 
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neuronal functioning. In 2016, Djogo and colleagues showed that specific ablation of 

OPCs from the median eminence (ME) of the hypothalamus resulted in significant and 

sustained weight gain and food intake increase. Without ME OPCs, neurons expressing 

the receptor for leptin lose the ability to respond to leptin, despite no loss in the number 

of leptin-sensing neurons. Further analysis showed that OPC processes seem to be 

contacting leptin receptor positive dendrites and that their ablation leads to the 

subsequent degeneration of these neurites. The mechanism through which OPCs 

maintain the health of these dendrites is still unclear, but the authors hypothesize that the 

loss of ME OPCs may be the cause of weight-gain side effects resulting from cancer 

radiation treatment 5. OPCs also seem to be maintaining homeostatic conditions in the 

hippocampus. Nakano and colleagues (2017) ablated OPCs in the hippocampus and saw 

a subsequent loss of hippocampal neurons. The loss of hippocampal OPCs resulted in 

microglial activation and IL-1β release, which in turn lead to local neuronal death. The 

addition of hepatocyte growth factor (HGF), a growth factor known to be made by OPCs, 

was able to rescue neuronal death despite the loss of OPCs 4,126. This study provides 

some evidence that OPCs may play a part in regulating microglial activation in the healthy 

brain to maintain an environment conducive to proper neuronal functioning. 

 Growth factors produced by OPCs may also play a role in maintaining blood-brain 

barrier (BBB) integrity. In vitro, conditioned media from OPCs is sufficient to decrease the 

permeability of a monolayer of endothelial cells, an effect that is abrogated by blocking 

TGF-β signaling. Deletion of TGF-β1 from OPCs in vivo results in brain hemorrhages by 

the day of birth, which is accompanied by leakage of the blood-brain barrier as well as 

alterations to tight junctions 127. This production of growth factors that seems to be 
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maintaining homeostasis in the healthy brain may also serve to insulate the brain from 

potential injury. Culturing OPCs in a chamber connected to hippocampal slice culture 

exposed to oxygen and glucose deprivation results in less cell death than slices cultured 

alone. This effect is at least partially mediated by IL-10 and BDNF produced by OPCs 128. 

Evidence supporting the functional role of OPCs in maintaining homeostasis in the 

healthy brain is still recent, and the full range of effects that OPCs might have on other 

CNS resident cells remains to be described. 

 

Diseases 

Multiple Sclerosis 

 The known progenitor role of OPCs has fostered a large amount of research into 

how the environment of a demyelinating lesion, and the concomitant inflammatory 

cascade, may affect the viability of OPCs and their ability to differentiate into 

oligodendrocytes 129-131. While this line of inquiry is extremely important, especially for the 

generation of novel remyelination therapeutics, recent data suggests that OPCs may be 

playing an instrumental role in transducing key signals in demyelinating diseases, most 

notably experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple 

sclerosis. Kang and colleagues (2013) demonstrated that EAE severity was significantly 

reduced when Act1, an integral protein in the IL-17 signaling pathway, was deleted from 

OPCs. Robust clinical score reduction was not observed when Act1 was deleted from any 

other resident CNS cell population. This deletion not only improved clinical scores, but 

also reduced demyelination and parenchymal infiltration by immune cells. Cultured OPCs 
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respond to IL-17 by producing cytokines and proteins that degrade the extracellular matrix 

including IL6, Cxcl1, Csf2, Mmp3, and Mmp9 132,133.  

 A handful of other studies have also indicated a role for OPCs in modulating the 

local immune environment. OPCs extracted from mice undergoing cuprizone-induced 

demyelination upregulate the pro-inflammatory cytokine IL1-β as well as the monocyte 

chemoattractant CCL2, a phenotype that is also seen in active human MS lesions 134,135. 

Following cerebral hypoperfusion, OPCs have been shown to quickly induce production 

of Mmp9, an enzyme that has the ability to degrade the extracellular matrix 136,137. This 

induction of Mmp9 results in blood brain barrier breakdown and ultimately plays a role in 

the pathological demyelination that results from this type of injury 136 Within the context 

of EAE, OPCs may also be playing a role in blood brain barrier maintenance, as deletion 

of NG2 increases permeability of the BBB and alters the morphology of tight junctions 138. 

A significant amount of work remains in order to outline the exact role that OPCs have in 

the pathological progression of EAE, as well as other inflammatory or demyelinating 

diseases. However, it is clear from this evidence that OPCs have the potential to 

significantly alter the immune environment within the CNS and may contribute to 

pathological processes that result in demyelination or parenchymal inflammation. 

 

Depression 

 Interest in the potential role of glia in psychiatric disorders, and depression in 

particular, stems from early observational studies that described changes to cellular 

composition in the brains of patients diagnosed with mental health disorders 139,140. 

Twenty years ago, Ongur and colleagues (1998) described a significant loss of glial cells 
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in the frontal cortex of patients who had been diagnosed with bipolar disorder or 

depression 140. Further analysis of proliferating cells in the brain demonstrated a 

significant loss of cells that incorporated BrdU, and many of these cells co-stained with 

OPC markers such as Olig2 and NG2 141-143. Some evidence indicates that this loss can 

be partially rescued with antidepressant treatment, indicating that the recovery of actively 

cycling cells within the brain at least has the potential to be involved in recovery from 

depression 142. Loss of proliferative cells, including OPCs, the most proliferative cells in 

the CNS, during depression seems to be potentially tied to areas of the brain known to 

be involved in this disorder. Following 4 weeks of unpredictable chronic mild stress, Liu 

and colleagues (2018) saw a decrease in the transcript abundance of common OPC 

markers such as PDGFRα and NG2 in the prefrontal cortex and nucleus accumbens, with 

a concomitant increase in these same markers in the corpus callosum 144. However, the 

exact dynamics of regionally specific changes in cycling cells remains unclear, as some 

studies show contradictory changes in specific brain regions 142,143. With the observance 

of a loss of OPCs during depression, multiple groups began to investigate how the mature 

oligodendrocyte population and myelination changed in this context. Myelin genes, 

including MOG, MAG, and CNP are downregulated in the prefrontal cortex after animal 

models of social defeat and unpredictable chronic mild stress, as well as in the temporal 

cortex and the amygdala of patients who had been diagnosed with Major Depressive 

Disorder 145-148. This decrease in myelin genes is not always accompanied by a decrease 

in oligodendrocyte cell number. Both Lehmann (2017) and Liu (2012) demonstrated 

stability in oligodendrocyte number despite a downregulation in myelin genes, indicating 
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an effect of depression on myelin stability, but not necessarily the health of 

oligodendrocytes themselves 146,149. 

 Until recently, the effects of depression on oligolineage cells, and OPCs in 

particular, remained purely observational. In 2015, Birey and colleagues outlined a 

potential role for OPCs in the pathophysiology of depression, independent of their role as 

progenitors. Using a diphtheria toxin ablation system, they demonstrated that global 

ablation of OPCs resulted in both anxiety and depression-like behavior. This ablation 

modulated electrical activity of glutamate neurons in the prefrontal cortex, although 

notably this change was not seen in the striatum or sensory cortex, indicating varying 

roles for OPCs in different brain regions. This change in post-synaptic potentials in 

glutamatergic neuron after OPC ablation was accompanied by a significant decrease in 

astrocytic uptake of glutamate, driven by the downregulation of membrane-bound GLAST 

and GLT-1. Interestingly, local ablation of OPCs in the PFC alone was sufficient to drive 

a subset of depressive behaviors, indicating that the function of OPCs in specific brain 

regions may be particularly critical for regulating behavior. Allowing OPCs to repopulate 

following ablation rescued the behavioral, neuronal, and astrocytic phenotype observed 

after ablation. OPC secretion of the growth factor FGF2 is lost in the PFC of mice following 

social defeat. Knockdown of FGF2 in PFC OPCs phenocopies behavioral deficits 

observed following OPC ablation 3. This data strongly suggests that OPCs play an integral 

role in the progression of a depressive phenotype, independent of their ability to generate 

myelinating oligodendrocytes. However, many important questions remain to be 

answered, including the upstream cause of OPC loss, as well as clarification on whether 
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the loss of OPCs in depression is a cause or an effect of the behavioral symptoms 

exhibited in depression. 

 

Conclusions 

 Historically, OPCs have been viewed simply as a pool of progenitors available to 

produce myelinating oligodendrocytes as needed in the adult brain. However, their 

dynamic characteristics, including constant proliferation, rapid migration, and 

maintenance of even tiling throughout the brain, along with the relative stability of adult 

oligodendrocytes, indicates that OPCs within the mature brain potentially have multiple, 

diverse roles. Characteristics indicating this potential diversity begin as early as 

development, with OPCs arising from multiple areas within the CNS. Cells arising from 

different regions seem to respond differently to the same signaling pathway. Regional 

heterogeneity is maintained in the adult brain, with white and gray matter OPCs exhibiting 

diverse characteristics. Some molecular heterogeneity within OPCs has been described, 

with GPR17 and Ascl1 marking subsets of OPCs that seem to have specific roles in the 

brain. Some roles of OPCs that have been explored are their ability to participate in glial 

scar formation, as well as maintain homeostasis within the healthy brain. These diverse 

roles of OPCs also have implications for their involvement in disease, with recent 

evidence implicating integral roles for these cells in disorders such as multiple sclerosis 

and depression. 

 Until recently, much of what was known about OPCs outside of their progenitor 

context was largely observational. Recent studies have begun to explore their functional 

role in both the healthy and diseased brain, but more systematic study of their diversity 
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and its functional significance is integral to our understanding of how OPCs contribute to 

the normal functioning of the CNS. The goal of my project is to outline molecular 

heterogeneity and identify potential subpopulations of OPCs in the healthy brain and to 

describe how these populations change in depression. Modulating specific markers of 

these subpopulations in the context of depression will allow us to describe how OPC may 

be contributing to a depressive phenotype, and what changes may be leading to their 

depletion in depression. 
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Chapter II: Materials and Methods 

Animals 

PDGFRα-CreER mice (Jackson #018280) were crossed to R26-EYFP (Jackson, 

#006148) animals to generate PDGFRα-CreER; R26-EYFP mice, a previously described 

model150. C57BL/6J (Jackson, #000664) were purchased from Jackson or bred at the 

University of Virginia. 5xFAD mice (Jackson #34848) were bred at the University of 

Virginia and were used at 5-6 months old151. Mice were maintained on a 12 hour light/dark 

cycle with lights on at 7am. Behavior was performed on mice used in single-cell 

sequencing run 1. Testing consisted of sucrose preference, elevated plus maze, open 

field, and forced swim test. All animal experiments were approved and complied with 

regulations of the Institutional Animal Care and Use Committee at the University of 

Virginia (protocol #3918). 

 

Human Tissue Samples 

Human post-mortem brain samples were provided by Dr. Stefan Prokop at the University 

of Florida’s Neuromedicine Human Brain and Tissue bank. All tissue collection and 

preparation was approved by the Institutional Review Board at the University of Florida. 

Clinical details of all human specimens analyzed are details in Table 1. 

 

Tamoxifen injections 

Tamoxifen (C8267, Sigma-Aldrich) was dissolved in corn oil at 37°C overnight at 20 

mg/mL. Tamoxifen was administered i.p. at 200 mg/kg with a maximum dose of 4 mg per 

injection. For single-cell sequencing experiments, six-week old mice were given two 
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injections of tamoxifen, three days apart. For validation of Cre recombination in PDGFRα-

CreER; R26-EYFP brains, five to six week old mice were injected with 0, 1, 2, or 3 doses 

of tamoxifen, each given three days apart. For those mice receiving three doses of 

tamoxifen, the final dose was given at 150 mg/kg. 

 

OPC Culture 

OPCs were cultured as previously described, with a few modifications152. Briefly, 

postnatal cortices (P0-P4) were rapidly dissected and meninges removed. The tissue was 

digested in 2ml of Accutase (Gibco, A1110501) supplemented with 50 units/mL DNase 

Table 1: Human Samples. Clinical details for all the human brain specimens used in 
this manuscript 
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(Worthington Biochemical, LS002139). Cells were then passed through a 70µm filter and 

grown in suspension in neurosphere media consisting of DMEM/F12 (Gibco, 11320082), 

B27 (Gibco, 17504044), Pen-Strep (Gibco, 15140122), and 10ng/mL EGF (Peprotech, 

315-09). Following expansion as neurospheres, cells were switched to oligosphere media 

consisting of DMEM/F12 (Gibco, 11320082), B27 (Gibco, 17504044), Pen-Strep (Gibco, 

15140122), 10ng/mL FGF (Peprotech, 450-33), and 10ng/mL PDGF-ΑA (Peprotech, 315-

17). Cells were allowed to grow in suspension for at least 2 days. Cells were then plated 

as attached OPCs on 0.01% Poly-L-Lysine coated plates (Electron Microscopy Sciences, 

19320-B) in the same media. Cells were allowed to attach for at least 12 hours and then 

subsequent assays were performed. 

 

OPC Proliferation 

OPCs were plated in proliferation media (described above) supplemented with 8µg/mL 

clusterin (Sino Biological 50485-M08H) or an equivalent volume of vehicle (H20 or PBS) 

for the control samples. OPCs were allowed to proliferate for 40-72 hours. Cell number 

was assessed using the Cell Counting Kit-8 (Dojindo, CK04) according to manufacturer’s 

instructions. Optical density (OD) was measured at 450nm. For data analysis, the OD of 

a media only control was subtracted from the OD of all experimental samples. The OD of 

wells treated with clusterin were then normalized to the biologically identical control well.  

 

OPC Differentiation 

OPCs were plated in proliferation media (described above) or differentiation media 

consisting of DMEM/F12 (Gibco, 11320082), B27 (Gibco, 17504044), Pen-Strep (Gibco, 



36 
 

15140122), 10ng/mL FGF (Peprotech, 450-33), 10ng/mL CNTF (Peprotech, 450-13), and 

40ng/mL T3 (Sigma, T6397). For clusterin conditions, 8µg/mL clusterin (Sino Biological 

50485-M08H) was added to the differentiation media and an equivalent volume of vehicle 

(H20 or PBS) was added to the differentiation and proliferation control samples. For IL-9 

rescue experiments, 100ng/ml IL-9 (Peprotech 219-19) was added to the differentiation 

media and an equivalent volume of vehicle (0.1% BSA) was added to the differentiation 

and proliferation control samples. For VEGF inhibition experiments, 10µg/ml of a VEGF 

function-blocking antibody (R&D Systems MAB9947-SP) was added to differentiation 

media and 10µg/ml of control IgG (Biolegend 403501) was added to the differentiation 

and proliferation control samples. OPCs were allowed to differentiate for 48-72 hours and 

were then subsequently processed for RNA extraction and qPCR or for 

immunofluorescence. 

 

Aβ Preparation and in vitro treatment 

Aβ oligomers were prepared as previously described153. Briefly, human Amyloid Beta1-42 

(Echelon Biosciences, 641-15) was dissolved in HFIP (Sigma, 52517) to make a 1mM 

solution and was allowed to desiccate overnight. The resulting peptide film was diluted to 

a 5mM solution in DMSO and subsequently diluted to a 100µM solution in phenol-free F-

12 cell culture media (Gibco, 11039-021) and allowed to incubate overnight at 4°C.  For 

the analysis of clusterin expression following Aβ-treatment, OPCs were treated with 3µM 

Aβ or a vehicle control for 4 hours. For experiments that included samples treated with 

CytoD, cells were pretreated for 30 minutes with 1µM CytoD (Millipore-Sigma, C8273) or 

DMSO and subsequently treated with 3µM Aβ or vehicle control (also containing CytoD 
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or DMSO) for 4 hours. For CypHer-labeled Aβ experiments, 400µM Aβ oligomers in 

DMSO and phenol-free F-12 cell culture media was incubated with an equivalent volume 

of 0.1M sodium bicarbonate (Fisher Scientific, S233-500) and 400µM CypHer5e (Cytiva, 

PA15401) for 30 minutes at room temperature. Following incubation, the solution was 

spun through a buffer exchange column (Thermo Scientific, 89882) to remove any excess 

dye. 

 

Myelin Preparation and in vitro treatment 

Myelin was prepared from mouse brains as previously described154. Purified myelin was 

passed through an insulin syringe prior to use to ensure cells were treated with a 

homogenous solution. Cells were treated with 100µg/ml myelin or vehicle control for 4 

hours. For two replicates that included samples treated with CytoD, cells were pretreated 

for 30 minutes with 1µM CytoD (Millipore-Sigma, C8273) or DMSO and subsequently 

treated with 100µg/ml myelin or vehicle control (also containing CytoD or DMSO) for 4 

hours. For the remaining two replicates that included samples treated with CytoD, no 

pretreatment was performed. Pretreatment with CytoD did not alter clusterin expression 

when compared to no pretreatment with CytoD, so all experiments were combined and 

plotted together. Cells treated with myelin were washed once with PBS prior to RNA 

preparation. 

 

Cytokine and H202 in vitro treatment 

OPCs were treated with 10ng/ml TNFα, 10ng/ml IFNγ, 10µM H202 or the relevant control 

for 3 hours and then processed for qPCR. 
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Apoptotic cell preparation and in vitro treatment 

To create apoptotic cells, Jurkats were treated with 150mJ of UV energy and incubated 

for 2-4 hours at 37°C in complete media consisting of RPMI 1640 Media (Gibco, 

11875101), 10% FBS (R&D Systems, S12450H), and Pen-Strep (Gibco, 15140122). 

Apoptotic cells were washed and added to cultured OPCs at approximately a 1:1 ratio for 

6 hours. OPCs were washed once prior to RNA isolation. 

 

ELISA 

OPCs were grown as described above. A 10cm dish of approximately 2 million OPCs was 

treated with 3µM Aβ or an equivalent volume of vehicle for 72 hours. Cells were lysed for 

15 minutes in RIPA buffer (PBS, 1% Triton X-100, 0.5% deoxycholic acid, 1% sodium 

dodecyl sulfate) supplemented with 1x protease inhibitor (MedChem Express HY-K0010). 

The insoluble material was removed by spinning the lysate at 15,000g for 15 minutes. 

The resulting lysate was used to quantify the amount of clusterin present in each sample 

using the Mouse Clusterin ELISA Kit (Thermo Fisher EM18RB) according to 

manufacturer’s instructions. 

 

Luminex Assay 

OPCs were grown as described above. Cells were treated with 8µg/ml clusterin for 24 

hours (1 replicate) or 72 hours (1 replicate). Media was then collected and spun to remove 

all cellular debris. Media was concentrated using a 3KD cutoff concentrator column 

(Thermo Fisher 88526). The resulting concentrate was analyzed using the Milliplex 32-
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plex Mouse Cytokine/Chemokine Panel (Millipore Sigma MCYTMAG-70K-Px32) 

according to manufacturer’s instructions. 

 

Aβ Injections 

C57BL/6J mice (8-14 weeks) were injected with CypHer-Aβ (ipsilateral) and NHS-

Fluorescein (contralateral, Thermo Fisher 46410) as previously described155. Briefly, mice 

were anesthetized with a mixture of ketamine and xylazine and a small burr hole was 

drilled in the skull. 1µL of 100µM Aβ was injected at a speed of 200nL/minute into the 

right hemisphere. 1µL of 200µM NHS-Fluorescein diluted in PBS was injected into the left 

hemisphere at the same speed. Injections were targeted for 2mM lateral, 0mM anterior, 

and -1.5mM deep relative to bregma. Mice were given ketoprofen following surgery and 

were euthanized 12 hours post-injection. 

 

Immunofluorescence 

Mice were deeply anesthetized with pentobarbitol and subsequently perfused with 5 

units/mL heparin in saline followed by 10% buffered formalin, each for approximately one 

minute. For brain tissue, brains were rapidly dissected and post-fixed in 10% buffered 

formalin overnight at 4°C. Tissue was then transferred into 30% sucrose in PBS and 

allowed to sink for at least 24 hours. Brains were frozen in OCT, sectioned, and stored in 

PBS plus 0.02% NaAz until further staining.  

 

Tissue or cultured cells were blocked with PBS, 1% BSA, 0.5% Triton-X 100, 2% normal 

donkey serum, and 1:200 CD16/CD32 (14-0161-82, 1:200, eBioscience) for at least one 
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hour at room temperature. For stains utilizing a mouse primary antibody, tissue was 

blocked in Mouse on Mouse Blocking Reagent (MKB-2213, Vector Laboratories) 

according to manufacturer’s instructions for at least 1 hour at room temperature. Samples 

were incubated in primary antibodies overnight at 4°C with gentle agitation. Samples were 

then washed three times in TBS containing 0.3% Triton-X 100 and incubated in secondary 

antibodies overnight at 4°C with gentle agitation. Following secondary incubation, 

samples were stained with Hoechst (1:700, ThermoFisher Scientific, H3570) for 10 

minutes at room temperature, washed three times in TBS containing 0.3% Triton-X 100, 

and mounted on slides using Aqua Mount Slide Mounting Media (Lerner Laboratories). 

Images were collected on a Leica TCS SP8 confocal microscope and processed using 

Fiji. 

 

Antibodies for Immunofluorescence 

Primary antibodies used for immunofluorescence were PDGFRα (1:200, R&D Systems, 

AF1062), Olig2 (1:200, Millipore, MABN50), GFP-488 (1:400, Fisher Scientific, A21311), 

GFP (1:1000, Invitrogen, A10262), Clusterin (1:250, Abcam, AB184100), and Aβ (1:300, 

Cell Signaling Technology, 8243S). Secondary antibodies used were Donkey anti-Goat 

Cy3 (2μg/mL, Jackson ImmunoResearch, 705-165-147), Donkey anti-Mouse 647 

(2μg/mL, Jackson ImmunoResearch, 715-605-150), Donkey anti-Mouse 546 (2μg/mL, 

Life Technologies, A10036), Donkey anti-Chicken 488 (2μg/mL, Jackson 

ImmunoResearch, 703-545-155), Donkey anti-Goat 488 (2µg/ml, Jackson 

ImmunoResearch, 705-545-147), Donkey anti-Rabbit Cy3 (2µg/ml, Jackson 

ImmunoResearch, 711-165-152), Donkey anti-Rabbit 647 (2µg/ml, Jackson 



41 
 

ImmunoResearch,  711-605-152),  and Donkey anti-Goat 647 (2μg/mL, Invitrogen, 

A21447). 

 

Isolation of CNS cells 

To prepare cells for single-cell sequencing, adult mice (8-20 weeks) were anesthetized 

with pentobarbitol and subsequently perfused with 5 units/mL heparin in saline for 

approximately one minute. Brains were rapidly dissected and finely minced. For single-

cell sequencing experiments, tissue was digested in HBSS with calcium and magnesium 

(Gibco, 14025-092) supplemented with 20 units per mL papain (Worthington Biochemical 

LS003126) and 50 units per mL DNase (Worthington Biochemical, LS002139). Tissue 

was digested at 37°C with gentle shaking for 45 minutes, with trituration after every 15-

minute interval to dissociate the tissue. Following digestion, a 40% Percoll gradient (GE 

Healthcare, 17-0891-01) was used to remove myelin and other debris from the samples. 

Resulting single-cell suspensions from 4-5 mice were pooled for each sequencing sample 

and subsequently stained for FACS sorting. 

 

FACS sorting 

For single-cell sequencing experiments, single-cell suspensions were stained for 30 

minutes at room temperature with the following antibodies: O4-APC (O4, 10µL/test, 

Miltenyi, 130-095-891), CD11b-e450 (M1/70, 0.5 µL/test, eBioscience, 48-0112-82), 

TER119-APC/Cy7 (TER-119, 1.25 µL/test, Biolegend, 116223), PDGFRα-PE/Cy7 

(APA5, 0.625 µL/test, Invitrogen, 25-1401-82), CD45-PerCP/Cy5.5 (30-F11, 0.5 µL/test, 

eBioscience, 45-0451-82), and CD16/31 (93, 0.5 µL/test, Invitrogen, 14-0161-82). 
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Viability was determined using Ghost Dye Violet 510 (0.5 µL/test, Tonbo biosciences, 13-

0870). Cells were sorted using a 16-color BD influx cell sorter. Cells used for sequencing 

were gated on live/singlets/TER119-/CD45-/CD11b-/YFP+. Following sorting, cells were 

washed three times with 0.04% BSA and then processed for sequencing according to the 

10x Genomics protocol. 

 

Flow Cytometry 

OPCs were incubated with 3µM CypHer-Aβ with 8µg/ml clusterin, 1µM CytoD, or a PBS 

vehicle control for 90 minutes. Cells were removed from the plate with 0.25% Trypsin-

EDTA (Gibco 25200056), washed, and stained with Ghost Dye Violet 510 (0.5 µL/test, 

Tonbo biosciences, 13-0870). Cells were analyzed using a 3 laser, 10-color Gallios flow 

cytometer (Beckman-Coulter). 

 

Single-Cell Sequencing and Analysis 

Library Preparation and Sequencing: Samples were processed for single-cell sequencing 

according to manufacturer’s instructions using the Chromium Next GEM Single-cell 3’ 

Reagent Kit (10xGenomics) and Chromium Controller (10xGenomics). Single-cell 

libraries were sequenced using the NextSeq 500 Sequencing System (Illumina). Library 

preparation and sequencing was completed by the Genome Analysis and Technology 

Core at the University of Virginia. 
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Quantification: All steps of the quantification process were performed with Cellranger. The 

fastq files for the samples were quantified using the mkfastq utility and were quantified 

against the mm10 mouse genome with the count utility. 

 

Pre-processing: Seurat was used for the single-cell analysis156,157, and for each of the 

sequencing run datasets, we followed the same procedure. First, a QC step was 

performed to identify and remove cells that were potential outliers. This included removing 

potential multiplets (i.e., cells that had clear outlier gene expression) and cells that had 

approximately ten percent or more of mitochondrial gene expression (i.e., cells that were 

likely to have high technical variation). After filtering out these suspect cells, the data was 

normalized and log-transformed (using the 'LogNormalize' method), unwanted sources of 

technical variation were regressed out (i.e., the number of detected molecules and 

mitochondrial contribution to gene expression) 158, and the counts were scaled. 

 

Integration: To make comparative analyses possible between multiple sequencing run 

datasets,  the datasets were integrated with Seurat using the alignment strategy 

described previously156. The first step was to select the genes to be used as the basis for 

the alignment. The union of the 1000 genes with highest variability in each of the datasets 

was taken and then filtered this down to only those genes found in each of the datasets, 

resulting in 2,285 genes for the alignment. Next, the common sources of variation 

between the six datasets (3 sequencing runs with 2 samples each) was identified by 

running a canonical correlation analysis (CCA) with the highly variable genes as features. 

By examining the strength of the thirty calculated canonical correlations (CCs), the first 
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twelve CCs were identified to be driving the variation between the datasets. The 

subspaces 156 (i.e., the first twelve CCs) were then aligned, resulting in an integrated 

dataset with features on a common scale.   

 

Analysis: Seurat was used on the aligned dataset to identify eight clusters of cells, and 

then t-SNE was used to visualize the similarity between cells. Next, cell types were 

assigned to these clusters based upon the expression of pre-defined marker genes, and 

then identified cluster markers by finding the differentially expressed genes in one cluster 

compared to all other clusters (one-vs-all). All analyzed single-cell sequencing data has 

been uploaded in a searchable database located at 

http://165.22.7.10:3838/seurat_viewer/seurat_viewer_4.Rmd. The sequencing data has 

been deposited in the National Center for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GSE147075). 

 

Subclustering 

Reclustering was performed in Seurat (version 3). Briefly, cells from each original cluster 

of interest were used to create new Seurat objects consisting of only cells from the 

clusters of interest. Next, the count data was split by sex and re-normalized with the 

command: “NormalizeData(object, verbose = FALSE, normalization.method = 

"LogNormalize", scale.factor = 10000, assay = "RNA")”. The Seurat function 

“FindVariableFeatures” with the “vst” method was used to identify the 2,000 most variable 

genes in each sex. Next, FindIntegrationAnchors was applied with dims = 1:30 to 

integrate the data with CCA using the first thirty CC vectors. “IntegrateData” was called 

http://165.22.7.10:3838/seurat_viewer/seurat_viewer_4.Rmd
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to integrate the two sexes. Next, the call: “ScaleData(object, scale.max=10, 

model.use="linear", use.umi=FALSE, do.scale=TRUE, do.center=TRUE, 

block.size=1000, min.cells.to.block=3000,verbose = FALSE)” was used to re-center and 

scale the counts matrix for each new Seurat object representing a cluster. 

“RunPCA(object, npcs = 30, verbose = FALSE)” was used to perform PCA, and 

“RunTSNE(object,dims.use = 1:14, max_iter=2000)”, “FindNeighbors(object, reduction = 

"pca", dims = 1:14)”, and “FindClusters(object, resolution = 0.6)” were called to identify 

new sub-clusters. Visualizations were performed using the Seurat function “VlnPlot”. 

 

Multiplex RNAscope (Mouse) 

C57B/6J mice (8-10 weeks) from Jackson were anesthetized with pentobarbitol and 

subsequently perfused with ice-cold 5 units/mL heparin in saline for approximately 1 

minute. Brains were rapidly dissected, flash frozen in OCT (Fisher Healthcare, 4585), and 

stored at -80°C until further processing. Frozen tissue was cut sagittally (15μm), 

immediately slide-mounted, allowed to dry for approximately one hour at -20°C and then 

stored at -80°C. All tissue was used within three months of dissection.  

 

Tissue was processed using the V1 RNAscope Fluorescent Multiplex Reagent Kit 

(Advanced Cell Diagnostics, 320850) according to manufacturer’s instructions. Briefly, 

tissue was fixed for 15 minutes in 10% buffered formalin (Fisher Scientific, 23-245685) at 

4°C, dehydrated, and then incubated in Protease IV (Advanced Cell Diagnostics, 320850) 

at room temperature for 30 minutes. Target probes were hybridized to the tissue for two 

hours at 40°C, followed by hybridization of AMP1-FL (30 minutes, 40°C), AMP2-FL (15 
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minutes, 40°C), AMP3-FL (30 minutes, 40°C), and AMP4-FL (15 minutes, 40°C). 

Samples were counterstained with supplied DAPI or Hoechst 33342 (1:700, 

ThermoFisher Scientific, H3570) and mounted on slides using ProLong Glass Antifade 

Mountant (ThermoFisher, P36980). The following target probes were used: Olig1 

(Advanced Cell Diagnostics, 480651-C2), Olig2 (Advanced Cell Diagnostics, 447091-

C2), Pdgfrα (Advanced Cell Diagnostics, 480661), Clusterin (Advanced Cell Diagnostics, 

427891-C3), Gpr17 (Advanced Cell Diagnostics,318131-C3), RNAscope 3-plex Positive 

Control Probes (Advanced Cell Diagnostics, 320881), and RNAscope 3-plex Negative 

Control Probes (Advanced Cell Diagnostics, 320871). Sections were imaged using a 

Leica TCS SP8 confocal microscope. 

 

RNAscope Quantification  

Following imaging, max projected confocal images were analyzed using CellProfiler 

Software. RNA expression per cell was quantified using a modified version of a previously 

published pipeline159. Briefly, automated steps were used to draw nuclear masks and 

subsequently quantify the number of RNA puncta from each channel that colocalized with 

each nuclear mask. Threshold values for each channel were set based on negative 

control images. Automatic nuclear identification was reviewed and any nuclear mask that 

clearly contained a large group of nuclei or was located on the edge of an image such 

that part of the nuclei was not visible was excluded from further analysis. Cells were 

considered positive for an OPC marker (Pdgfra, Olig1, or Olig2) if four or more puncta 

colocalized with a particular nucleus to account for background in the assay 160. OPCs 

were defined by the co-expression of two canonical OPC transcripts encoding for cell 
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surface markers (Pdgfra or Cspg4) and oligolineage transcription factors (Olig1 or Olig2). 

The number of transcripts of cluster markers clusterin or Gpr17 were recorded for each 

identified OPC. OPCs were considered Clu- or GPR17- if they contained 10 or fewer 

puncta. 

 

Multiplex RNAscope (Human) 

Human tissue was embedded in paraffin and cut into 15µM sections. Slices were heated 

for 48 hours to allow attachment. Tissue was subsequently processed using the V2 

RNAscope Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics, 323100) 

according to manufacturer’s instructions. Briefly, tissue was dehydrated using xylene and 

ethanol wash, treated with H202, and then incubated in Target Retrieval Buffer at 95°C for 

15 minutes. Tissue was incubated with the supplied Protese Plus regent for 30 minutes. 

Target probes were hybridized to the tissue for two hours at 40°C, followed by 

hybridization of AMP1-FL (30 minutes, 40°C), AMP2-FL (15 minutes, 40°C), AMP3-FL 

(30 minutes, 40°C), and AMP4-FL (15 minutes, 40°C). Tissue was then treated with an 

HRP reagent for a single probe, followed by a unique secondary, and an HRP blocker. 

This process was repeated for each probe used. Samples were counterstained with 

supplied DAPI or Hoechst 33342 (1:700, ThermoFisher Scientific, H3570) and mounted 

on slides using ProLong Glass Antifade Mountant (ThermoFisher, P36980). The following 

target probes were used: Human OLIG2 (Advanced Cell Diagnostics, 424191-C2), 

Human PDGFRA (Advanced Cell Diagnostics, 604481), Human CLU (Advanced Cell 

Diagnostics, 584771-C3), and the RNAscope 4-plex Negative Control Probes (Advanced 

Cell Diagnostics, 321831). The following dyes were used: Opal 520 (Akoya Biosciences, 
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FP1487001), Opal 690 (Akoya Biosciences, FP1497001), and Opal 620 (Akoya 

Biosciences, FP1495001). Sections were imaged using a Leica TCS SP8 confocal 

microscope. 

 

Immunohistochemistry (Human) 

5 μm thick tissue sections of formalin fixed, paraffin embedded (FFPE) brain tissue 

specimens were rehydrated in Xylene and descending alcohol series and heat-induced 

epitope retrieval (HIER) was performed in a pressure cooker (Tintoretriever, Bio SB) for 

15 min at high pressure in a 0.05% Tween-20 solution. Endogenous peroxidase was 

quenched by incubation of sections in 1.5% hydrogen peroxide/0.005% Triton-X-100 

diluted in pH 7.4 sterile phosphate buffered saline (PBS) (Invitrogen) for 20 min, following 

multiple washes in tap water and subsequently, 0.1 M Tris, pH 7.6.  Non-specific antibody 

binding was minimized with sections incubated in 2% FBS/0.1 M Tris, pH 7.6.  Clusterin 

(Proteintech) primary antibody was diluted in 2% FBS/0.1 M Tris, pH 7.6 at a dilution of 

1:500. Sections were incubated with primary antibody over night at 4°C, washed one time 

in 0.1 M Tris, pH 7.6, followed by 2% FBS/0.1 M Tris, pH 7.6 for 5 min, incubated in goat 

ant-rabbit IgG HRP Conjugated secondary antibody (Millipore Sigma) for 1 hour, 

additionally washed one time in 0.1 M Tris, pH 7.6, followed by 2% FBS/0.1 M Tris, pH 

7.6 for 5 min, and incubated in VectaStain ABC Peroxidase HRP Kit (diluted in 2% 

FBS/0.1 M Tris, pH 7.6 at 1:1000) for 1 hour.  After a final wash in 0.1 M Tris, pH 7.6 for 

5 min, immunocomplexes were visualized using the Vector Laboratories ImmPACT DAB 

Peroxidase (HRP) 3,3′-diaminobenzidine.  Tissue sections were counterstained with 

hematoxylin (Sigma Aldrich, St. Louis, MO) for 2 minutes, dehydrated in ascending 
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alcohol series and Xylene and cover slipped using Cytoseal 60 mounting medium 

(Thermo Scientific). For analysis of stains, slides of frontal cortex specimens stained with 

Clusterin antibodies were scanned on an Aperio AT2 scanner (Leica biosystems) at 20x 

magnification and digital slides analyzed using the QuPath platform (version 0.3.1, 

https://QuPath.github.io/ , PMID: 29203879) on a Dell PC (Intel® Xeon® W-1270 CPU @ 

3.40GHz/ 64 GB RAM/ 1 TB SSD Hard Drive) running Windows 10. Cortex and white 

matter were annotated for regional analysis. After exclusion of tissue and staining artifacts 

we used the ‘Positive Pixel Detection’ tool (Downsample factor 2, Gaussian sigma 1 μm, 

Hematoxylin threshold (‘Negative’) 1.5 OD units, DAB threshold (‘Positive’) 0.5 OD units) 

to determine the percentage of area covered by Clusterin staining.   

 

Combined in situ Hybridization and Immunohistochemistry (Human) 

For in-situ hybridization, 5µm thick paraffin-embedded tissue sections on slides were 

rehydrated in xylene and series of ethanol solutions (100%, 90%, and 70%). Following 

air drying for 5 min at RT, slides were incubated with RNAscope® Hydrogen peroxide for 

10 min at RT, followed by 3 washing steps in distilled water. Antigen retrieval was 

performed in a steam bath for 15 min using RNAscope® 1x target retrieval reagent. After 

a rinse in distilled water and incubation in 10% ethanol for 3 min slides were air dried at 

60°C. Subsequently, slides were incubated with RNAscope® Protease plus reagent for 

30 min at 40°C in a HybEZ™ oven, followed by 3 washes in distilled water. Slides were 

then incubated with the following RNAscope® probe for 2 hours at 40°C in a HybEZ™ 

oven: Hs-Clusterin (cat. number 606241). Following washes with 1X Wash buffer, slides 

were incubated with RNAscope®AMP1 solution for 30 min at 40°C. Subsequent 

https://qupath.github.io/
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incubations with other RNAscope® AMP solutions, followed each by two washes with 1x 

RNAscope® Wash buffer were completed as follows: AMP2 – 15 min at 40°C; AMP3 – 

30 min at 40°C; AMP4 – 15 min at 40°C; AMP5 – 30 min at RT and AMP6 – 15 min at 

RT. After two washes in 1x RNAscope® wash buffer slides were incubated in RNAscope® 

Fast RED-B and RED-A mixture (1:60 ratio) for 10 min at RT, followed by two washes in 

tap water. For in situ hybridization/immunohistochemistry double labeling, sections were 

incubated in 2% FBS/0.1 M Tris, pH 7.6 for 5 min following RNAscope® Fast RED 

incubation and two washes in tap water. Primary antibodies were diluted in 2% FBS/0.1 

M Tris, pH 7.6 at the following dilutions: Ab5 (PMID: 16341263), 1:1000. Sections were 

incubated with primary antibody over night at 4°C, washed two times in 0.1 M Tris, pH 

7.6 for 5 min each and incubated with biotinylated secondary antibody (Vector 

Laboratories; Burlingame, CA) diluted in 2% FBS/0.1 M Tris, pH 7.6 for 1 hour at room 

temperature. An avidin-biotin complex (ABC) system (Vectastain ABC Elite kit; Vector 

Laboratories, Burlingame, CA) was used to enhance detection of the immunocomplexes, 

which were visualized using the chromogen 3,3′-diaminobenzidine (DAB kit; KPL, 

Gaithersburg, MD). Tissue sections were counterstained with hematoxylin (Sigma 

Aldrich, St. Louis, MO), air dried at 60°C for 30 min and cover slipped using EcoMount™ 

mounting medium (Biocare Medical). 

 

RT-qPCR 

 RNA was extracted from samples using the ISOLATE II RNA Micro Kit (Bioline, BIO-

52075) or the ISOLATE II RNA Mini Kit (Bioline, BIO-52073). Isolated RNA was reverse 

transcribed using the SensiFAST cDNA Synthesis Kit (Bioline, BIO-65054) or the iScript 
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cDNA Synthesis Kit (Bio-Rad, 1708891). RT-qPCR was performed using the SensiFAST 

Probe No-ROX Kit (Bioline, BIO-86005) and TaqMan probes for Gapdh (ThermoFisher, 

Mm99999915_g1), Mbp (ThermoFisher, Mm01266402_m1 and Mm01266403_m1), Plp1 

(ThermoFisher, Mm00456892_m1), Cnp (ThermoFisher, Mm01306641_m1), Myrf 

(ThermoFisher, Mm01194959_m1), and Clu (ThermoFisher, Mm00442773_m1). 

Additionally, the SensiFAST SYBR No-ROX Kit (Bioline, BIO-98005) was used with 

primers for Plp1 (Forward: GCCCCTACCAGACATCTAGC, Reverse: 

AGTCAGCCGCAAAACAGACT) and Myrf (CGGCGTCTCGACAGCCTCAA, Reverse: 

GACACGGCAAGAGAGCCGTCA). Data was collected using the CFX384 Real-Time 

System (Bio-rad).  

 

RNA Flow Cytometry 

Isolated cells were stained according to the PrimeFlow RNA Assay kit (ThermoFisher 

Scientific, 88-18005-204). Probes used include Olig2 (Affymetrix, VPFVKKV-210), Gpr17 

(Affymetrix, VPGZE6T-210), Clu (Affymetrix, VB10-3283998-210) and Pdgfra (Affymetrix, 

VB6-3197712-210). A probe targeting Actb (Affymetrix, VB1-10350-210) was used as a 

positive control to ensure good RNA quality. Samples were run using a 16-color Life 

Technologies Attune Nxt flow cytometer and data was analyzed using FlowJo software. 

 

Statistical Analysis 

Statistical analysis of all data (except single-cell sequencing data) was done using Prism 

9 (Graphpad software). Significance was set at p<0.05.  
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Chapter III: Oligodendrocyte progenitor cells in the adult brain are 

transcriptionally diverse 

Abstract 
Oligodendrocyte progenitor cells (OPCs) account for approximately 5% of the adult 

brain and have been historically studied for their role in myelination. In the adult brain, 

OPCs maintain their proliferative capacity and ability to differentiate into 

oligodendrocytes throughout adulthood, despite the fact that relatively few mature 

oligodendrocytes are produced post-developmental myelination. Recent work has 

begun to demonstrate that OPCs likely perform multiple functions in both homeostasis 

and disease and can significantly impact behavioral phenotypes such as food intake 

and depressive symptoms. However, the exact mechanisms through which OPCs might 

influence brain function remains unclear. In this work, we demonstrate that adult OPCs 

are transcriptionally diverse and separate into two distinct populations in the 

homeostatic brain. These two groups show distinct transcriptional signatures and 

enrichment of biological processes unique to individual OPC populations. We have 

validated these OPC populations using multiple methods, including multiplex RNA in 

situ hybridization and RNA flow cytometry. This study provides an important resource 

that profiles the transcriptome of adult OPCs and will provide a significant foundation for 

further investigation into novel OPC functions. 
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Introduction 

First described in the early 1980’s, oligodendrocyte progenitor cells (OPCs) are 

the fourth major glial subtype present in the brain. Depending on the region examined, 

OPCs makeup anywhere from 2-8% of the cells in the adult central nervous system 

(CNS)6,26. Adult OPCs belong to the same population of progenitors that give rise to 

oligodendrocytes during CNS development. However, a large fraction of OPCs do not 

differentiate, but instead remain in a progenitor state throughout adulthood, a property 

not consistent with the relatively small need to generate new oligodendrocytes9,26,27,32,33. 

While it has been demonstrated that the differentiation of OPCs into myelinating 

oligodendrocytes is critical for processes such as motor learning during adulthood, 

recent evidence indicates that mature oligodendrocytes are a relatively stable 

population in the adult brain40,41,60. The slow rate at which oligodendrocytes are 

replaced throughout life does not correlate with the maintenance of a highly dynamic 

and energetically costly population of OPCs39-41. With this discordance between the 

dynamics of the OPC population and the relatively small need for newly differentiated 

oligodendrocytes in adulthood, the field has begun to explore alternate functions of adult 

OPCs1,161. 

Under homeostatic conditions, OPCs express distinct ion channel profiles that 

vary with both the brain region and developmental stage of the organism, indicating that 

subpopulations of OPCs maintain unique electrical properties and therefore may be 

performing multiple functions within the brai162. Furthermore, loss of OPCs, either 

globally or regionally, has been shown to result in significant depressive-like behavior, 

persistent weight-gain and leptin-insensitivity, as well as microglial activation and 
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subsequent neuronal death3-5. In pathological conditions, OPCs can upregulate cytokine 

production in response to IL-17 signaling and greatly contribute to CNS 

pathogenesis132. Surprisingly, OPCs also upregulate antigen presentation machinery in 

the demyelinating CNS and can regulate T cell function163-165. Taken together, these 

studies illustrate the dynamic role OPCs can play in the adult CNS and build a strong 

case in support of exploring adult OPCs diversity at the transcriptional level. A profiling 

of the overall transcriptional profiles of adult OPCs will provide an important resource for 

further functional investigation of OPCs in the CNS. 

Here, we have developed an inducible OPC reporter mouse strain, which expresses 

YFP in PDGFRα-expressing cells after tamoxifen administration. After validation of the 

model, we used this tool to isolate OPCs from the adult brain by fluorescent activated 

cell sorting (FACS) and perform single-cell sequencing. We demonstrate the presence 

of two novel populations of transcriptionally distinct OPCs in the adult brain. Gene 

Ontology (GO) term analysis and gene expression analysis of identified OPC subtypes 

support specialization of OPCs, encompassing potential functions such as extra-cellular 

matrix modulation and neuronal regulation. Sequencing results were validated in vivo by 

measuring co-expression of canonical OPC markers along with cluster-specific genes 

identified from our sequencing dataset using RNAscope and qPCR. Taken together our 

results present a unique toolbox to support functional exploration of OPCs under 

homeostatic and pathological conditions. 
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Results 

Validation of Inducible OPC Reporter Mouse Line 

In order to label oligodendrocyte progenitor cells (OPCs) in the adult mouse brain with as 

little off-target labeling as possible, we utilized a PDGFRα-CreER; R26-EYFP mouse line 

9. Animals were injected with tamoxifen at six weeks of age to avoid labeling the pool of 

OPCs that differentiate into oligodendrocytes during developmental myelination 45. Two 

tamoxifen injections were sufficient to label the majority (93.56% ± 1.98) of OPCs in the 

brain (Fig. 1A, C). Immunohistochemistry revealed that yellow fluorescent protein positive 

Figure 1: Validation of PDGFRα-CreER; R26-EYFP reporter mouse. (A)  Timeline 
of tamoxifen injections and tissue harvest used to validate YFP expression in OPCs 
and titrate optimal tamoxifen dosing paradigm. (B) Immunofluorescence of PDGFRα 
(red), Olig2 (blue), and YFP (green) in PDGFRα-CreER; R26-eYFP mice receiving no 
tamoxifen injections (- Tamoxifen) or 2 tamoxifen injections (+Tamoxifen). Arrows 
represent OPCs expressing YFP and arrowheads represent OPCs lacking YFP 
expression. Scale bar = 30µM. (C) Percentage of OPCs (PDGFRα+/Olig2+) that also 
express YFP following 0, 1, 2, or 3 tamoxifen injections. N=3 independent 
experiments, n=2-3 per group. Error bars represent SEM. (D) Proportion of YFP+ 
cells identified as OPCs (PDGFRα+/Olig2+), Oligodendrocytes (OLG, PDGFRα-
/Olig2+), or neither of these cell types (Other, PDGFRα+/Olig2- or PDGFRα-/Olig2-) 
following 2 tamoxifen injections. N=2 independent experiments, n=3 samples. Data 
quantified in (C) and (D) include images from the prefrontal cortex, hippocampus, 
and corpus callosum. 
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cells (YFP+) following two tamoxifen injections were composed of OPCs (81.5%; 

PDGFRα+/Olig2+), mature oligodendrocytes (10.9%, PDGFRα-/Olig2+) or other cell 

types not belonging to the canonical oligolineage (7.6%, PDGFRα-/Olig2- or 

PDGFRα+/Olig2-), presumably endothelial cells, as they are also known to express 

PDGFRα (Fig. 1B,D) 166.  

 

Isolation and Sequencing of YFP+ Cells  

Whole brains, including the cerebellum but excluding the spinal cord, were collected from 

adult PDGFRα-CreER; R26-EYFP mice and processed into a single-cell suspension for 

FACS. Four to five brains were pooled for each sample, and male and female brains were 

processed separately to allow for analysis of potential sex differences in YFP+ cells (Fig. 

2A). YFP+ cells were selected by gating on live cells while excluding immune (CD45+) 

and red blood cells (TER119+), thus ensuring that the population of YFP+ cells collected 

were viable and highly enriched (Fig. 2B). YFP+ cells were barcoded and prepared for 

Figure 2: Isolation of YFP+ cells from PDGFRα-creERT2 x YFP brains for 
sequencing. (A) Experimental strategy used for the isolation and single-cell 
sequencing of cells analyzed in Figure 1. (B) Gating strategy for YFP+ cell sorting 
following Live/Scatter/Singlet gating. (C) tSNE map depicting cell clusters colored by 
sequencing run. 
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single-cell sequencing using Next GEM reagents and Chromium microfluidics supplied 

by 10x Genomics. Cell sorting and sequencing was performed three independent times 

for a total of 6 independently sequenced samples. Unbiased clustering of each 

independent run revealed overlap between distinct sequencing runs and no clustering of 

cells driven by sequencing run alone (Fig. 2C). For all future analysis, all sequencing runs 

were combined to form one dataset. 

 

Profiling the Molecular Signature of OPCs in the Adult Brain 

Unbiased clustering of sequenced cells using the Seurat package 156,157 revealed that 

cells sorted from PDGFRα-CreER; R26-EYFP brains clustered into 8 distinct populations 

(Fig. 3A). Mature oligodendrocytes comprised one cluster, having potentially 

differentiated following initial tamoxifen labeling of PDGFRα expressing progenitor cells. 

Also captured in the sequencing were four cell types outside the oligolineage that are 

known to either express PDGFRα or come from PDGFRα expressing precursors, 

including one population of fibroblasts, one population of endothelial cells, one population 

of vascular and leptomeningeal cells (VLMCs), and two populations of pericytes 59,166-169. 

These clusters were identified by expression of known cell type markers such as Igfbp6 

and Fn1 (fibroblasts), Tek, Pecam1, and Kdr (endothelial cells), Lum, Col1a2, and Col3a1 

(VLMCs), as well as Rgs5, Pdgfrb, and Des (pericytes) (data not shown) 59,170-173. The 

remaining 2 clusters of cells (OPC1 and OPC2) expressed at least 2 of the 5 canonical 

OPC markers Ptprz, PDGFRα, Olig1, Olig2, and Cspg4 (Fig. 3B) 15-18,174. Importantly, 

each OPC population expressed a unique transcriptional signature distinct from the gene 

expression in every other cluster (Fig. 3C).  
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In order to further investigate how these clusters of OPCs are distinct from one another, 

we identified a significantly upregulated gene from each cluster that offered potential 

indications of distinct functions of these subpopulations (Fig. 3D). OPC1 expressed high 

levels of Clusterin, a multifunctional protein that has been identified as a risk factor for 

late-onset Alzheimer Disease (LOAD) 175. OPC2 were positive for G-protein coupled 

Figure 3: Adult OPCs cluster in two distinct subpopulations. (A) tSNE plot of all 
sequenced cells isolated from PDGFRα-CreER reporter brains. Clusters were labeled 
with cell-type classifications based on expression of common cell-type markers. N=3 
independent experiments, n=6 samples. (B) Violin plots depicting expression of 
common OPC markers in each cluster. Each dot represents a cell. Expression value 
is plotted on the y-axis. (C) Heatmap depicting the scaled and log-normalized 
expression values of the top 10 most highly enriched genes in each cluster. (D) Cell-
specific expression of markers used for cluster validation including clusterin (OPC1) 
and Gpr17 (OPC2) overlaid on tSNE map. (E) Significant GO terms uniquely 
upregulated in one OPC cluster compared to each OPC cluster and VLMCs. 
PC=Pericytes. 
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receptor Gpr17, the only currently known marker of molecular diversity in OPCs, when 

compared to all other cell types sequenced (Fig. 3D) 84,88.  

Lastly, in order to gain insight into how these subpopulations of OPCs potentially differ at 

the functional level, we analyzed GO terms that were unique to each OPC cluster (Fig. 

3E). OPC1 showed upregulation in genes involved in ATP metabolic processes, cellular 

respiration, and oxidative phosphorylation, including Chchd10, Mdh1, and Uqcrq. OPC2 

was characterized by the upregulation in genes involved in the positive regulation of 

neuron differentiation, synapse organization, and cerebral cortex cell migration, including 

Stmn2, Pfn2, and Dcx. Searchable gene expression data for these clusters is available 

on our website (http://165.22.7.10:3838/seurat_viewer/seurat_viewer_4.Rmd). In sum, 

our single sequencing data reveal two unique subpopulations of OPCs that reside in the 

adult brain under homeostatic conditions and support functional diversity based on unique 

gene expression profile.  

 

Subclustering Further Elucidates Potential Functions of OPC Clusters 

Since the inclusion of multiple cell types in a single-cell sequencing dataset has the 

potential to mask transcriptional differences between subsets of one cell type, we decided 

to reanalyzed each cluster of OPCs individually on order to bypass this problem. This 

additional analysis identified 3 subclusters in OPC1 (OPC1a, OPC1b, OPC1c; Fig 4A). 

However, OPC1a and OPC1b were very transcriptionally similar, and we believe that 

together they represent one functional subcluster within OPC1. This analysis also 

identified 2 subclusters in OPC2 (OPC2a, OPC2b; Fig 4C). Analysis of genes significantly 

upregulated in each cluster further highlighted potential alternative functions for each 

http://165.22.7.10:3838/seurat_viewer/seurat_viewer_4.Rmd
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subset of OPCs. For example, OPC1a and OPC1b highly express genes related to 

metabolic activity (Cox5b, Ndufb3, Atp5g2; Fig 4B) and OPC1c shows significant 

upregulation of genes related to the regulation of  the extracellular matrix (Adamts1, 

Figure 4: Subclustering reveals potential functions of OPCs. (A) Subclustering of 
OPC1 into 3 subclusters (OPC1a, OPC1b, and OPC1c). (B) Violin plots depicting 
expression of genes related to metabolism that are significantly upregulated in 
OPC1a and genes related to the extracelluar matrix that are significantly upregulated 
in OPC1c. Each dot represents a cell. (C) Subclustering of OPC2 into 2 subclusters 
(OPC2a and OPC2b). (D) Violin plots depicting expression of genes related to 
neuronal regulation that are significantly upregulated in OPC2a and genes related to 
the cell cycle that are significantly upregulated in OPC2b. Each dot represents a cell. 
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Col8a1, Cyr61; Fig 4B). Similarly, OPC2a expresses genes related to neuronal regulation 

(Nlgn3, Ntm, Brinp3; Fig 2D) and OPC2b expresses genes that are known to regulate the 

cell cycle (Cdk4, Cdk5r1, Ccnd2; Fig 4D) and are likely the actively proliferating subset of 

OPCs that that have been previously described 169. Further subsetting our clusters of 

OPCs into transcriptionally distinct subclusters could lay the foundation for a more 

targeted exploration of novel functions of OPCs. 

 

Sex Differences in OPCs 

Since sex differences have been reported in multiple types of glia including microglia and 

astrocytes, we investigated whether OPCs isolated from male and female mice were 

different 176,177. Cells from male and female animals were present in all 8 clusters (Fig. 

5A). However, while not statistically significant due to the limited replications inherent in 

single-cell sequencing experiments, cells from each sex were not equally distributed into 

each cluster. Indeed, males exhibited a higher frequency of cells in OPC1 while cells from 

Figure 5: The transcriptional profile of OPCs does not seem to be different 
between sexes.  (A) tSNE map depicting cell clusters colored by sequencing sex. 
(B) Percent of male and female cells that fall within each cluster. Each bar 
represents the percentage of all male (blue) or female (red) cells sequenced. 
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females were present at higher frequency of cells in OPC2 (Fig. 5B). Cells from males 

were also more abundant in the mature oligodendrocyte cluster. While the distribution of 

cells across OPC clusters may have sex-specific differences, the number of significantly 

different genes between male and female cells in each cluster fell within the range of 

statistical noise (data not shown). While this data indicates no sex-specific OPC signature 

in the adult brain, the proportions of OPC subpopulations may be sexually dimorphic and 

further investigation into these potential differences is warranted. 

 

In Vivo Validation of OPC Subpopulations 

Since gene expression can be altered by tissue processing before sequencing, we 

validated the expression of each OPC cluster marker using RNAscope in the adult mouse 

brain 178. OPCs were defined by the co-expression of two canonical OPC transcripts 

encoding for cell surface markers (Pdgfra or Cspg4) and oligolineage transcription factors 

(Olig1 or Olig2). Using a Cell Profiler pipeline to unbiasedly quantify RNA puncta 

expression per cell 159, we subsequently quantified expression of each OPC cluster gene. 

OPCs in both gray and white matter express a range of both Clusterin and Gpr17 

transcripts, with a population of cells expressing little to no RNA for these markers, a 

population of cells showing medium expression, and a smaller population of cells 

expressing very high levels of these transcripts (Fig 6A-D). We were therefore able to 

detect and validate, using the novel selected cluster markers and canonical OPC genes, 

each cluster of OPCs in vivo. 
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Expression of Canonical Markers in OPC Clusters 

While single-cell sequencing provides gene expression data on an individual cell basis, 

its relatively shallow depth of sequencing can result in little to no detected expression of 

genes with known low expression, such as transcription factors 179,180. In order to confirm 

that the 2 identified clusters of OPCs express canonical OPC markers using a more 

Figure 6: In vivo OPC expression of cluster markers clusterin and Gpr17. (A) 
RNAscope expression of Pdgfrα (red), Olig1 (green), Clu (white), and Hoechst (blue). 
(B) Quantification of the number of Clu transcripts in individual OPCs. Data plotted as 
a histogram of Clu expression in OPCs with a bin width of 10 transcripts. N=2 
individual experiments, n=4 samples, with a total of 205 OPCs quantified. Each 
shape correlates to an individual mouse. (C) RNAscope expression of Pdgfrα (red), 
Olig2 (green), Gpr17 (white), and Hoechst (blue). (D) Quantification of the Gpr17 
expression in OPCs with a bin width of 5 transcripts. N=3 individual experiments, n=4 
samples, with a total of 247 OPCs quantified. Each shape correlates to an individual 
mouse. In all RNAscope experiments, OPCs were identified as cells co-expressing 
an OPC surface marker (Pdgfrα or Cspg4) and an oligolineage transcription factor 
(Olig1 or Olig2). Each sample includes quantification of marker expression from the 
cortex, hippocampus, corpus callosum, and cerebellum. Scale bar = 10µM. 
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sensitive method of gene detection, we individually sorted each cluster of OPCs based 

on expression of cell surface proteins. OPC1 was identified by expression of Aquaporin1 

(Fig. 7A) and OPC2 was identified by expression of Neurexin1 (Fig. 7B). Each cluster of 

OPCs was sorted by FACS based on their co-expression of YFP and Aquaporin1 (for 

OPC1), or Neurexin1 (for OPC2) (Fig. 7C). Expression of Olig1, Olig2, Pdgfra, and Cspg4 

was then determined by qPCR. While each cluster demonstrated expression of at least 2 

canonical OPC markers, each cluster demonstrated a unique combination of each of 

these genes (Fig. 8A). Specifically, OPC1 expresses Olig1, Olig2, and Pdgfra with 

relatively low expression of Cspg4, and OPC2 expresses both Pdgfra and Cspg4 with 

relatively low expression of Olig1 and Olig2. Our results offer additional validation of 

canonical OPC marker expression in the 2 clusters of adult OPCs identified by single-cell 

sequencing.  

Figure 7: Isolation of Specific OPC clusters. Expression of genes used to sort out 
individual OPC clusters including Aquaporin1 (A) and Neurexin 1 (B) overlaid on 
tSNE map. (C) Gating strategy used to isolate OPC1 (YFP+/AQP1+) and OPC2 
(YFP+/NRXN1+) clusters from brains of PDGFRα-CreER; EYFP mice. 
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Clusterin and Gpr17 are exclusively expressed in OPC1 and OPC2 subsets respectively 

While both RNAscope and RT-qPCR of canonical OPC markers within each cluster have 

demonstrated that these clusters of OPCs are expressed within the brain and belong to 

the oligolineage, neither of these techniques have demonstrated that these markers 

Figure 8: OPC clusters express multiple canonical OPC markers, but do not 
express markers of multiple clusters. (A) qPCR relative quantification of canonical 
OPC markers Olig1, Olig2, Pdgfrα, and Cspg4 in OPC1 (YFP+/AQP1+), OPC2 
(YFP+/NRXN1+), and all YFP+ cells. Values plotted are the 2-∆∆Cq relative to the 
average ∆Cq in all YFP+ cells. N=4 independent experiments, n=4 samples per 
group. (B) Representative PrimeFlow gating of brain cells stained for CD45 protein 
and Clu, Gpr17, Pdgfrα, and Olig2 RNA. (C) Quantification of Live/CD45-/Olig2+ cells 
that express Clu alone, Gpr17 alone, or both Clusterin and Gpr17. N=2 individual 
experiments, n=9 samples. Analyzed using one-way repeated measures ANOVA. 
****p<0.0001, *p<0.05. Error bars represent SEM. 
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characterize clusters that are unique from one another. Using PrimeFlow, a technique 

that allows for the combination of cellular-resolution RNA detection with the multiplexing 

capabilities of flow cytometry, we demonstrate that a subset of Olig2 expressing cells 

express Clusterin (OPC1), and a mutually exclusive population expresses Gpr17 (OPC2), 

with very few OPCs expressing detectable levels of both cluster markers (Fig. 8B,C). 

While this does not rule out the possibility that an individual OPC might express genes 

enriched in different clusters at different times, it does demonstrate that, at any given 

point, genetic markers of these two clusters of OPCs largely do not overlap. 

 

Parenchymal Fibroblasts 

While our dataset contains the typical brain-resident PDGFRα-expressing cells (OPCs 

and endothelial cells) as well as cell types known to arise from PDGFRα-expressing 

progenitors (oligodendrocytes and pericytes), it also contained a cluster of fibroblasts, 

likely arising from the meninges as these cells expressed markers recently attributed to 

the dural meninges, as well as a cluster of cells transcriptionally similar to those previously 

defined as VLMCs 18,59,166,169,181. VLMCs are actively expressing significant amounts 

PDGFRα, but do not express other markers of OPCs or endothelial cells, the most 

significant expressers of PDGFRα in the CNS (Fig 3B). Based on this expression and the 

transcriptional similarity of this VLMC cluster to a previously described cluster of 

“fibroblast-like” CNS-resident cells, we postulated that these cells may represent 

parenchymal fibroblasts 182. To validate that this cluster of cells resides in the parenchyma 

and not the meninges, we used RNAscope to stain the brain for Lumican, one of the top 

genes upregulated in the VLMC cluster, as well as for Pdgfra and the oligolineage marker 
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Olig1 (Fig 9A). Indeed, we observed cells within the brain parenchyma that expressed 

Lumican and Pdgfra, but lacked expression of Olig1 and are therefore not OPCs (Fig 9B). 

While we observed some OPCs (PDGFRα+ Olig1+) that expressed Lumican, 

approximately half (48.73%±10.58%) of all Lumican+ cells expressed Pdgfra, but no 

Olig1 (Fig 9B, C). In sum, we have demonstrated that a population of VLMCs, as identified 

by their co-expression of Lumican and Pdgfra but lack of Olig1 expression, resides within 

the brain parenchyma and likely represents a novel population of brain-resident 

fibroblasts.  

 

Discussion 

With the development of novel tools that allow for the analysis of tissue at single-cell 

resolution, interest has surged in outlining how cell types that express the same canonical 

cell type markers may represent more diverse subpopulations than previously thought 

59,183-186. Here, we demonstrate that OPCs from the adult brain cluster into two distinct 

subpopulations, characterized by unique transcriptional signatures and Gene Ontology 

Figure 9: Lumican+ fibroblast-like cells are found in the brain parenchyma. (A) 
Expression of Lumican, a marker of the VLMC cluster overlaid on the tSNE map. (B) 
Representative RNAscope images of an OPC (Pdgfra+Olig1+) and a fibroblast-like 
cell (Pdgfra+Olig1-) expressing Lumican in the brain parenchyma. (C) Quantification 
of the percentage of Lumican+ cells in each mouse that also expressed Pdgfra, 
Olig1, both, or neither. . N=3 individual experiments, n=4 samples. 
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profiles. Furthermore, we demonstrate that a population of fibroblast-like cells reside 

within the parenchyma.  

 

A small number of studies have investigated the transcriptional profiles of OPCs present 

during development and have described relatively little transcriptional diversity. Marques 

and colleagues transcriptionally profiled oligolineage cells from both juvenile and adult 

brains and, while mature oligodendrocytes clustered into seven subpopulations, their data 

indicated one population of progenitor cells 59. However, their population of sequenced 

OPCs was relatively small (approximately 300 cells) and the majority of their OPCs came 

from juvenile animals 59. A more recent study from the same group characterized the 

transcriptional profiles of OPCs from E13.5, E17.5, and P7 mice and found three clusters 

of OPCs that shared similar transcriptional signatures, but largely clustered by the age of 

the cells, with one cluster of cycling OPCs 169. From these data, they concluded that, 

during development, the three known waves of developmental OPCs converge into a 

transcriptionally homogenous group of OPCs by P7. Importantly, this sequencing dataset 

only profiles prenatal and early postnatal OPCs, a time window in which OPCs are 

preparing to generate a large population of mature oligodendrocytes to support the 

developmental myelination that occurs during early postnatal time points 45. Therefore, it 

is likely that OPCs during this early stage of development may represent a relatively 

homogenous population of progenitors destined to give rise to myelinating glia 45. 

However, following developmental myelination, oligodendrocytes represent a relatively 

stable population that require minimal replacement, yet OPCs continue to represent 

approximately 5% of cells in the adult brain and tile every brain region 26,187. It is therefore 
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reasonable to hypothesize that as the CNS matures, and no longer requires the 

production of large numbers of mature oligodendrocytes, OPCs may develop diverse 

transcriptional repertoires, as demonstrated here, to perform alternative functions 

throughout adulthood. Indeed, recent data from Spitzer and colleagues demonstrated that 

OPCs throughout the brain express a diverse array of electrophysiological properties and 

ion channels which become more diverse with age 162. Additionally, data obtained from 

zebrafish has demonstrated that OPCs can be categorized into two functionally distinct 

subpopulations that demonstrate different calcium dynamics 188. Interestingly, one 

population of OPCs was found to rarely differentiate in vivo, although these cells 

maintained their differentiation capacity, indicating that the main functions of this 

population of OPCs is likely something other than serving as a progenitor pool for mature 

oligodendrocytes 188. 

 

Additionally, recent studies have begun to investigate OPC diversity within the human 

brain. Single-cell sequencing data from human patients at fetal, adolescent, and adult 

timepoints reveal multiple transcriptionally distinct populations of oligo-lineage cells that 

largely clustered based on the age of the patient189. Another study profiled the 

transcriptional diversity of OPCs produced from human embryonic stem cells and found 

multiple distinct OPC subsets190. The addition of our study to the previously published 

datasets, detailing the transcriptional profile of developmental OPCs as well as the 

transcriptional state of human OPCs will provide the field with a better understanding of 

how OPCs might change as the brain matures. Indeed, our work highlights how the 

function of OPCs might shift as development ends and the brain enters adulthood. 
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Our in-depth analysis of canonical OPC marker expression in each OPC cluster 

surprisingly indicated that both OPC1 and OPC2 expressed a unique subset of common 

OPC markers. While PDGFRα, CSPG4, Olig1, and Olig2 have historically all been 

thought to be expressed in the vast majority of OPCs 191, recent data from zebrafish 

indicates that only approximately 80% of gray-matter OPCs and 30% of white matter 

OPCs express Cspg4 transcripts 188. This differential expression of canonical OPC 

markers may indicate that OPCs can express a unique array of OPC genes based on 

their function, and canonical OPC markers may not be as critical to OPC functioning as 

previously thought. This idea is supported by the recent description of the development 

and differentiation of a PDGFRα-independent subpopulation of OPCs 192. 

 

One of the most prominent genes distinguishing OPC1 from OPC2 is clusterin. 

Importantly, clusterin has been shown to be upregulated in the brains of patients with 

Alzheimer’s Disease (AD) as well as patients with Multiple Sclerosis (MS), perhaps 

contributing to the white matter abnormalities documented in these two CNS diseases 

193,194. More specifically, clusterin is significantly upregulated within demyelinated MS 

lesions compared to adjacent unaffected white matter195,196. OPCs have recently been 

implicated in both of these diseases, potentially playing an active role in the pathology of 

MS and serving as important players in the progression of Alzheimer’s disease132,164,197. 

What’s more, recent sequencing data from human Alzheimer’s disease patients and 

healthy controls demonstrated that healthy controls have three subpopulations of OPCs, 

with one of them expressing high levels of clusterin. OPCs from AD patients clustered 
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separately from the healthy controls and showed an even greater enrichment of clusterin 

than any of the control OPC clusters198. Given these associations with Alzheimer’s 

disease and MS, and the known role of clusterin in multiple CNS pathologies, 

interrogating the role of clusterin in OPCs and, more broadly, the function of the clusterin-

expressing subset of OPCs, may be particularly important in revealing novel ways OPCs 

help maintain homeostasis and how they subsequently may be playing an active role in 

contributing to or protecting against CNS pathology199-202. 

 

Many of the differentially expressed genes and related biological processes found in each 

OPC cluster complement emerging literature that indicates non-canonical roles for OPCs 

during homeostasis, and a more active role of this cell type in multiple diseases. While 

here we describe the transcriptional profile of OPCs during homeostasis, it is important 

to note that understanding the role of OPCs in the healthy brain will provide a necessary 

foundation for examining any protective or detrimental novel functions in disease 

pathology. We believe that the work presented here provides a critical foundation and 

basis for the investigation of non-canonical roles of OPCs.  This dataset will not only assist 

the field in discovering novel roles for OPCs in both health and disease, but can also offer 

potential mechanistic explanations for intriguing phenotypes observed in OPC deletion 

paradigms 3-5,132.  
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Chapter IV: Clusterin and its functions 

Introduction 

 Clusterin, also known as ApoJ, is a glycosylated apolipoprotein originally isolated 

from rat testes in the early 1980’s and is mostly commonly described as an extracellular 

chaperone203,204. Named for its ability to cause cells to cluster together when added to 

culture, numerous functions have been attributed to this protein over the last 40 years, 

such as inducing apoptosis and promoting inflammation (Fig. 10)204,205. Additionally, 

clusterin has been found to be upregulated in multiple disease and disorders, including 

multiple sclerosis, Alzheimer’s disease, ischemic kidney injury, and multiple types of 

cancers206-209. However, due to its multi-functional nature, it remains unclear if clusterin 

is beneficial or detrimental in disease and injury conditions.  

Figure 10: Graphical representation of some of the many functions of clusterin. 
Cartoon depicting a subset of the many, often contradicting roles of clusterin. 
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 Clusterin was first described as a secreted protein, most commonly found 

extracellularly204. However, more recent data has demonstrated that other minor 

isoforms exist, including both a nuclear and cytoplasmic isoform210,211. While the 

extracellular isoform has been by-far the most well-studied, studies profiling the 

cytoplasmic and nuclear forms of clusterin have only made this protein more enigmatic, 

as these isoforms at times have the opposite function of the secreted protein 205. 

 

Expression 

 Clusterin is a protein that has been conserved across all vertebrate species and 

is rather ubiquitously expressed in humans212,213. Indeed, clusterin RNA has been found 

in almost all tissue types and is expressed at particularly high levels in the brain, 

ovaries, liver, and testes213. Interestingly, in mice, levels of both clusterin RNA and 

protein have been shown to increase exponentially throughout development, with 

clusterin increasing from embryonic day 16 all the way through adulthood214. Within the 

brain, multiple cell types have been shown to produce clusterin. Astrocytes have been 

the most well-studied brain-resident cell type in terms of their production of clusterin215. 

However, other brain-resident cells, including neurons, endothelial cells, and, as 

described here, OPCs are also able to produce clusterin215-218. What’s more, as the 

dominant isoform of clusterin is secreted into the extracellular space, clusterin 

expression by a single cell type can have wide-reaching effects on a variety of cells204.  
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Function 

Debris Clearance 

Clusterin is classified as an apolipoprotein and, as such, is known to easily bind to 

extracellular molecules, as the main function of these proteins is to facilitate the transport 

of lipids and lipid-associated proteins219. It has been shown that the ability of clusterin to 

bind to extracelluar molecules allows this protein to aid in more efficient clearance of 

cellular debris220. Clusterin has been shown to bind to misfolded proteins and subsequent 

data demonstrates that proteins bound to clusterin are more quickly cleared than unbound 

proteins220. Clusterin has been documented to promote the clearance of insoluble Aβ, 

placing this protein as a central player in AD pathology221.  Additionally, clusterin has been 

shown to improve the phagocytic capabilities of both professional and non-professional 

phagocytes alike222,223. Overall, this data demonstrates that clusterin is effective in 

assisting in extracellular debris clearance. 

 

Immune Regulation  

Clusterin has also been shown to regulate the immune system in multiple, and 

sometimes contradictory, ways. On one hand, clusterin has been shown to inhibit the 

complement cascade, which is a series of pathways used by the immune system to 

effectively respond to external pathogens224,225. From this standpoint, clusterin acts as 

an inhibitor of the immune system, which is supported by observations demonstrating 

that mice lacking clusterin are more susceptible to autoimmunity, including autoimmune 

myocarditis and antibody-mediated arthritis226-228. However, clusterin has also been 

shown to increase pro-inflammatory signaling through its effects on NFκB signaling. 



75 
 

Activation of NFκB signaling induces the production of a wide variety of pro-

inflammatory cytokines and recruits immune cells to the site inflammation or injury229. 

Mechanistically, clusterin accomplishes this by potentiating the degradation of 

COMMD1 and IκB, two proteins that serve to inhibit NFκB signaling, resulting in an 

overall activation of NFκB by clusterin230. This pro-inflammatory signaling capacity of 

clusterin is supported by data showing that blocking clusterin signaling in hepatocytes 

using shRNA reduces the production of the pro-inflammatory cytokines IL-6 and IL-8, 

and that exogenous clusterin has the ability to induce nuclear translocation of NFκB in 

macrophages231-233. Since the literature indicates that clusterin can play both pro-

inflammatory and anti-inflammatory roles, its function is likely dependent upon a variety 

of factors, such as cell-type, tissue-type, disease state, and splicing isoform. 

 

Cell Death and Survival 

 Similar to clusterin’s ability to be either pro-inflammatory or anti-inflammatory 

depending on the circumstance, clusterin has been shown to improve proliferation and 

protect cells from apoptosis in some instances, while increasing apoptosis under other 

conditions234,235. Clusterin has been shown to increase the proliferation and survival of 

multiple cell types, including astrocytes, pancreatic beta cells, tubular cells of the 

kidney, and many types of cancer cells236-240. Clusterin promotes the survival and 

proliferation of cell types by binding to and sequestering the pro-apoptotic protein Bax, 

allowing cells to escape the induction of apoptotic death241. More recent data has also 

demonstrated that clusterin can inhibit the expression of neuronal nitric oxide synthase, 

thereby sparing all surrounding cells from exposure to toxic nitric oxide242. Importantly, 
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the most abundant isoform of clusterin, the secreted form, is thought to be responsible 

for clusterin’s pro-survival functions243. 

 While the vast majority of data supports the anti-apoptotic effects of secreted 

clusterin, other data has demonstrated that one of the more minor isoforms, generally 

found in the nucleus, plays a pro-apoptotic role in many cell types211. This nuclear 

isoform promotes apoptosis by binding to the protein Ku70, which is a critical 

component of the DNA damage repair pathway. This inhibition of DNA damage repair 

consequently leaves cells vulnerable to DNA damage-induced apoptosis211,244,245. A 

large amount of evidence indicates that clusterin has the ability to modulate apoptosis 

pathways, although it seems that it can have opposing functions depending upon the 

isoform. 

 

Association with Disease 

While the exact functions of clusterin have been challenging to elucidate, there is a 

significant amount of data indicating that clusterin is upregulated in numerous disease 

states246. Clusterin has been most thoroughly studied in the context of cancer, as 

clusterin has been found to be upregulated in numerous types of cancer239,240.Clusterin 

has been found to serve a detrimental role in cancer by increasing the survival of 

malignant cancer cells247,248. This observation has led to the development of an 

antisense oligonucleotide against clusterin that has progressed to Phase 3 clinical trials 

in the hope that reducing clusterin might improve the sensitivity of cancer cells to 

chemotherapy249,250. 
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 Clusterin has also been shown to be upregulated in patients with multiple 

sclerosis (MS)251. Interestingly, clusterin is increased in MS patients at multiple levels, 

as people with MS have more clusterin in their blood and cerebral spinal fluid (CSF) 

when compared to control patients, and clusterin has been found to be upregulated 

within demyelinated lesions when compared to unaffected white matter251-253. 

Importantly, clusterin has been shown to increase in multiple disorders that involve 

demyelination, such as amyotrophic lateral sclerosis and neuromyelitis optica, not just in 

MS patients239,254,255. While the exact role of clusterin and the consequences of its 

upregulation in MS and other demyelinating disorders remains unclear, the conservation 

of its upregulation across multiple disease states indicates that it may play an important 

role in disease progression or response. 

 Clusterin rose to the attention of the Alzheimer’s Disease (AD) community a little 

over a decade ago when a large genome wide association study identified a single 

nucleotide polymorphism (SNP) in clusterin that was the third most significant risk factor 

for developing late-onset Alzheimer’s Disease256. Much like patients with MS, patients 

with AD have increased clusterin at multiple levels, including in the blood, CSF, and the 

brain parenchyma257-259. While the literature contains conflicting reports regarding how 

the risk-associated SNP in clusterin effects clusterin production and function, data does 

indicate that higher levels of clusterin correlate with worsening disease symptoms and 

an increase in brain atrophy260-264. Mouse work investigating the effects of clusterin on 

AD progression and symptomatology remains divided on whether the increase in 

clusterin observed in AD is protective or detrimental. On one hand, data from multiple 

sources indicates that clusterin worsens AD symptoms, as knocking out clusterin in AD 
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mouse models has been shown to reduce amyloid beta (Aβ) deposition and improve 

memory performance265-267. However, other data indicates that clusterin prevents Aβ 

deposition and supports both synapse function and helps maintain proper neuronal 

spine density268,269. The relatively small body of literature dedicated to studying clusterin 

in the context of AD has not yet reached a consensus regarding how  

clusterin effects AD disease progression. However, the significant risk that the clusterin 

SNP confers for developing AD highlights the need for further study in this area. 

 

Conclusions  

Overall, clusterin has been shown to have multiple, and often contradicting, functions in 

areas such as debris clearance, cell survival and proliferation, and immune 

regulation220,232,241. These multiple functions, along with the fact that there are multiple 

splicing isoforms and detectable expression in almost every tissue type, make studying 

clusterin relatively challenging. However, it is clear that there is significant therapeutic 

value in further elucidation of clusterin’s functions as it has been shown to be 

upregulated in a wide variety of diseases, including cancer, multiple sclerosis, and 

Alzheimer’s disease239,251,252. This strong association with disease and continued lack of 

clarity regarding clusterin’s function indicates that clusterin remains an important topic of 

research that could have significant implications for future therapeutics.   
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Chapter V: OPCs, myelin, and Alzheimer ’s disease 

Introduction 

 The disease that we now know as Alzheimer’s disease (AD) was first described 

more than a century ago by Alois Alzheimer270. Since the inception of this diagnosis, 

millions of people have found themselves or their family members debilitated by its 

symptoms. In fact, the Alzheimer’s Association estimated that in 2022 alone there are 

6.5 million patients suffering from Alzheimer’s disease271. In the last hundred years, a 

tremendous amount of time and resources have been dedicated to the study of AD 

etiology and the development of potential therapeutics. In this time, great strides have 

been made in describing and understanding the neuropathological and behavioral 

symptoms associated with AD. Dedicated work has allowed for the a detailed 

description of amyloid β plaques, tau tangles, and the overall neurodegeneration 

observed in AD patients, along with the resulting symptoms of dementia, reduction in 

executive function, depression, anxiety, and sleep disturbances272-274. Despite the large 

body of work detailing the pathology of AD, there still remains no reliable treatment to 

slow or stop disease progression. What’s more, the accumulation of amyloid plaques 

has long been thought of as the key driver of AD pathology, but numerous clinical trials 

of anti-amyloid therapeutics have successfully decreased the Aβ plaque-burden in 

Alzheimer’s patients but failed to reduce clinical symptoms of cognitive impairment275. 

This continued lack of effective therapeutics highlights the need for alternative treatment 

avenues. 

 

 



80 
 

Myelin alterations in Alzheimer ’s disease 

 In his first report on Alzheimer’s disease, Alois Alzheimer described disruptions 

to the brain’s white matter, although these changes were disregarded for many decades 

following his publication276. In recent years, increasing amounts of data have pointed to 

white matter loss and myelin disruption as a significant pathological finding in 

Alzheimer’s disease patients that may be of importance to disease progression277,278. 

MRI studies have shown a significant loss of white matter volume in AD patients 

compared to age-matched controls193,279. Furthermore, postmortem studies have 

offered a more detailed look at myelin perturbations in AD. Histopathological studies 

have shown an overall decrease in myelination using luxol fast blue staining, and other 

studies have shown an overall decrease in myelin basic protein MBP by western 

blot277,280. Additionally other publications have used immunofluorescence to 

demonstrate an increase in degraded MBP in AD postmortem samples281. These myelin 

perturbations are conserved in animal models of AD, as myelin degradation has been 

observed in the 3xTg, 5xFAD, and APP/PS1 models of Alzheimer’s282-285. 

Interestingly, recent work has postulated that myelin disruption is a key event that 

precipitates cognitive decline in AD286. This hypothesis necessitates that myelin 

disruption and damage precedes cognitive impairment. This is supported by multiple 

post-mortem studies in which patients with amyloid beta plaques consistent with 

Alzheimer’s disease showed significantly disrupted myelin and white matter atrophy 

despite showing little to no cognitive impairment prior to death287,288. Additionally, pre-

clinical studies have demonstrated that mouse models of AD exhibit loss of myelin as 

early as 1 month of age. This myelin loss can often be observed prior to the onset of 

memory deficiencies or even the appearance of Aβ plaques282-284. This evidence 
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supports the notion that myelin disruption appears early in AD progression and may 

even influence the progression of cognitive symptoms. 

 

Remyelination as a potential therapeutic  

 With the complete lack of effective treatments for AD, as well as a renewed 

interest in myelin degeneration in AD patients, there is some excitement around the 

potential use of remyeilnating therapies in the treatment of AD. This line of inquiry is 

supported by data showing that the generation of new oligodendrocytes is necessary for 

motor learning, suggesting that oligodendrocytes may play a critical role in memory 

formation61. Within the past two years, this connection between oligodendrocytes and 

memory has been further elucidated, with multiple studies showing that the ability to 

produce mature oligodendrocytes is needed to support proper spatial memory 

consolidation and fear memory recall289,290. Finally, data from Chen and colleagues 

published in 2021 showed that when APP/PS1 mice were treated with the pro-

myelinating drug clemastine, these mice demonstrated significantly improved 

myelination and memory performance when compared to their untreated APP/PS1 

counterparts. Importantly, improvement in cognitive abilities were observed despite no 

change in the plaque burden in clemastine-treated mice285. Taken together, these data 

indicate that future work should continue to pursue the promotion of remyelination as a 

potential treatment for AD patients. 

 

OPC function in AD 

While myelin loss has been recognized as a key component of Alzheimer’s disease, it 
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remains unclear why oligodendrocyte progenitor cells (OPCs), a population which 

remains mitotically active and able to produce new oligodendrocytes throughout 

adulthood, fails to compensate for the loss of myelin in the context of AD9,31,58. In 

comparison to neurons and other glial subtypes, relatively little is known about how OPCs 

are affected by AD progression. Recent work has demonstrated a decrease in OPC 

density in AD mouse models, accompanied by significant changes in OPC cell volume 

and morphology283,291. Additionally, OPCs have been implicated as important mediators 

of memory deficits in AD. In 2019, Zhang and colleagues demonstrated that ablation of 

senescent OPCs that cluster around Aβ plaques improved the memory deficits normally 

observed in the AD model199. With more data emerging in recent years demonstrating 

that OPCs can perform functions such as clearing debris, presenting antigen, producing 

cytokines, and sculpting neuronal circuitry, it is possible that the AD environment induces 

alternative functions of OPCs that prevent this population from maintaining the proper 

density of mature oligodendrocytes, potentiating a reduction in functional 

myelin154,161,292,293. Whatever may be the cause of this lack of OPC differentiation, more 

work is needed to develop effective therapeutics to reverse myelin deficits observed in 

AD and to determine if this reversal will improve behavioral symptoms. 

 

Conclusions 

 While white matter perturbations have been recognized as a symptom of AD for 

more than a century, recent work connecting oligodendrogenesis to memory 

consolidation and recall have spurred research into how myelin deficits might be playing 

an integral role in the progression of AD symptoms276,285,289,290. This work, along with 
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the recent emergence of data showing that OPCs can play many roles in the CNS, 

places oligolineage cells as important players in Alzheimer’s disease, and necessitates 

further work elucidating their role in AD pathology294. In sum, investigation into OPCs 

and oligodendrocytes in the context of Alzheimer’s disease presents an exciting 

opportunity for the development of novel AD therapeutics.  
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Chapter VI: Oligomeric amyloid beta prevents myelination in a clusterin 

dependent manner 

Abstract 

White matter loss has been described as a common occurrence in Alzheimer’s disease 

(AD) patients for multiple decades. However, it remains unclear why oligodendrocyte 

progenitor cells (OPCs) fail to repair myelin deficits in these patients.  Here, we show 

that clusterin, a risk factor for late-onset AD, is produced by OPCs and inhibits their 

differentiation into oligodendrocytes. Specifically, we demonstrate that a unique subset 

of OPCs produces clusterin. We show that phagocytosis of debris, including amyloid 

beta (Aβ) and myelin, drives the upregulation of clusterin in OPCs. We confirm, in vivo, 

that Aβ oligomers drive clusterin upregulation and that OPCs phagocytose Aβ. 

Furthermore, we show that clusterin is a potent inhibitor of OPC differentiation and 

prevents the production of myelin proteins. Finally, we demonstrate that clusterin 

inhibits OPC differentiation by significantly reducing the production of IL-9 by OPCs. Our 

data reveals that clusterin may be responsible for the lack of myelin repair observed in 

AD and is a promising therapeutic target for AD-associated cognitive decline. 
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Introduction 

Alzheimer’s Disease (AD) is a neurodegenerative disease that currently has no 

approved therapeutic to effectively prevent disease progression, and patients inevitably 

succumb to debilitating dementia295. White matter loss has been documented in AD 

patients, but how this myelin loss contributes to disease progression remains unclear277. 

Recent studies indicate that generation of new myelin-forming oligodendrocytes is 

critical for memory consolidation and recall289,290. Additionally, remyelination 

therapeutics have been shown to reduce cognitive deficits seen in an animal model of 

AD285. This evidence supports the hypothesis that the inability to generate 

oligodendrocytes is a significant driver of the cognitive deficits observed in AD.  

The adult brain contains oligodendrocyte progenitor cells (OPCs), a highly proliferative 

population of glia that are maintained in a progenitor state throughout adulthood and are 

normally capable of generating nascent oligodendrocytes9,26. However, it is not 

understood why OPCs fail to repair myelin damage present in AD. The ability of OPCs 

to produce mature, myelinating oligodendrocytes during adulthood is critical, as motor 

learning, memory consolidation, and memory recall are all dependent on de novo 

production of myelin61,289,290.    

Here we investigated if clusterin, a risk factor for late-onset AD, alters the function of 

OPCs in AD256. Clusterin is a multifunctional apolipoprotein that is upregulated in 

multiple neurodegenerative disorders and is known to play a role in the clearance of 

debris195,220,227,261. We found that a specific subset of OPCs in the adult mouse brain 

express clusterin, mimicking data from humans indicating that a subset of OPCs 

express high levels of clusterin198. This same data indicates that OPCs, but not any 
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other brain-resident cell type, upregulates clusterin expression in the context of AD 198. 

Consequently, we investigated what factors might contribute to clusterin production in 

OPCs. We found that phagocytosis of debris, including both oligomeric Aβ and myelin 

debris, results in an upregulation of clusterin production by OPCs. We further 

discovered that clusterin is a potent inhibitor of OPC differentiation and the production of 

myelin proteins. At a mechanistic level, we found that clusterin reduces the production 

of the cytokine IL-9 by OPCs and that restoration of IL-9 levels rescues the ability of 

OPCs to differentiate in the presence of clusterin.   

 

Results 

Clusterin is expressed by a OPCs in the human brain 

Clusterin, most commonly found as a secreted protein, is upregulated in the brains of 

patients with Alzheimer’s disease (Fig. 11a, b)210. Interestingly, we found that cells 

expressing clusterin RNA could be found directly surrounding Aβ plaques. (Fig. 11c). This 

observation is conserved in pre-clinical models of AD, as clusterin is also found to be 

upregulated in multiple brain regions of the 5xFAD mouse model of AD (Fig. 11d, e). 

Because of the emerging role of OPCs and myelin in AD pathology, we investigated 

whether OPCs expressed clusterin in AD199,285. Surprisingly, we found that OPCs express 

clusterin both in the AD brain, as well as in normal aging (Fig. 11f). Taken together, these 

results show that clusterin, a risk factor for late-onset AD, is upregulated in the 

parenchyma of AD patients, and  that this gene is expressed by OPCs in normal aging 

as well as in late-stage AD.  
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Figure 11: OPCs express the AD-risk factor clusterin. a,  Representative image of 
Clusterin expression (immunohistochemistry, brown) in the cortex from a normal aging 
patient and a late-stage AD patient. b, Quantification of clusterin coverage in the cortex 
of normal aging (n=15) and AD patients (n=26, from two independent experiments, 
depicted in a). Data analyzed using an unpaired t-test; t(39)=3.767. c, Detection of 
clusterin RNA (in situ hybridization, red) and Aβ protein (immunohistochemistry, 
brown) in late-stage AD brain (late-stage AD n=2; from two independent experiment). 
Arrowheads indicate clusterin-expressing cells around plaques. d, Representative 
images of clusterin expression (white) in the cortex and hippocampus of WT and 
5xFAD mice. Scale bar=30µm. e, Quantification of clusterin coverage in the cortex and 
hippocampus of WT and 5xFAD mice (depicted in c; WT n=6, 5xFAD n=6; from two 
independent experiments). Statistics calculated using an unpaired Student’s t-test. 
Cortex: t(10)=5.049; Hippocampus: t(10)=3.119. f, In situ hybridization for OPCs 
(PDGFRA in green, OLIG2 in white) expressing Clusterin (CLU; red) in normal aging 
and late-stage AD brains (normal aging n=1, late-stage AD n=1; from one independent 
experiment). Scale bar=10µm. 
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Phagocytosis of oligomeric Aβ and cellular debris results in an upregulation of clusterin 

expression by OPCs 

 Given our data showing that OPCs express the AD-associated gene clusterin, we 

wanted to determine if OPCs interacted with Aβ plaques. Surprisingly, using 5xFAD mice, 

we found that OPCs were surrounding and extending their processes into Aβ plaques 

(Fig. 12a). Because clusterin is known to facilitate debris clearance, we next wondered if 

OPCs were involved in the clearance of Aβ oligomers from the brain220. To test this, we 

injected WT mice with Aβ oligomers labeled with CypHer5e, a dye that only fluoresces 

when it has entered the acidic environment of the lysosome. We found that OPCs around 

the injection site phagocytosed Aβ within 12 hours of injection (Fig. 12b). Surprisingly, we 

also found that injecting Aβ was sufficient to drive an upregulation of clusterin expression 

in the brain (Fig. 12c, d).  

 We next investigated whether OPCs could contribute to this Aβ-induced 

upregulation of clusterin. We treated primary OPCs in vitro with Aβ oligomers for 4 hours 

and observed a rapid increase in clusterin production (Fig. 12e). We subsequently 

confirmed that OPCs also upregulate the production of clusterin protein following 

treatment with Aβ (Fig. 2f). We found that phagocytosis of Aβ was necessary to drive this 

upregulation of clusterin, as treatment with cytochalasin D (CytoD), an actin 

polymerization inhibitor that blocks phagocytosis, prevented Aβ from increasing clusterin 

production in OPCs (Fig. 12e)222,223,296. Interestingly, we found that these changes in 

clusterin were not specific to the phagocytic clearance of Aβ oligomers, but were rather 

generalizable to instances in which OPCs engulfed large debris. We found that treatment 

of OPCs with myelin debris also produced a similar upregulation of clusterin that was 
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Figure 12: Phagocytosis of extracellular debris drives clusterin expression in OPCs a, 
Representative image of OPCs (PDGFRα in green, Olig2 in red) surrounding Aβ plaques (white). 
Yellow arrowheads indicate OPCs that are extending processes into areas of Aβ accumulation 
(n=4 mice; from one independent experiment). Scale bar=20µm. b, Representative orthogonal 
view of CyPher-labeled Aβ (white) inside an OPC (PDGFRα in green, Olig2 in red) following intra-
parenchymal injection of Aβ (n=6 mice; from one independent experiment). Yellow arrowheads 
indicate Aβ that can be seen inside the cell body of an OPC. Scale bar=10µm. c, Representative 
images of clusterin expression (red) in the ipsilateral (CypHer-Aβ injected; green) and contralateral 
(FITC injected; green) hemispheres following intra-parenchymal injection. Scale bar=100µm. d, 
Quantification of clusterin expression in the ipsilateral (Aβ-injected) and contralateral (FITC-
injected) hemispheres following intra-parenchymal injection. (n=6 mice). Statistics calculated 
using a paired Student’s t-test; t(5)=2.979. e, qPCR analysis of clusterin expression in OPCs 
following a 4-hour in vitro treatment with 3µm Aβ and the phagocytosis blocker CytoD (1µm) or 
vehicle control (CTL n=24, CytoD n=7, Aβ n=24, Aβ+CytoD n=7; from seven independent 
experiments). Statistics calculated using a mixed effects analysis with a Tukey’s post-hoc analysis; 
F(1.121, 13.08) = 8.544. f, Quantification of clusterin protein in OPCs following 72-hour treatment 
with 3µM Aβ  or vehicle control (CTL n=10, Aβ n=10, from two independent experiments). Statistics 
calculated using a paired Student’s t-test; t(9)=7.596. g, qPCR analysis of clusterin expression in 
OPCs following a 4-hour in vitro treatment with 100µg/ml myelin and CytoD (1µm) or vehicle 
control (CTL n=19, CytoD n=15, Myelin n=19, Myelin+CytoD n=15; from five independent 
experiments). Statistics calculated using a mixed effects analysis with a Tukey’s post-hoc analysis; 
F (1.389, 21.29) = 10.75. h, qPCR analysis of clusterin expression in OPCs following a 3-hour in 
vitro treatment with 10ng/ml TNFα or 10ng/ml IFNγ (CTL n=10, TNFα n=10, IFNγ n=4; from 2 
independent TNFα experiments or 1 independent IFNγ experiment). Statistics calculated using a 
mixed effects analysis; F (1.106, 11.61) = 1.897. i, qPCR analysis of clusterin expression in OPCs 
following a 3-hour in vitro treatment with 10µm H202 (n=5; from one independent experiment). 
Statistics calculated using a paired Student’s t-test; t(8)=0.3417. *p<0.05, **p<0.01, ****p<0.0001, 
ns=not significant. All error bars represent SEM. 
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abrogated by exposure to CytoD (Fig. 12g). In order to eliminate the possibility that this 

clusterin upregulation was simply a response to any cellular stressor present in AD, we 

treated OPCs with other factors known to be upregulated in Alzheimer’s disease, 

including TNFα, IFNγ, and reactive oxygen species (ROS), which all failed to produce any 

change in clusterin expression (Fig. 12h, i)297-299.  

In previous studies, clusterin has been shown to increase the phagocytic capacity 

of both professional and non-professional phagocytes alike222,223. This led us to 

investigate whether clusterin altered the kinetics of phagocytosis in OPCs. Surprisingly, 

the addition of exogenous clusterin did not change the ability of OPCs to engulf Aβ in vitro 

Figure 13: Clusterin does not alter OPC phagocytosis of Aβ  
a, Representative flow gating (following singlets/singlets/live gates) of OPCs incubated 
for 90 minutes with 3µm CypHer5e-labeled Aβ oligomers (all conditions) with the 
addition of 8µg/ml clusterin or 1µm CytoD (Vehicle n=3, Clusterin n=3, CytoD n=3; 
from one independent experiment). c, Quantification of OPCs staining positive for 
CypHer-Aβ as depicted in b. Statistics calculated using a repeated measures one-way 
ANOVA with a Tukey’s post-hoc analysis; F(2,4)= 293.3. **p<0.01. All error bars 
represent SEM. 
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(Fig. 13a, b), indicating that phagocytosis regulates clusterin expression in OPCs, but 

clusterin does not subsequently regulate phagocytic ability. In sum, these results indicate 

that OPCs are capable of clearing extracellular debris, including Aβ, and that 

phagocytosis of protein or cellular debris is responsible for driving clusterin expression in 

OPCs. 

 

Exogenous clusterin inhibits OPC differentiation 

 The formation of new myelin has been increasingly recognized as a critical 

component of memory function289,290. In fact, a recent study demonstrated that drugs 

promoting nascent myelin formation results in improved memory performance in a model 

of AD, indicating the importance of understanding what factors are preventing the 

differentiation of OPCs into oligodendrocytes285. A multitude of studies have 

demonstrated that cellular debris and protein aggregation prevent OPC differentiation, 

although the mechanism by which this occurs remains unclear300,301. This data, along with 

our observation that debris clearance drives clusterin expression in OPCs (Fig. 12e, g), 

made us question whether clusterin might be inhibiting OPC differentiation. 

Consequently, we treated differentiating OPCs with exogenous clusterin and observed a 

striking decrease not only in genes encoding myelin proteins (Mbp, Plp1, Cnp), but also 

in Myrf, the master transcriptional regulator of the OPC differentiation program (Fig. 14a-

d). We subsequently observed fewer MBP-positive oligodendrocytes when OPCs were 

differentiated in the presence of clusterin compared to clusterin-free media (Fig. 14e, f). 

Importantly, this decrease in differentiation is not due to OPC death, as there was no 

difference in OPC number following clusterin treatment (Fig. 14g). Overall, this data 
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shows that clusterin is regulated by the phagocytosis of debris and is a potent inhibitor of 

OPC differentiation.  

 

 

Figure 14: Exogenous clusterin inhibits OPC differentiation 
Expression of Mbp (a), Plp1 (b), Cnp (c), and Myrf (d), measured by qPCR in OPCs 
cultured in proliferation media (OPC Vehicle), differentiation media (OLG Vehicle), or 
differentiation media supplemented with 8µg/ml of clusterin (OLG Clusterin) for 72 
hours (n=7 for all conditions). Statistics calculated using a repeated measures one-
way ANOVA with a Tukey’s post-hoc analysis; Mbp F(2,6)=27.41, Plp1 F(2,6)=25.72, 
Cnp F(2,6)=9.776, Myrf F(2,6)=16.41. e, Representative images of OPCs cultured in 
differentiation media with or without 8µg/ml of clusterin for 72 hours and stained for 
oligodendrocyte markers (MBP in green, Olig2 in red). Scale bar= 50µm. f, 
Quantification of the number of OPCs that differentiated in to oligodendrocytes 
following treatment with clusterin (depicted in e; n=5 for all conditions; from two 
independent experiments). Statistics calculated using a paired Student’s t-test; 
t(4)=2.780. g, Quantification of the number of OPCs present using a Cell Counting Kit-
8 assay following a 72 hour incubation in proliferation media with or without 8µg/ml 
clusterin (n=11 for all conditions; from four independent experiments). *p<0.05, 
**p<0.01, ****p<0.0001, ns=not significant. All error bars represent SEM. 
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Clusterin inhibits differentiation by reducing IL-9 production 

Figure 15: Clusterin inhibits differentiation by blocking IL-9 production 
a, Quantification of cytokines present in the supernatant from OPCs treated with 
8µg/mL clusterin or vehicle control (n=6 biological replicates for each condition, from 
two independent experiments). Data analyzed using a two-way repeated measures 
ANOVA with a Sidak’s multiple comparison post-hoc analysis, F (6, 34) = 23.93. 
Expression of Mbp (b), Plp1 (c), and Myrf (d), measured by qPCR in OPCs cultured 
in proliferation media (OPC Vehicle), differentiation media (OLG Vehicle), 
differentiation media supplemented with 8µg/ml of clusterin (OLG CLU), differentiation 
media supplemented with 100ng/ml IL-9 (OLG IL-9), or differentiation media 
supplemented with 8µg/ml of clusterin and 100ng/ml IL-9 (OLG CLU+IL-9)  for 72 
hours (n=11 for all conditions; from 3 independent experiments). Statistics calculated 
using a repeated measures one-way ANOVA with a Tukey’s post-hoc analysis; Mbp 
F(10,40)=10.15, Plp1 F(10,40)=11.96, Myrf F(10,40)=10.32. *p<0.05, **p<0.01, 
****p<0.0001, ns=not significant. All error bars represent SEM. 
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 We next investigated what factors might be mediating clusterin’s inhibition of OPC 

differentiation. OPCs have been shown to produce a variety of growth factors and 

cytokines that can significantly alter their local environment3,126,132,133,293. Additionally, 

clusterin has been shown to regulate to production of cytokines232,233,302. Based on this 

data, we wondered if clusterin might be inhibiting OPC differentiation by affecting growth 

factor and cytokine production. We performed a Luminex Assay on the supernatant of 

OPCs treated with vehicle or clusterin and found that clusterin altered the secretion of 

multiple proteins, mostly notably increasing the production of VEGF and significantly 

decreasing the production of IL-9 (Fig. 15a). Since growth factors from the VEGF family 

have been shown to induce OPC proliferation303, we tested whether the increase in VEGF 

following clusterin treatment was responsible for keeping OPCs in an undifferentiated 

state. However, treatment of OPCs with a combination of clusterin and an anti-VEGF 

antibody failed to rescue the differentiation defect observed with clusterin treatment (Fig. 

16a-c).  

 The next candidate we assessed as the potential mechanism for the effects of 

clusterin on OPCs was IL-9, since its production was reduced by more than 90% following 

clusterin treatment (Fig. 15a). IL-9 is a relatively understudied cytokine known to be 

produced by T-cells304. Surprisingly, we found that the addition of exogenous IL-9 was 

sufficient to rescue the differentiation deficits induced by clusterin treatment (Fig. 15b-d). 

Overall, this data demonstrates that clusterin blocks the differentiation of OPCs by 

inhibiting the production of IL-9, and that IL-9 is an important factor in proper differentiation 

of OPCs.  
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Discussion 

 Since the discovery of Aβ plaques in the brains of AD patients, therapeutic 

development has been focused on reducing plaque load. However, no therapeutic 

candidate, even when successful at reducing plaques, has succeeded in slowing disease 

progression305. Over recent years, a growing body of literature has speculated that other 

altered biological processes may be the driving force behind the clinical decline observed 

in AD patients306. Increasingly, OPCs and myelin have been implicated in the etiology 

and progression of AD symptoms. A recent study demonstrated that the ablation of 

senescent OPCs was sufficient to improve the memory impairment observed in the 

APP/PS1 model of AD199. Additionally, multiple studies have shown that inhibiting OPC 

Figure 16: VEGF does not mediate the effect of clusterin on OPC differentiation 
Expression of Mbp (a), Plp1 (b), and Myrf (c), measured by qPCR in OPCs cultured 
in proliferation media (OPC CTL), differentiation media (OLG CTL), differentiation 
media supplemented with 8µg/ml of clusterin (OLG CLU), differentiation media 
supplemented with 10µg/ml VEGF function-blocking antibody (OLG α-VEGF), or 
differentiation media supplemented with 8µg/ml of clusterin and 10µg/ml VEGF 
function-blocking antibody (OLG CLU α-VEGF)  for 72 hours (n=5 for all conditions; 
from one independent experiment). Statistics calculated using a repeated measures 
one-way ANOVA with a Tukey’s post-hoc analysis; Mbp F(4,16)=28.66, Plp1 
F(4,16)=49.31,  Myrf F(4,16)=74.58. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. All 
error bars represent SEM. 
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differentiation prevents memory consolidation and recall, and that therapeutically 

increasing myelination can improve memory performance in AD models285,289,290,307. 

Here, we offer a potential mechanism for the pervasive myelin deficits observed in 

Alzheimer’s disease and the memory decline associated with these deficits279,281. We 

demonstrate that clusterin is upregulated in the brains of AD patients as well as in a 

mouse model of AD. We found that a specific subset of OPCs expresses clusterin under 

normal conditions, and that these clusterin-positive OPCs can be found in AD. 

Phagocytosis of debris, including Aβ oligomers, myelin, and apoptotic cells, efficiently 

drives the upregulation of clusterin in OPCs. Finally, we show that clusterin, through its 

effects on the production of IL-9, is a potent inhibitor of OPC differentiation and the 

production of myelin proteins.   

   A common single-nucleotide polymorphism (SNP) in clusterin has been 

recognized as a significant risk factor for late onset AD for over a decade256. While there 

are conflicting reports in the literature regarding how this SNP effects the function and 

accumulation of clusterin, there are multiple studies indicating that that increased levels 

of clusterin in the plasma of AD patients, regardless of the presence of a SNP at the CLU 

locus, correlates with a more rapid cognitive decline and an increase in brain 

atrophy257,260,261,308. These correlative studies demonstrating that excess levels of 

clusterin are associated with more severe AD symptoms are supported by studies 

indicating that removing clusterin in mouse models of AD results in a reduced plaque load 

as well as improved performance on memory tasks265-267. There are, however, reports in 

the literature indicting that clusterin might be involved in the clearance of Aβ plaques and 

the protection of neurons268,269.  These discrepancies likely indicate that clusterin is a 
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multi-functional protein that may be beneficial when expressed at homeostatic levels, but 

could become detrimental when significantly upregulated in the context of disease 

pathology. Additionally, since there is an increasing amount of data indicating that the 

reduction of Aβ plaques in AD patients does not improve clinical symptoms, it is possible 

that clusterin’s inhibition of OPC differentiation, as described here, may be the 

mechanism though which increased levels of clusterin might contribute to AD 

progression309.  

 It remains to be determined exactly which cell types might be contributing to the 

increase in clusterin observed in Alzheimer’s disease. While we have demonstrated that 

OPCs upregulate clusterin production in response to the phagocytosis of Aβ as well as 

other cellular debris, and human single cell sequencing data indicates that OPCs are the 

only cell type in the brain that show an increase in clusterin expression in AD patients 

compared to healthy controls, it is known that astrocytes produce a significant amount of 

clusterin198,310. However, while the exact cellular sources of elevated levels of clusterin in 

AD is still an open question, the fact that the most abundant isoform of clusterin encodes 

for a secreted chaperone protein indicates that clusterin from any cellular source, whether 

OPCs or any other cell type, can impact the function and differentiation capacity of 

OPCs311.  

 We were surprised to find that clusterin decreased the differentiation of OPCs by 

blocking the production of IL-9. While IL9 receptor expression has been documented in 

OPCs, this is the first time that OPCs have been shown to produce IL-9 and that IL-9 is 

important for the proper differentiation of OPCs312. While T-cells are known to be the main 

producers of IL-9, there is increasing evidence in the literature that OPCs can also 
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contribute to cytokine production132,293,313,314. The ability of OPCs to function as 

immunomodulatory cells is garnering increasing support in the literature, and our data 

indicating the importance of IL-9 in the function of OPCs offers an intriguing avenue for 

additional investigation315,316.  

It has been known that clusterin is increased in the brains of AD patients for over 

three decades317. However, the mechanism of clusterin’s effects on the progression of 

AD still remains unclear. With an antisense-oligonucleotide targeting clusterin having 

progressed to Phase 3 clinical trials for prostate cancer, our data demonstrating that 

clusterin negatively affects OPCs and myelin production offers a new therapeutic avenue 

to potentially improve myelin integrity and memory deficits plaguing AD patients249,318. 

What’s more, our data linking clusterin and myelin dysregulation is supported by MRI data 

demonstrating that the clusterin risk allele is associated with a decrease in white matter 

integrity in healthy young adults, prior to onset of any cognitive decline319. Overall, our 

data offers a mechanism for the association between clusterin and Alzheimer’s disease 

pathology, and provides a foundation for the rapid repurposing of current drugs for the 

treatment of AD. 
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Chapter VII: Future Directions and Unanswered Questions 

Introduction 

 There are both short-term and long-term questions that remain to be answered 

regarding the effects of clusterin on OPCs and their function, as well as more general 

questions regarding what the transcriptional heterogeneity of OPCs might mean for 

alternative functions of these cells. The short-term questions generally focus on further 

description of how clusterin is dampening the ability of OPCs to differentiate. Additionally, 

a critical set of experiments revolves around proof of an in-vivo effect of clusterin on the 

ability of OPCs to differentiate. Long-term experiments focus on the role of clusterin and 

OPCs in Alzheimer’s disease (AD), as well as a range of other CNS (central nervous 

system) diseases and disorders, including multiple sclerosis(MS). 

 

Short Term 

Evaluate in vivo effects of clusterin on OPC differentiation 

 The first question that remains to be answered is whether clusterin effects the 

differentiation of OPCs in vivo. We have demonstrated multiple times that clusterin can 

inhibit differentiation in vitro. Using a clusterin knockout mouse, I have also confirmed that 

clusterin is not necessary for proper OPC development and myelination, as these mice 

do not exhibit any deficits in OPC number, oligodendrocyte number, or myelination. 

However, it still remains to be seen if an excess of clusterin, as seen in multiple disorders 

such as AD and MS, effects the differentiation of OPCs in vivo195,196. 

There are multiple experimental methods by which this question can be answered. 

One approach would be to use a virus to overexpress clusterin in the brain. There is 
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currently an AAV serotype available (PHP.eB) that efficiently crosses the BBB. This would 

allow us to administer this AAV intravenously via the tail-vein without any need for 

invasive intracerebral injections. Since there is not currently an AAV that is known to infect 

OPCs, we are planning to use a construct with a GFAP promoter to induce clusterin 

overexpression in astrocytes. Since clusterin is largely a secreted protein, clusterin 

coming from astrocytes should still be able to effect the function of OPCs. Using these 

clusterin-overexpressing mice, we can utilize the cuprizone model of demyelination to 

assess if increased levels of clusterin slow down the ability of these mice to remyelinate. 

While this is one option to test our hypothesis, a second experimental approach 

would be to utilize lysolethicin-induced demyelination coupled with an intracerebral 

injection of clusterin protein. Injection of lysolethicin into the white matter results in a fully 

demyelinated lesion within 7 days post-injection, and a fully remyelinated lesion within 14 

days post-injection. This short time period will allow us to inject a bolus of clusterin protein 

at the time of lysolethicin injection. Evaluation of the level of remyelination present at 10 

days post-injection (the middle of the remyelination phase) in the clusterin and vehicle 

injected mice should address the question of whether clusterin effects the ability of OPCs 

to differentiate in vivo. 

 

Evaluate in vivo effects of IL-9 on OPC differentiation 

 Another set of experiments that need to be confirmed in vivo is the effect of IL-9 

on OPC differentiation. We have observed in vitro that clusterin reduces the production 

of IL-9 by OPCs, and that this reduction is responsible for clusterin’s inhibitory effects on 

OPC differentiation. However, we have not yet proven that IL-9 is able to promote OPC 
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differentiation in vivo. To answer this particular question, it would be most useful to again 

utilize the model of lysolethicin-induced demyelination described above. Using this 

method, we would inject an anti-IL-9 antibody, or IgG as a control, into the corpus 

callosum at the same time that we inject lysolethicin. As before, we plan on assessing the 

amount of myelination present at 10 days post injection by staining for MBP as well as for 

mature oligodendrocytes using Olig2 and CC1. This will allow us to determine if blocking 

IL-9 signaling in vivo is effective at blocking OPC differentiation. 

 

Elucidate clusterin binding partners present on OPCs 

 While we have observed significant effects of clusterin on downstream OPC 

signaling and behavior, we still do not know what receptor clusterin binds to on OPCs that 

results in these effects. In past studies, clusterin has been shown to bind to multiple 

receptors, including ApoER2, VLDLR, and LRP2320,321. However, we do not know if 

clusterin is binding to a previously-confirmed receptor on OPCs, or if it is binding to a 

receptor that has not yet been identified as a binding partner for clusterin. Since we do 

not currently have any strong candidates, we believe that the best course of action would 

be to perform an unbiased mass spectrometry analysis on all proteins bound to clusterin 

following clusterin treatment of OPCs. To complete this experiment, we will be using 

recombinant clusterin that contains an HA tag, allowing us to immunoprecipitate clusterin 

and anything that is bound to it. We will treat OPCs in vitro with clusterin for a short period 

of time, perform immunoprecipitation, and then send the resulting protein samples for 

mass spectrometry. We will use samples of OPCs treated with PBS as a control for 

background protein detection, allowing us to generate a list of OPC proteins that are able 
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to bind clusterin. Since clusterin is known to bind to debris in addition to functional 

receptors, we will cross-reference our list of proteins with a database of known 

membrane-bound receptors to generate a list of potential candidates. Using this method, 

we will then be able to methodically block the function of each candidate receptor to 

assess each as a potential mediator of clusterin’s effects on OPCs. 

 

Confirm that OPCs upregulate clusterin in 5xFAD mice 

 The other experiment that remains to round out the OPC and clusterin story in the 

short-term is validating that OPCs upregulate clusterin in the 5xFAD model of AD. While 

we have shown that clusterin goes up in general in both the 5xFAD brain as well as the 

AD brain, and demonstrated that OPCs upregulate clusterin production at both the RNA 

and protein level in response to Aβ in vitro, we have not yet conclusively demonstrated 

that OPCs in the 5xFAD brain produce more clusterin than wildtype OPCs. The challenge 

with assessing clusterin production in vivo is that the majority of clusterin produced is 

secreted from the cell, making it hard to gauge exactly which cells are producing clusterin 

and how much of they are making. To circumvent this problem, we would ideally use 

RNAscope combined with protein staining, allowing us to stain OPC cell bodies with a 

PDGFRα protein antibody, OPC nuclei with an Olig2 protein antibody, and clusterin RNA 

with an RNAscope probe. This will allow us to quantify how many OPCs in the 5xFAD 

brain express clusterin compared to age-matched wildtype controls. Additionally, using 

RNAscope will allow us to easily quantify how much clusterin each OPC is making, as 

each puncta stained represents one unique transcript. This will allow for a more nuanced 

quantification of clusterin expression by OPCs in 5xFAD. 
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Long Term 

Assess how clusterin affects myelination and behavior in the 5xFAD mouse model  

Within our data thus far, we have demonstrated that clusterin is upregulated in the brains 

of AD patients and 5xFAD mice, that a subset of OPCs express clusterin, that OPCs 

upregulate the production of clusterin in response to Aβ, and that clusterin is a potent 

inhibitor of OPC differentiation. This data, along with recent published literature indicating 

that improving myelination in animal models of AD improves memory performance 

despite having no effect on plaque burden, has led us to hypothesize that clusterin may 

at least be partially responsible for inhibiting OPC differentiation, and therefore 

contributing to the lack of myelin repair and the increasing memory deficits observed in 

5xFAD mice (Fig. 17)285. The first set of experiments necessary to test this hypothesis 

would be to breed the existing clusterin knockout mouse to 5xFAD mice to generate 

5xFAD mice that do not express any clusterin (CLU KO/5xFAD). We would first examine 

how the loss of myelin in CLU KO/5xFAD mice compares to myelin expression in 5xFAD 

mice, including CLU KO mice and WT mice as relevant controls. Myelin effects could be 

measured in a multitude of ways, including MBP immunofluorescence, luxol fast blue 

histology, western blotting for a variety of myelin proteins (MBP, MAG, CNPase, etc), as 

well as electron microscopy to evaluate myelin thickness, demyelinated axons, and 

myelin integrity. Based on the data that we have already collected, we predict that 
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removing clusterin from 5xFAD mice will reduce the myelin loss observed in clusterin-

competent 5xFAD mice. 

 The other aspect of 5xFAD pathology that we predict may be altered in CLU 

KO/5xFAD mice is the memory deficits induced by 5xFAD pathology. As previously 

mentioned, a recent paper demonstrated that improving myelination is sufficient to 

improve memory performance in the APP/PS1 model of AD285. Since we hypothesize that 

removing clusterin will improve myelination, we also predict that CLU KO/5xFAD mice will 

present with improved memory performance compared to their 5xFAD counterparts. 

Typical experimental paradigms that we could use to test memory performance in these 

mice included the Morris water maze as well as the Barnes maze. Taken together, these 

Figure 17: Graphical representation of the hypothesized effects of Aβ on 
myelination and memory performance in AD.  
Cartoon depicting how we believe Aβ results in clusterin upregulation, which 
subsequently inhibits OPC differentiation, resulting in myelination deficits and 
impaired learning and memory. It is still unclear if clusterin promotes another function 
in OPCs or simply inhibits their differentiation capacity. 
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experiments will elucidate the role that clusterin plays in the myelination and memory 

deficits observed in 5xFAD mice. 

 

Investigate how clusterin from specific cell types affects 5xFAD pathology 

While the experiments listed above will reveal how clusterin effects 5xFAD pathology, the 

usual caveats that accompany any full-body knockout model still apply. This includes 

caveats such as altering normal development, allowing for potential adaptation to the loss 

of clusterin by other apolipoproteins, and being unable to determine if clusterin from one 

cell type is having a greater influence on pathology than other cell types. We have 

proposed to first utilize the full body knockout because a mouse line containing a floxed 

clusterin allele (CLU F/F) needed for Cre excision is not currently available. However, 

designing this mouse using CRISPR would provide the opportunity for a variety of 

experiments that would address the caveats of a full body knockout. We could cross this 

new CLU F/F mouse line with 5xFAD mice (CLU F/F 5xFAD) as well as an inducible UBC-

cre line to assess the complete deletion of clusterin in adulthood and bypassing any 

developmental changes resulting from the lack of clusterin during development. 

Additionally, we could cross the CLU F/F 5xFAD mice with inducible cre drivers for OPCs 

(PDGFRα-CreER), astrocytes (hGFP-CreER), and endothelial cells (Slco1c1-CreER). Using 

these new mouse lines and assessing myelination and behavior would allow us to 

determine if one cell type is contributing to the effects of clusterin in 5xFAD pathology and 

be certain that the effects we might observe are not due to lacking clusterin during 

development. 
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Assess the efficacy of an antisense oligonucleotide (ASO) against clusterin to improve 

myelination and behavior phenotypes in the 5xFAD model 

While the CLU KO/5xFAD mouse line and any inducible knockout lines generated will 

address the scientific question regarding the role of clusterin in the progression of AD, it 

will not elucidate whether we can effectively target clusterin in a therapeutic way to reduce 

AD clinical symptoms. Importantly, there is already an antisense oligonucleotide against 

clusterin that has been shown to effectively reduce circulating clusterin levels and has 

made it to Phase 3 clinical trials for cancer250,318. This means that, should reducing 

clusterin be effective at reducing AD symptoms in preclinical experiments, the 

repurposing of this existing ASO for AD treatment would be much quicker than developing 

a completely novel drug. To assess the use of a clusterin ASO in the 5xFAD Alzheimer’s 

model, we would administer the ASO or a scramble oligonucleotide for a period of time 

during adulthood, and then assess both myelination and memory deficits as described 

above. In line with our previous data, we would expect that an ASO against clusterin, if it 

effectively reduces clusterin in the brain, will improve both the myelination deficits and 

memory impairment observed in 5xFAD mice. 

 There will be some technical difficulties associated with attempting to utilize an 

ASO to reduce gene expression in the brain, as ASOs will not cross the blood brain 

barrier. To circumvent this limitation we will plan to administer 4 weekly doses of a 

clusterin ASO via intra-cisterna magna injection, as previously described in the 

literature322,323. We plan to assess the efficacy of ASO treatment at multiple disease time 

points to determine at what stage of disease this treatment might be effective. Ultimately, 
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these experiments will offer clinically relevant data to build a foundation for the use of 

clusterin-reducing drugs in the treatment of Alzheimer’s disease. 

 

Investigate how OPC clusters change through the course of development and disease 

Finally, there remains a large amount of work to be done to further characterize and 

investigate the two clusters of OPCs that we describe in Chapter III of this dissertation. 

While this work describes their existence in the adult brain, we still do not know if these 

same clusters are present during development, or if they are unique to adulthood. 

Similarly, we do not know the dynamics of these two clusters in the context of diseases 

such as AD and multiple sclerosis. Open questions about the clusters during disease 

include if the clusters are present during disease states, if the proportions of these clusters 

change during disease, or if a new cluster altogether is present in the context of pathology. 

These questions could be addressed using RNAscope as we used previously, or by using 

the newly developed spatial transcriptomics that would allow us to significantly expand 

the number of markers we could use in the brain at any one time. Ultimately, there 

remains a large amount of work to do in elucidating the roles of these cluster in both 

homeostasis and disease, especially since we have an entire single-cell dataset that 

catalogues differential gene expression between these two clusters. While I have 

evaluated the role of clusterin in OPC function within this dissertation, there are numerous 

other gene that are unique to an individual cluster and may provide an insight into OPC 

function. 
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Conclusions 

This dissertation has characterized the transcriptional heterogeneity of OPCs in the adult 

brain and has begun to elucidate how a gene found in one of the clusters, clusterin, affects 

the function of OPCs in Alzheimer’s disease. This work, however, is just the beginning of 

both the investigation into the effects of clusterin on OPCs, as well as the implications of 

this transcriptional heterogeneity on the functions of OPCs. Until recently, OPCs have 

been viewed simply as progenitor cells for mature oligodendrocytes and nothing more. 

Therefore, the field of OPC biology that focuses on roles of OPCs outside the scope of 

differentiating remains in its infancy. While this dissertation has begun to investigate both 

transcriptional and functional heterogeneity of OPCs, I hope that this work will continue 

and this field will continue to grow over the coming years. I believe that elucidating the 

function of OPCs will provide the scientific and medical community not only with new 

knowledge regarding the functional biology of the CNS, but will also uncover novel 

therapeutic avenues for a multitude of neurobiological diseases.  
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