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ABSTRACT 

NOVEL INSIGHTS INTO OLIGODENDROCYTE BIOLOGY FROM 

DEVELOPMENTAL MYELINATION STUDIES IN AUTOPHAGY DEFICIENT 

MICE AND ANALYSIS OF OLIGODENDROCYTE TRANSLATOME RESPONSE 

TO CONTUSIVE SPINAL CORD INJURY 

Michael David Forston 

May 26, 2023 

Loss of myelin causes severe neurological disorders and functional 

deficits in white matter injuries (WMI) such as traumatic spinal cord injury (SCI). 

This dissertation is focused on autophagy in OL development and the OL 

translatome after SCI.  

Chapter I describes the history of myelin, OL development, and their 

involvement in neurodegenerative diseases and SCI. The proteostasis network, 

in particular autophagy, and its contributions to white matter pathology is 

discussed. It concludes examining advantages and disadvantages of unbiased 

omics tools, like RiboTag, to study transcriptional/translational landscapes after 

SCI.  

Chapter II focuses on autophagy in OPC/OL differentiation, survival, and 

proper myelination in the mouse brain during development. Conditional deletion 

of Atg5, an essential autophagy gene, in neonatal mice develop a tremor and is 

lethal. Further investigation revealed OPC apoptosis, reduced differentiation, and 
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reduced myelination. Atg5-/- OPCs capable of differentiating failed to properly  

myelinate. Lastly, pharmacologically inhibiting or activating autophagy in 

OPC/dorsal root ganglion(DRG) co-cultures blocked and enhanced myelination, 

respectively. It is proposed autophagy is an important regulator in OPC survival, 

maturation, and myelination. 

Chapter III is focused on the OL translatome before and after SCI. Using  

RiboTag, the OL translatome was determined in the intact mouse spinal cord and 

2, 10 and 42 days post contusive thoracic SCI. Biphasic upregulation of 

mitochondrial-respiration mRNAs at days 2 and 42 suggest OLs shift metabolism 

to oxidative phosphorylation. Pro-survival and cell death regulators peaked at 

day 2. Acute OL upregulation of the iron oxidoreductase Steap3, was confirmed 

at the protein level and further tested in vitro. It is proposed metabolic shift to 

oxidative phosphorylation may contribute to oxidative stress and exacerbated by 

proteins such as STEAP3.  

Collectively, autophagy is a critical regulator in OPC development and 

myelination and may facilitate myelin compaction. Such critical roles magnifies 

the importance of maintaining proteostasis, and its potential as a therapeutic 

target in white matter injuries. OL translatomic data suggests OLs response to 

SCI is dynamic, and metabolic shifts may indicate biphasic waves of oxidative 

stress. It also identifies new targets like Steap3 that have not previously been 

explored, proving a valuable dataset to explore OL response to SCI. 
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CHAPTER I INTRODUCTION

Myelin in the central nervous system: historical perspective 

Scientific investigation of the central nervous system (CNS) has 

historically been challenging. The earliest recorded evidence of myelin, the white, 

protein and lipid rich substance coating neuron axons, originates during the 

Renaissance (16th century, ~1543), when Andreas Vesalius (1514-1564), the 

father of anatomy, described the nervous system composed of grey matter and 

white matter1. In 1717, using his own crafted lens Antoni van Leeuwenhoek 

(1632-1723) first described nerves in the peripheral nervous system (PNS) as 

“composed of very slender vessels of an indescribable fineness, running 

lengthwise to form the nerve"2. It wasn’t until the 19th century that others such as 

CG Ehrenberg discovered that nerves in the PNS were composed of “brain 

tubes” ensheathed with “nerve marrow”3. Ehrenberg’s work paved the way for 

future discoveries such as Remak’s primitive band in 18374, and von Kolliker’s 

description of the primitive band as the “axon” in 18964,5. 

The first description of the Schwann cell, the myelinating glia of the PNS 

and named after its discoverer Theodor Schwann in 1847, was originally 

accepted as a supporting cell to the axon and did not produce the “nerve 

marrow” which Schwann renamed “white substance”5,6. The word “myelin” to 
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describe “nerve marrow” or “white substance” was first introduced by Rudolf 

Ludwig Virchow7. However, like others before him, Virchow did not believe myelin 

was secreted by a supporting cell, but from the “axis-cylinder” (axon) itself. 

Through his observations Virchow formulated the first insulation theory in 18588. 

The advent of staining techniques, in particular the osmium stain by Max 

Schultze still influential to this day, allowed for further investigation into the 

composition of the nervous system5. Quite a few investigators were using the 

osmium stain to understand the nervous system, and like many stains at the time 

the staining was not always consistent. Oftentimes breaks in the stain were 

observed and attributed to artifacts of the staining. However, Louis-Antoine 

Ranvier recognized that these breaks were not artifacts but evenly spaced 

throughout the axon. He also observed nuclei evenly spaced between segments 

of myelin. Ranvier’s observations established what we know today as the nodes 

of Ranvier, the spacing in between myelin segments that allow for saltatory 

conduction5,9. He also put forth a convergent hypothesis with Virchow, that the 

myelin sheath played an insulation role, and famously compared axon electrical 

conductance to the transatlantic telegraph cables, operational in 1866. He states, 

“Myelin has perhaps another role; it is probably an insulating envelope.  

We know that electrical connections which are immersed in a conductive medium 

must be isolated by a non-conductive sleeve; construction of submarine cables 

rest on this principle. It is conceivable that transmission of the sensitive or motor 

impulses may have some analogy with the transmission of electricity, so perhaps 
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each nervous tube [axon] must be isolated for this transmission to be more 

efficient”5,9.  

 

Ranvier went further with this hypothesis and was one of the first to suggest that 

myelin confers an evolutionary advantage. At the time it was believed 

invertebrates do not have “nerve tubes with myelin”, and thus myelin is not 

essential for nervous system development and function5,9. Ranvier was incorrect, 

but his work further pushed the field to recognize that myelin had a unique 

functional role in the nervous system and essential for vertebrate evolution.  

Despite the advances in PNS myelination by Schwann cells, very little was 

known about CNS myelination and the cells that produce it. It was mostly due to 

technical staining limitations available at the time. It was not until Pio del Rio-

Hortega (1882-1945), a student of Santiago Ramon y Cajal and father of 

neuroscience, perfected the silver carbonate stain that oligodendroglia (OLs), the 

myelinating glia of the CNS, were discovered. In fact, Pio del Rio-Hortega’s 

staining revealed the cells attributed to Cajal’s “third element”, which were 

microglia and interfascicular glia (OLs)10,11. Rio-Hortega formally introduced 

these interfascicular glia as OLs in 1921, whose drawings elegantly showed OL 

cytoplasmic processes spiraling around unstained myelin (Figure 1A). Rio-

Hortega was also one of the first to compare OLs to Schwann cells as having 

“identical functions of support, isolation and nutrition connected with nerve 

conduction”5,10,11. During this period of neuroscience there was no evidence of a 

physical link between OLs or Schwann cells to myelin. In fact, most of the field 
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believed the axon produced myelin itself5. Rio-Hortega’s identification of OLs was 

not easily accepted by skeptics, including Ramon y Cajal. It was not until 1924 

when Wilder Graves Penfield (1891-1976), an American surgeon and visiting 

scholar in Rio-Hortega’s laboratory, published a landmark article in Brain that 

convinced neuroscientists to accept OLs as the myelinating glia of the CNS12. 

In 1928, Rio-Hortega wrote a memoir classifying 4 types of OLs: Type I – 

named Robertson cells after William Ford Robertson who used an inconsistent 

platinum impregnation stain that took several months and revealed small 

branched cells that wrapped multiple small axons. Type II  - cells that contacted 

parallel axons. Type III – cells that contacted few large axons (Figure 1A). And 

Type IV – cells that had a one-to-one relationship with the largest axons similarly 

to Schwann cells5,10,12,13.  

As more sophisticated techniques were introduced, myelin ultrastructure 

became the next stone to turn. Originally, the consensus was that the axon 

secreted myelin, and formed concentric rings around the axon as the secreted 

lipid-protein droplets crystallized. However, in 1953, Betty Ben Geren (1922-

2020) observed by electron microscope the addition of myelin layers inside 

Schwann cell cytoplasm of chick embryos during consecutive days of 

development. She observed that myelin in the PNS did not form concentric rings, 

but instead spiralized around the axon5,14. She also speculated on possible 

compaction mechanisms, suggesting that there was a drive by the inner 

“mesaxon” which extruded cytoplasm from myelin5,14. Her work was 

groundbreaking in how we understand the development of myelin today. Still, this 
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work was all done in the PNS, and lack of evidence for OLs producing spiral-

wrapping myelin around the CNS axons was subject for debate.  

Fixation protocols did not work well in the CNS compared to the PNS until 

the introduction of osmium tetraoxide, a strong lipid fixative ideal for staining lipid 

rich myelin. The work of Richard Paul Bunge (1932-1996) and his wife Mary 

Bartlett Bunge (1941-) finally filled the blanks in unanswered questions regarding 

CNS myelination. Their work was first built on a sophisticated model proposed in 

1961 (Figure 1C), which suggested OLs produced myelin for the CNS axon, and 

unlike Schwann cells, a single OL can have several branches capable of 

myelinating multiple axons at once15,16. In 1962, they produced electron 

micrographs that convincingly showed myelinating OLs spirally wrapping around 

CNS axons17,18 (Figure 1B).  

As internationally known basic scientists, the Bunge’s were recruited to 

join the Miami Project to Cure Paralysis to continue their work investigating 

myelination in the intact CNS as well as after spinal cord injury (SCI) in which 

white matter damage contributes to functional deficits. The Miami Project to Cure 

Paralysis continues to be a leading center in the SCI field today.  

OL biology is rich in history, but in a way is also surprising. It took over 400 

years (1547-1962) to firmly establish OLs as the myelinating glia of the CNS. It 

wasn’t until more sophisticated techniques were developed that scientists were 

able to confirm such benchmarks. Even so, OLs were still not studied to the 

degree of other neural cells. It was thought that OLs mainly contributed to CNS 

architecture and action potential propagation, and little more.  
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Oligodendrocyte lineage 

During development, oligodendrocyte progenitor cells (OPCs) undergo 

tightly regulated processes of proliferation, migration, differentiation and 

maturation into myelinating OLs. OPCs arise from neuroepithelial cells and 

populate the CNS in three temporal waves from ventricular zones of the brain 

and spinal cord. The first wave in the mouse brain occurs at the embryonic stage 

(~E12.5) and arises from the medial ganglionic eminence (MGE) and anterior 

entopeduncular area in the ventral forebrain19–21. This is followed by a smaller 

wave (~E15.5) from the lateral and caudal ganglionic eminences (LGE and 

CGE). Lastly, a third wave occurs in the postnatal cortex20,22–25. In the mouse 

spinal cord, OPCs arise from the same motor neuron progenitor domain (pMN) 

as motor neurons and migrate during the embryonic stage of development26. The 

first wave of OPCs arise from the ventral ventricular zones of the central canal of 

the spinal cord, followed by a dorsally derived OPC wave19,22–25,27. There is an 

overproduction of OPCs, leading to competition for space, axons to myelinate, 

and molecular factors provided by other CNS cells involved in OPC differentiation 

and survival23,28,29. Thus, OPCs go through a pruning stage, where many of the 

first cortical wave die23,25,28. 

Maturation of OPCs into myelinating OLs can be tracked by stage-specific 

markers. Neuroepithelial cells expressing the transcription factor (TF) Olig2 give 

rise to OPCs and remains expressed throughout the OL lineage30–33. Early 

stages of OPCs display bipolar morphology and express platelet derived growth 

factor receptor alpha (PDGFRα), whose ligand, PDGF, acts as a survival and 
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proliferation factor34,35. Early stage OPCs with multipolar morphology express the 

chondroitin sulfate proteoglycan neuron-glial antigen 2 (NG2)36. Later, 

premyelinating OLs can be identified by monoclonal antibodies O4, followed by 

O1 and 2’,3’-cyclic nucleotide 3’ phosphodiesterase (CNP), as the cell fully 

commits to becoming a mature OL37,38. Once OPCs no longer divide and 

differentiate into myelinating OLs, they express major myelin proteins such as 

proteolipid protein 1 (PLP1) and myelin basic protein (MBP), that myelinate 

axons in a region-specific manner39,40. However, the exact mechanisms for such 

selectivity remain incompletely understood.  

In order to populate the CNS, OPCs migrate throughout grey and white 

matter by “hitching rides” on developed blood vessels41. This migratory action is 

regulated by factors that provide both guidance and motility, as well as temporal 

and mechanical control to detach from blood vessels41–45. OPCs tile throughout 

the CNS parenchyma through self-repulsion and remain tiled throughout 

adulthood46. Adult OPCs are thought to act as “pools” of cells on standby, ready 

to respond to cases of demyelination, OL cell death, myelin maintenance and 

adaptive myelination; a process poorly understood but thought to be controlled 

by activity dependent firing of axons47–49. Thus, OPCs can differentiate into 

mature, myelinating OLs throughout adulthood50,51. 

OLs and white matter damage 

The first recorded attribution of myelin to a disease is credited to Jean-

Martin Charcot, who diagnosed multiple sclerosis (MS) as a demyelinating 

disease in 1868. 
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“…These myelin drops and fatty granules can infiltrate the mesh of the 

reticulum and spread wide; they never occupy the center of the sclerotic plaque, 

since there, the fibrillary metamorphosis and the destruction of the nervous tubes 

are completed; but, on the contrary, one finds them at the plaque edges, where 

the medullated cylinder disappears progressively…”52. 

MS is the most common demyelinating disease of the brain and spinal cord and 

can cause physical, cognitive, and sometimes psychiatric deficits53,54. MS is 

considered a chronic neuroinflammatory and autoimmune disorder in which 

immune cells infiltrate an area within the brain or spinal cord and repeatedly 

attack myelin causing myelin degeneration or demyelination of local axons, 

axonal damage and loss of neuronal synapses53–56. Spared axons within the 

demyelinated lesions are remyelinated by differentiated OPCs, although usually 

not as efficiently as the original myelin sheath57–62. MS lesions often endure 

repeated demyelination and remyelination, which can exhaust the available OPC 

pool and limit remyelination capacity62–65. Additionally, OLs not only produce 

myelin, but also provide neurotrophic and metabolic support to axons55,66–70. It is 

likely repeated and prolonged demyelination eventually leads to axon 

degeneration due not only to disruption in axon firing potential, but also removal 

of an important source of trophic and bioenergetic factors that maintain axon 

integrity and health25,71. 
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OLs within and around the lesion area, as well as the OPCs that 

continuously attempt to remyelinate, are not only vulnerable to direct 

autoimmune attack and inflammatory cytokines. For example, reactive oxygen 

species (ROS) contribute to the lesion microenvironment which has shown to 

cause mitochondrial damage and prolonged oxidative stress in OPCs and OLs. 

OLs, and even more so OPCs, are particularly vulnerable to alterations in 

metabolic processes and cellular stresses62,72–76. Similar vulnerabilities to the OL 

lineage have been shown in other demyelinating diseases.  

Pelizeus-Merzbacher Disease (PMD) is a fatal, X-linked recessive 

neurological disorder caused by mutations in Plp1, a gene that transcribes a 

major myelin protein involved in compaction and myelin maintenance77–79. The 

PLP1 mutations lead to OLs inability to properly myelinate around axons 

(dysmyelination), reducing neurons’ ability to propagate an action potential. PMD-

associated PLP mutations can result in protein accumulation within the 

endoplasmic reticulum (ER) lumen77–79. In order to combat the accumulated 

protein, OLs activate the ER stress response (ERSR) and unfold protein 

response (UPR) to help mitigate damage. However, prolonged activation due to 

an inability to rescue the PLP protein accumulation often leads to apoptosis or 

other forms of cell death. Interestingly, in a mouse model of PMD, OLs can also 

undergo ferroptosis, a form of cell death dependent on intracellular iron and 

accumulation of lethal lipid ROS due to iron-dependent lipid peroxidation80. 

Treatment with iron chelators increases OL survival and myelination79. This is not 
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all too surprising as OLs contain the highest amounts of iron in the CNS, and iron 

is directly required for myelination81,82. 

Other neurodegenerative diseases such as schizophrenia or Major 

Depression, Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s 

disease (HD) and multiple system atrophy (MSA) display changes in white matter 

structure even before clinical symptoms have manifested83–88. In MSA, OLs 

display accumulation of α-synuclein and cytoplasmic inclusions, which impairs 

their function likely due to ER stress and leading to axon degeneration89. 

Similarly, accumulation of protein aggregates in AD, PD and HD, as well as 

mitochondrial damage in MS suggest protein homeostasis plays a major role in 

contributing to disease outcomes76,90–93.  

Proteostasis Network 

The proteostasis, or protein homeostasis, network is an intracellular 

network orchestrating the protein synthesis, their folding, disaggregation, or 

degradation94. It comprises all components required for proper protein synthesis 

and function, including translational machinery, chaperone proteins that assist in 

proper protein folding of larger proteins, and degradation pathways such as the 

ubiquitin proteasome system (UPS) and autophagy. While both degradation 

pathways assist in removing damaged or dysfunctional proteins and organelles, 

the UPS is suspected to degrade 90% of all cellular proteins95. Many of these 

proteins, usually those larger than 100 amino acids or roughly 90% of all cellular 

proteins, do not spontaneously form their final conformational state, but require 
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chaperones to assist in proper folding. Despite this, under normal physiological 

conditions as much as 30% of nascent proteins are degraded.  

The cell has adapted to protein overload and imbalances in proteostasis 

through activation of several stress response pathways. These include the heat 

shock response (HSR), the ERSR, the integrated stress response (ISR), and the 

UPR96. These stress response pathways often overlap and determine whether 

proteostasis can be restored or cell death mechanisms such as apoptosis must 

be initiated96,97. Cellular stress due to disruption of proteostasis can also activate 

autophagy or the UPS98–100.  

Autophagy has been implicated in numerous neurodegenerative diseases 

including MS, AD, HD, PD, and aging76,90–93. Autophagy is an evolutionary 

conserved lysosomal degradation pathway required for cellular homeostasis 

through the sequestration and breakdown of damage or dysfunctional proteins 

and organelles100–102. Although the number of autophagy degradation modalities 

has increased dramatically over the years, there are classically three main forms: 

macroautophagy, microautophagy, and chaperone-mediated autophagy. 

Macroautophagy (herein referred as autophagy) is the most well documented 

form of autophagy. Upon induction, dysfunctional or accumulated proteins and 

organelles are sequestered and packaged into an autophagosome, a double-

membraned vesicle. A lysosome, which contains high pH, proteases and 

hydrolases, fuses with the autophagosome to form an autolysosome. Acidic 

conditions of the autolysosome cause degradation of the sequestered cargo as 

well as the inner membrane of the double membrane autophagosome. The 
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broken-down contents are then released into the cytosol and recycled by the 

cell100–102.  

Multiple selective forms of autophagy such as mitophagy (degradation of 

mitochondria), reticulophagy (degradation of ER), ribophagy (degradation of 

ribosomes), and aggrephagy (degradation of protein aggregates) have been 

described100. Under physiological conditions, evidence for specialized autophagy 

argues the degradation can be highly selective based on the needs of the cell 

and contributes to cellular homeostasis beyond general means. However, 

dysfunction or disruption of autophagy can have serious adverse implications: 

the result often being programmed cell death. Due to its vital role in proteostasis 

and cell health in other cell types of the CNS, we explore the role of autophagy in 

OPCs during development in Chapter II. 

Traumatic SCI 

Traumatic SCI often results in severe neurological deficits in motor and 

sensation, as well as persistent health problems throughout life. In 2022, the 

estimated population living with SCI in the United States was ~334 million 

people103. Since 2015, roughly 18,000 people in the U.S. suffer from traumatic 

SCI, with most cases occurring in the male population (79%)103,104. The level of 

injury contributes to the degree of functional deficits. The most common injury is 

cervical (~55%), followed by thoracic (~35%), lumbar (~10%) and sacral 

(~0.5%)105. 

The pathophysiology of SCI can be separated into two phases. The 

primary injury is caused by mechanical impact to the spinal cord damaging the 
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vertebral columns and leading to spinal cord tissue compression or transection. 

Such an insult results in disruption of the spinal cord blood barrier and damage to 

spinal cord vasculature, as well as necrosis of neurons and glia within the lesion 

area106–108. The primary phase is followed by a secondary phase of prolonged 

damage that can occur minutes to months after the injury. The secondary phase 

involves a cascade of events including, but not limited to, ischemia, inflammation, 

glutamate excitotoxicity, and cell death108–111. Such secondary events are not 

immediately contained to the lesion area but spread rostral and caudal from the 

lesion epicenter106. Like other neurodegenerative insults such as MS, OLs are 

particularly susceptible to acute secondary damage cascades such as oxidative 

stress from ROS, excitotoxicity, extracellular ATP release from dying cells, as well 

as pro-inflammatory cytokine release from microglia and infiltrating 

macrophages107–109,112. 

In the rodent model, SCI secondary injury can be loosely categorized into 

3 stages; acute (~0-3 days), subacute (~4-14) and subchronic (6-10 weeks)107. 

CNS cells respond to each of these stages quite differently. During the acute 

stage, microglia become “activated” releasing cytokines such as TNFα and IL-1β. 

Neuron, astrocyte and OL cell death is also highly prevalent during this period. 

However, OPCs respond quickly and begin proliferating and differentiating into 

OLs by 3 days post-SCI.  By the subacute stage, cytokine release by microglia 

begins to drop, and growth factors such as CNTF and FGF-2 are elevated. 

Astrocyte and neuron cell death is no longer seen, whereas OLs within and 

around the lesion area continue to undergo apoptosis within degenerating axon 
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tracts. Early stages of remyelination by newly formed OLs is also observed. 

Lastly, monocyte and microglia-derived macrophage activation begins to peak at 

the subacute timepoint107. At the subchronic stage, newly formed OLs are 

present and limited remyelination continues, the tissue milieu stabilizes, and 

growth factors remain elevated compared to the uninjured cord107. 

Proper function of the proteostastic network is unsurprisingly critical for 

nervous system function. Dysregulation of any of many steps within the network 

have been tied to several neurodegenerative diseases and injuries93. SCI is no 

exception, and dysfunction to the proteostasis network is believed to be a 

mediator of secondary damage cascades76. All cells capable of protein 

translation utilize the proteostasis network, which means understanding each 

component of the intricate network and their contributions to cellular survival and 

death in CNS pathology is critical for therapeutic intervention. However, 

interventions targeting the proteostasis network can act as a scale tipping 

towards therapeutic or detrimental. For example, manipulating the ISR can lead 

to enhanced inflammasome activation, which could cause more damage through 

sustained inflammation113,114. Regardless, therapeutic strategies that target such 

a ubiquitous and essential network to cellular health may be more effective than 

those targeting single effector systems such as specific ion channels, ROS or 

oxidative stress, or individual signaling pathways. Many of these strategies also 

focus on targeting a single cell type, thus limiting therapeutic potential.  

Omics contributions to SCI pathology 
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Traumatic SCI is associated with ER stress and apoptosis in OPCs and 

OLs109,115,116. OL cell death and white matter loss is particularly critical in 

functional recovery outcomes in contusive thoracic injuries, where white matter is 

most prevalent compared to cervical and lumbar enlargements117. Therefore, it is 

critical to identify drivers of OPC and OL response to SCI. The dynamic response 

to secondary damage merits a need to systematically determine such responses 

across the recovery process.  

Activation of the ERSR/UPR/ISR regulates major translation and 

transcription events to restore proteostasis. Furthermore, autophagy can act to 

restore proteostasis through selective degradation of damaged organelles 

including parts of the ER, mitochondria and translational machinery such as 

ribosomes100,118. Activation of the ERSR/ISR leads to increased phosphorylation 

of eIF2α, which acts as a switch turning off general protein translation76,119,120. At 

the same time master TFs are activated that turn on protein translation of ER 

chaperones and machinery involved in protein degradation, including autophagy 

and the UPS119,121. Such protein degradation systems are in place to restore ER 

integrity and remove protein aggregates causing ER stress. Furthermore, 

upregulated proteins of autophagy and UPS are turned on by TFs activating 

transcription factor 4 (ATF4) and C/EBP (CCAAT enhancer binding protein) 

homologous protein (CHOP)76,119,121. Recent studies have identified critical roles 

not only for the ERSR/ISR in OL survival, but also greater functional recovery 

when preventing dephosphorylation of eIF2α, thereby continuously inhibiting 

general protein translation, with salubrinal in SCI mice115,120. Furthermore, 
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increases in white matter sparing, a measure of functional recovery after thoracic 

SCI, decreases in OL cell death and improvement in functional recovery was 

identified in Chop-/- mice122. The proteostasis network involves not only the ERSR 

and ISR, but also HSR, UPR, autophagy and UPS. Limited data is available for 

these pathways in OLs, however recent work by Saraswat and colleagues 

showed that deleting the essential autophagy gene Atg5 in Plp1 expressing OLs 

results in greater myelin loss, increased OL cell death and restricted hindlimb 

recovery after thoracic contusive SCI123. Such a critical role for the proteostasis 

network in OL survival after SCI argue a need to systematically investigate the 

transcriptional and translational landscapes that occur in these cells following 

white matter injury.  

SCI has a complex pathology involving secondary damage cascades that 

are dynamic and time-dependent. Likewise, cellular diversity further adds to the 

complexity in identifying cell-specific responses that could be targeted for better 

therapeutic outcomes. The advent of “OMICS” sequencing and big data to 

identify RNA and protein has helped identify novel molecular components of 

many aspects of biology. Its power lies in its “unbiased” approach in identifying 

differentially expressed units (genes, proteins, lipids etc) that can both confirm 

previously known mechanisms, but also identify novel components and 

regulators of a disease phenotype.  

Omics approaches have been applied extensively to SCI in hopes to 

provide insight into its pathology124–126. However standard omics strategies such 

as bulk RNA sequencing or whole tissue proteomics do not provide cell-specific 
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resolution and limit interpretation of observed changes. Additionally, identification 

of gene/protein expression changes in whole tissue without cell-specific control 

results in identifying general cellular responses, missing cell type-specific 

response mechanisms that only occur within that cell type compared to others. 

Another critical point to address is the assumption that differentially expressed 

genes identified by RNA sequencing directly represents the protein pool within 

the tissue or cell being investigated. For example, after SCI thousands of mRNAs 

are differentially expressed in the contused spinal cord, however only a fraction 

of differentially expressed mRNAs showed similar results at the protein level125–

127. Such a difference in RNA to protein may be due to sensitivity of instruments

used to measure each. However, it is more likely that mRNAs are selectively 

translated based on the needs of the cell arguing. Indeed, a recent study 

systematically showed as great as 97.5% of genes have differences in mRNAs 

and the proteins, they encode in the Drosphila nervous system128. Clearly, an 

unbiased approach addressing these issues of post-transcriptional regulation is 

required to better understand cellular response to a disease or injury.  

Strategies such as RiboTag have been developed to address such issues 

through methods of immunoprecipitation in combination with transgenic gene 

expression of a hemagglutinin (HA) tag onto ribosomes. This technology allows 

one to isolate “actively translating” mRNAs, termed the translatome, from HA-

tagged ribosomes. Additionally, one can cross the RiboTag mouse to a cell-

specific promoter mouse line expressing Cre or Flp recombinase to target cells of 

interest in complex tissues129. In Chapter III we use Plp1:CreERT2:Rpl22HA 
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RiboTag mice to describe the OL translatome in response to progressive stages 

of SCI.  
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Figure 1. Early evidence of oligodendrocytes: the myelinating glia of the 

central nervous system. 

(a) Drawing by Pío del Rio-Hortega (1928) of the third type oligodendrocytes

stained by silver carbonate in the cat. A. depicts an OL with expansions forming 

reticular casings with three axons. B. OL with widened process around an axon, 
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and C. depicts a spiral ring-ending expansion13. (b) Electron micrograph (X 

39,000) by Mary Bunge showing evidence of oligodendrocyte (ol) process 

plasma membrane in direct continuity with the myelin sheath in 5 day old kitten 

spinal cord. The leading edge (inner loop: (il)) is present between the axon and 

compact myelin18. (c) Diagram illustrating the known and hypothetical aspects of 

the oligodendrocyte, myelin sheath, and relationship to the axon in the 1960s15. 

The diagram is strikingly accurate to what is understood about axo-myelinic 

relationships today.  
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Figure 2. The macroautophagy pathway. 

1. Initiation begins with the formation of the ULK complex, which is inhibited by

mTORC1, and consists of ULK1, ATG13, FIP200, and ATG10199,100,102,130,131. 2. 

The PI3K complex, which comprises of Beclin-1, VPS34, AMBRA1, ATG14, and 

p115, together with the ULK complex, controls membrane nucleation and 

phagophore formation. WIPIs are recruited by phosphorylated lipids (PI3P), 

which in turn results in covalent conjugation of the ATG12-ATG5-ATG16L 

complex using ubiquitin-conjugation machinery. The ATG12-ATG5-ATG16L 

enhances the lipidation of LC3-I to form LC3-II conjugated to 

phosphatidylethanolamine (PE) and acts as a scaffold to continue phagophore 

formation 99,100,102,130,131. 3. ATG9-containing vesicles contribute to phagophore 

expansion. Cytoplasmic cargo such as aggregated proteins and proteins bound 
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to p62 or LIR sites of LC3 is sequestered into the maturing autophagosome. 4. 

Autophagosome is sealed, and SNARE proteins are recruited to form a mature 

autophagosome 99,100,102,130,131. 5. Fusion with the lysosome releases protein-

degrading hydrolases into the autophagosome. 6. Complete fusion results in the 

autolysosome. The inner membrane of the autophagosome and its cargo are 

degraded, and byproducts are released into the cytoplasm to be recycled by the 

cell 99,100,102,130,131. Created with Biorender.com
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Figure 3. Schematic of the RiboTag mouse model and workflow.  

In RiboTag transgenic mice, the 60S ribosomal gene Rpl22 is modified with LoxP 

site insertions on either ends of the last exon, exon 4, followed by an identical 

exon 4 that is tagged with three copies of the hemagglutinin (HA) epitope129. 
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Crossing RiboTag mice with Cre-expressing mice will result in offspring that have 

the floxed exon 4 deleted through Cre recombinase activity and replaced with the 

exon 4 HA tag as its terminal exon. The Cre expressing tissue or cell type of 

interest now incorporates the HA-tagged ribosomal protein into “actively 

translating” polyribosomes. Polyribosomes can then be isolated using high salt 

buffers to maintain polyribosome arrangement and immunoprecipitation via HA 

antibodies and magnetic beads to isolate HA-tagged ribosomes bound to actively 

translating mRNAs. The tissue or cell-specific mRNAs, along with total mRNA if 

isolated from the total lysate (input), can be analyzed via qPCR or RNA 

sequencing.  
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CHAPTER II

AUTOPHAGY IS ESSENTIAL FOR OLIGODENDROCYTE DIFFERENTIATION, 
SURVIVAL, AND PROPER MYELINATION132 

Introduction 

Proper myelination is critical for normal function of the CNS and is 

provided exclusively by OLs133. Myelination is the culmination of a process 

involving OPC proliferation, migration, and differentiation. Differentiating OLs 

extend increasingly complex branched processes, express myelin proteins, and 

produce highly specialized myelin membrane134,135. The myelin membrane is 

then spirally wrapped around neuronal axons and compacted through extrusion 

of nearly all cytoplasm and organelles133. While the control of gene expression 

during OL development is well understood136, the requirement of other cellular 

programs is less studied. The specific mechanisms regulating myelin wrapping 

and compaction are not well characterized137. These same mechanisms are 

important during myelin repair in demyelinating injuries, such as autoimmune 

insult in multiple sclerosis or after traumatic injury55,138–142. However, the 

maturation and myelination processes in myelin repair often fail or are 

incomplete143. Further study of the pathways regulating maturation and 

myelination are needed to identify potential targets for development of therapies 

to promote myelin repair. 
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Autophagy was recently implicated in the development of CNS neurons 

and astrocytes144,145. Autophagy is a highly regulated lysosome-dependent 

degradation pathway that maintains cell homeostasis through clearance and 

recycling of damaged or unneeded proteins and organelles146. Autophagy is 

induced in response to starvation, endoplasmic reticulum (ER) stress, and 

apoptosis, and in development of various cell lineages147. Autophagosome 

formation requires the action of the PI3K Vps34/Beclin-1 complex, covalent 

conjugation of ATG12 to ATG5 and oligomerization with ATG16L, and cleavage 

and lipidation of LC3B (ATG8) with phosphatidyl ethanolamine, converting LC3B-

I to LC3B-II146. The cargo adapters, such as p62, bind targets and LC3B-II and 

are degraded upon autophagosome fusion with the lysosome148. Global 

knockouts of essential autophagy genes, Beclin-1 and Atg5 are embryonic 

lethal149,150. Tissue-specific deletion of Atg5fl/fl results in impaired function in 

skeletal and cardiac muscle, pancreas, small intestine, immune cells, podocytes, 

and neural cells151. Moreover, autophagy regulates cell spreading in 

macrophages, neurite outgrowth, and neuron and astrocyte 

differentiation144,145,152. Deletion of Atg7 in Schwann cells does not disrupt 

myelination but causes swelling of the Schwann cell soma153. Dysmyelinated 

Long-Evans shaker (les) rats, with mutant myelin basic protein (MBP)154, 

accumulate autophagosome vesicles and proteins155. Intermittent fasting, with 

effects including autophagy induction and cleared autophagosomes improved 

myelination. We therefore sought to directly test the role of autophagy in CNS 

myelin development. 
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Pharmacological manipulation of autophagy has classically targeted 

proteins upstream of the autophagy pathway, such as mammalian target of 

rapamycin (mTOR) or 5’ AMP-activated protein kinase (AMPK), which have 

pleiotropic effects on many cell signaling pathways besides autophagy147. 

Recently developed compounds allow more specific targeting of the autophagy 

pathway. The Tat-beclin1 peptide (HIV-1 Tat protein and amino acids 267-824 of 

Beclin1) induces autophagy by disrupting the binding of autophagy inhibitor 

GAPR-1 to Beclin1156. Verteporfin inhibits autophagy by stimulating 

oligomerization of p62, preventing autophagosome closure157,158. Here, we 

present evidence that autophagy regulates OL and myelin development and 

implicate autophagy as a key regulator of OPC survival, differentiation, and 

proper myelination during neurodevelopment.  

Materials and Methods 

Animals  

All animal procedures were performed in strict accordance with the Public 

Health Service Policy on Humane Care and Use of Laboratory Animals, Guide for 

the Care and Use of Laboratory Animals159, and with the approval of the 

University of Louisville Institutional Animal Care and Use Committee and the 

Institutional Biosafety Committee. Timed-pregnant Sprague-Dawley rats and wild 

type C57Bl/6 mice (6-8 weeks) were obtained from Envigo (Indianapolis, IN). 

Pdgfrα-CreERT2 mice were acquired from Jackson laboratories (B6N.Cg-Tg 

(Pdgfra-cre/ERT) 467Dbe/J, Cat# 018280, RRID: IMSR_JAX:018280). Atg5fl/fl

mice were from the Riken BioResource Center (B6.129S-Atg5<tm1Myok>, Cat# 



 

28 
 

RBRC02975, RRID: MGI:3713121) and were rederived by Taconic Biosciences 

(Rensselaer, NY). Mice from the two lines were bred to produce litters in which all 

pups were homozygous for Atg5fl/fl and had at least one copy of Pdgfrα-CreERT2. 

All Pdgfrα-CreERT2:Atg5fl/fl pups were administered vehicle or 100 µg tamoxifen (2 

mg/mL in sunflower oil, 50 µL) intraperitoneally once per day from postnatal day 

5-9 (P5-9). Pdgfrα-CreERT2:Atg5fl/fl mice were perfused at P9 or P15 as indicated. 

Tissue processing  

Mice were euthanized with an overdose of 2.0% avertin (2,2,2-

tribromoethanol) in sterile NaCl solution administered intraperitoneally (i.p.) 

before slow transcardial perfusion with ice cold phosphate buffered saline (PBS) 

(10-12 mL over 3-5 minutes) until the liver was clear and subsequent fixation with 

perfusion of 20 ml ice cold 4% paraformaldehyde (PFA). Following fixation, 

brains were removed and post-fixed for 1 h in 4% PFA at 4°C. Cryoprotection 

was performed by immersion into a 30% sucrose solution for at least 72 h at 4°C. 

Brains were blocked in tissue freezing medium (Triangle Biomedical Sciences, 

Durham, NC, Cat# TFM-5) and frozen at -20°C before coronal sectioning with a 

Leica Model cryostat at 20 µm. Tissue sections were transferred to gelatin-coated 

slides and stored at -20°C.  

For immunoblots, mice were anesthetized with 2.0% avertin in sterile NaCl 

administered i.p. prior to transcardial perfusion with ice cold PBS. Following 

perfusion, brains were removed and the corpora callosa (CC) from bregma to -

2.5 mm bregma were dissected away from surrounding cortical and striatal tissue 

in cold Hanks buffered saline solution (HBSS) lacking calcium and magnesium 
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(Life Technologies, Carlsbad, CA, Cat# 14185-052). Following dissection, CC 

were diced by hand using a razor blade and incubated in lysis buffer [50 mM Tris, 

pH 7.4, 150 mM NaCl, 1% Triton X-100, and protease inhibitors (Sigma-Aldrich, 

St. Louis, MO, Cat# 4693159001)] for 10 minutes at 4°C.  

Neonatal rat OPC isolation and differentiation assays   

Rat OPC (rOPC) were immuno-isolated with O4-magnetic beads (Miltenyi 

Biotec, San Diego, CA, Cat# 130-094-543) from the cortices of both male and 

female P5 Sprague-Dawley rat pups with magnetic activated cell sorting120,160. 

Briefly, cortices were dissected and digested in enzyme mix 1 of the Neural 

Dissociation Kit (Miltenyi Biotec, Cat# 130-092-628). Samples were further 

digested with enzyme mix 2 and mechanically dissociated with three 

progressively smaller bore-size fire polished Pasteur pipettes and strained. The 

single cell suspension was incubated with a mouse O4 hybridoma supernatant 

and rat anti-mouse IgM magnetic beads. O4+ cells were finally eluted and seeded 

at a density of 8,000–12,000 rOPC/cm2 into a pre-equilibrated 10 cm tissue 

culture dish coated with poly-D-lysine (PDL) (5 µg/ml) and laminin (20 µg/ml) 

(both from Sigma-Aldrich, Cat# P6407 and Cat# L2020) containing rOPC 

proliferation medium. Cells were incubated at 37°C in 5% CO2. Differentiation 

was induced by replacing the cell culture medium with rOPC differentiation 

medium, which lacks growth factors and contains 40 ng/mL triiodothyronine (T3), 

for 72 hours. Following experimental condition assignment and the 72-hour 

differentiation or proliferation period, total protein was collected from each plate 

in lysis solution and processed as described above. Each differentiation assay 
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was replicated with independent rOPC isolates to achieve n=4 for immunoblot 

based experiments and n=3 for immunocytochemistry (ICC) assessment of OL 

differentiation markers.    

To measure autophagy flux during differentiation, rOPC were infected with 

a retrovirus expressing mCherry-EGFP-LC3B or mCherry-LC3B for 48 hours. 

pBABE-puro mCherry-EGFP-LC3B was a gift from Jayanta Debnath (Addgene 

plasmid # 22418, Cambridge, MA). Virus-containing media was then replaced 

with either rOPC proliferation media or rOPC differentiation media for 2, 4, or 7 

days. OPCs/OLs expressing pBABE-puro mCherry-LC3B were visualized live 

using a Zeiss Observer.Z1 fluorescent microscope while in an incubation 

chamber equilibrated to 37°C and 5% CO2. Cultures were fixed in 4% PFA at 

room temperature for 10 minutes before photomicrographs were captured using 

a Nikon TiE 300 inverted microscope with a DXM-1200C coded digital camera 

and NIS Elements software (Nikon, Melville, NY). Images were randomized and 

counts were performed by a lab member blinded to experimental groups. To 

calculate the puncta per area, counts of cell body and processes from 

proliferation and differentiation day 4 groups were measured using the “Object 

Count” feature of NIS-Elements software. The Intensity option of the Object 

Count feature was manually set to segmentally outline the cell. The Smooth and 

Clear options were set to x14 and the Separate option x2. Total area was 

quantified by summation of all segments that outlined the cell. Using the “Auto 

Detect ROI” feature, the area of only the cell body was determined. The cell body 
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area was subtracted from the total cell area to determine the area of cell 

processes.  

To assess the effect of ATG5 inhibition during differentiation, rOPC were 

infected with empty vector, wildtype (WT) Atg5 (wtAtg5), or dominant-negative 

Atg5 (dnAtg5) pRevTRE (Clontech, Mountain View, CA) retrovirus overnight. 

Cultures were then transfected with pRetroOn (Clontech) encoding doxycycline-

inducible reverse tetracyclin-controlled transactivator (rTTA) using lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. rOPC culture 

medium was changed to rOPC differentiation medium containing 5 µg/mL 

doxycycline 24 hours after transfection. Cultures were differentiated for 3 days 

prior to immunostaining. 

Immunoblot  

The BCA kit (Pierce, Rockford, IL, Cat# 23225) was used to quantify the 

protein lysates. Equal concentration of proteins was separated on SDS-PAGE 

gels and transferred to nitrocellulose membrane (Schleicher & Schuell, Keene, 

NH) and processed as described previously115. Primary antibodies against ATG5 

(rabbit, 1:500, Novus Biologicals, Littleton, CO, Cat# NB110-53818, RRID: 

AB_828587), Beclin1 (rabbit, 1:1000, Cell Signaling, Danvers, MA, Cat# 3495S, 

RRID: AB_1903911), LC3B (mouse, 1:500, Medical and Biological Laboratories, 

Nagoya, Japan, Cat# M186-3, RRID: AB_10897859), p62 (mouse, 1:500, Novus, 

Cat# H00008878-M01), Olig2 (rabbit, 1:500, Millipore, Billerica, MA, Cat# 

AB9610, RRID: AB_10141047), myelin basic protein (MBP) (rabbit, 1:5000, 

Millipore, Cat# AB980, RRID: AB_92396), cleaved caspase-3 (CC3) (rabbit, 1:50, 
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Cell Signaling, Cat# 9661S, RRID: AB_2341188), and GAPDH (mouse, 1:1000, 

Millipore, Cat# MAB374, RRID: AB_2107445) were incubated overnight at 4°C. 

Immunohistochemistry and Immunocytochemistry  

Coronal brain sections were blocked with 5% BSA, 10% normal donkey 

serum (NDS), and 0.2% Triton-X-100 in PBS for 1 h at room temperature. 

Primary polyclonal antibodies against ~160 kDa neurofilament protein M (NF-M) 

(guinea pig, 1:500, Synaptic Systems; Goettingen, Germany, Cat# 171204, 

RRID: AB_2619872), glial fibrillary acidic protein (GFAP) (sheep, 1:500, R&D 

Systems, Minneapolis, MN, Cat# BAF2594, RRID: AB_2109655), Olig2 (rabbit, 

1:100, Millipore, Cat# AB9610, RRID: AB_10141047), platelet-derived growth 

factor receptor α (PDGFRα) (rat, 1:50, Millipore, Cat# CBL1366, RRID: 

AB_11211998), APC (mouse, 1:200, Abcam, Cambridge, United Kingdom, Cat# 

ab16794, RRID: AB_443473), MBP (rabbit, 1:100, Millipore, Cat# AB980, RRID: 

AB_92396), ATG5 (chicken, 1:50, Novus, Cat# NB110-53818, RRID: 

AB_828587), LC3B (rabbit, 1:50, Novus, Cat# NB100-2220SS, RRID: 

AB_791015), p62 (mouse, 1:50, BD Biosciences, San Jose, CA, Cat# 610832, 

RRID: AB_398151), and CC3 (rabbit, 1:50, Cell Signaling, Cat# 9661S, RRID: 

AB_2341188) were incubated for 24 h at 4 °C with 5% BSA, 1% NDS, and 0.1% 

Triton-X-100 in PBS. Sections were next washed at room temperature (x3) with 

PBS and incubated with species-specific Alexa405-, Alexa488-, Alexa594-, or 

Alexa647-conjugated F(ab′)2 secondary antibodies (donkey, 1:200, Jackson 

ImmunoResearch; West Grove, PA) for 1 h at room temperature. Species-

specific IgG isotype controls were used to account for any non-specific binding or 
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other cellular protein interactions. Hoechst™ was used to identify nuclei. 

Fluorescent imaging was done on a Nikon Eclipse TE 300 inverted microscope 

with a spot CCD camera. Exposure times remained identical across all images. 

Myelinated axon cross-sections were captured at 60x by confocal microscopy 

using an Olympus FV1000 Confocal and FluoView software (Shinjuku, Japan). 

Orthogonal slices were generated using the Nikon NIS-Elements software. 

For rOPC differentiation experiments, immunostaining against the surface 

marker O1 was used to mark differentiated OLs. The immunostaining protocol 

was as follows: Cells were washed with the appropriate culture medium and 

incubated with O1 hybridoma supernatant diluted to 40% v/v in 50% culture 

medium and 10% NDS for 1 hour at 4°C. Following washes (x3) with culture 

medium, cells were fixed with 4% PFA at room temperature for 10 minutes and 

washed (x3) with DPBS prior to incubation with Alexa594-conjugated F(ab′)2 

secondary antibodies (donkey, 1:200, Jackson ImmunoResearch) for 1 hour at 

room temperature. Hoechst™ was used to identify nuclei. Photomicrographs 

were captured using a Nikon TiE 300 inverted microscope with a DXM-1200C 

coded digital camera and NIS Elements software. Images were randomized and 

counts were performed by a lab member blinded to experimental groups. The 

percentages of O1+/Hoechst+ cells per total Hoechst+ nuclei were used for 

quantification. 

Myelinating co-culture  

For OPC/DRG (dorsal root ganglion (neuron)) co-cultures, DRGs were 

isolated from E15 Sprague-Dawley rat embryos as previously described161,162. 
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Following isolation, DRGs were plated (7,500 cells/cm2) and maintained on 

PDL/collagen-coated coverslips in NB1 neurobasal medium to permit neurite 

outgrowth for at least two weeks and no more than four weeks prior to seeding 

with rOPC (10,000 cells/cm2). Once seeded, OPC/DRG co-cultures were 

maintained 7 days in differentiation media without penicillin/streptomycin to 

permit OPC maturation with half media change every other day using pre-

equilibrated media.  

For co-cultures overexpressing gain or loss of ATG5 function, rOPC were 

first infected, as above, with wtAtg5 or dnAtg5 pRevTRE retrovirus overnight, 

respectively. Cultures were then transfected with pRetroOn encoding 

doxycycline-inducible rTTA.  rOPC were then seeded onto DRG cultures and 

maintained 7 days in differentiation media containing 5 µg/mL doxycycline. For 

pharmacological induction and inhibition of autophagy, rOPC were seeded onto 

DRG cultures and maintained 7 days in differentiation media containing 500 nM 

Tat-beclin1 (Millipore, Cat# 5.06416.0001) or 1 µM KU55933 (Tocris, Bristol, 

United Kingdom, Cat# 3544) or 150 nM Verteporfin (Sigma-Aldrich, Cat# 

SML0534).  

Cultures were fixed with 4% PFA at room temperature for 10 minutes and 

washed (x3) with DPBS. Each myelination assay was replicated with 

independent rOPC isolates to achieve n=3 for ICC assessment of myelin 

segments by MBP and NFM immunostaining.  

Transmission Electron Microscopy (TEM)  
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Mice were euthanized with an overdose of 2.0% avertin (2,2,2-

tribromoethanol) in sterile NaCl solution administered intraperitoneally (i.p.) 

before slow transcardial perfusion (10-12 mL over 3-5 minutes) with ice cold PBS 

until the liver was clear and subsequent fixation with perfusion of cold 2% 

PFA/2% glutaraldehyde. Following fixation, brains were removed and 1 mm 

sagittal sections cut through the CC. Sections were post-fixed overnight in 2% 

glutaraldehyde and 100 mM sucrose in 0.05 M Sorensen’s phosphate buffer and 

rinsed in 0.15 M phosphate buffer (x3) before post-fixing overnight with 1% OsO4

at 4°C. Subsequently, sections were rinsed, dehydrated in graded ethanol 

solutions and embedded in Embed (Electron Microscopy Sciences, Hatfield, PA). 

Thin sections obtained with a Leica Ultracut E microtome were stained with 

uranylacetate/lead citrate for examination in a Philips CM-10 transmission 

electron microscope163. Axons and myelin were analyzed using Nikon Elements 

software. Using Nikon Elements software, 5800X and 6000X field images were 

used to determine density of myelinated and unmyelinated axons, myelin 

thickness, axon diameter, and frequency of myelin abnormalities. The sum of the 

axon diameter and myelin thickness was used to calculate myelinated axon 

diameter. G-ratios were calculated by taking the ratio of axon diameter to the 

myelinated axon diameter.  

MTT Assay  

DRGs were isolated from E15 Sprague-Dawley rat embryos as previously 

described161,162,164. Following isolation, DRGs were plated (7,500 cells/cm2) and 

maintained on PDL/collagen-coated coverslips in NB1 neurobasal medium to 
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permit neurite outgrowth for at least two weeks and no more than four weeks. 

Monocultures were maintained for 3 days in OPC differentiation medium without 

OPCs containing 500 nM Tat-beclin1 (Millipore, Cat# 5.06416.0001) or 1 µM 

KU55933 (Tocris, Bristol, United Kingdom, Cat# 3544) or 150 nM Verteporfin 

(Sigma-Aldrich, Cat# SML0534). DRG survival was assayed by measuring 

tetrazolium, MTT (Sigma-Aldrich) to formazan at 570 nm wavelength as 

previously described165. 

Statistical Analysis 

All data are presented as mean ± SD. Student’s or one-sample t tests 

were used for two or one sample comparisons, respectively. For multiple 

comparisons, one-way ANOVA or two-way ANOVA analysis was performed 

followed by an appropriate post test as indicated in the figure legends. 

Results 

Maturing oligodendrocytes express elevated levels of autophagy markers 

Immunohistochemistry (IHC) and confocal imaging confirmed that within 

the OL lineage, all cells express the autophagy markers ATG5 and LC3B (Figure 

4). To more specifically assess changes in autophagy during OL differentiation, 

we performed immunoblot of lysates from proliferating OPCs and OLs 

differentiated for three days (Figure 5A). Conjugated ATG5 and LC3B-II were 

significantly increased in differentiated OLs compared to OPCs, and p62 levels 

were significantly decreased in differentiated OLs (Figure 5B). These changes 

are consistent with increased autophagosome formation and fusion with 

lysosomes during OL differentiation. The ratio of LC3B-II to LC3B-I was also 
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significantly increased, indicating autophagosome formation was increased 

(Figure 5C). We confirmed the increased autophagy activity in differentiating 

OPCs by infecting them with a retrovirus expressing mCherry-EGFP-LC3B, a 

well-established method for quantitatively measuring autophagic activity166–168. In 

these cells, as autophagosomes form, LC3B is incorporated which is N-terminally 

tagged with the two fluorescent proteins in tandem. Autophagosomes appear as 

yellow puncta due to the co-localization of red and green puncta. Upon fusion 

with the lysosome, the resulting acidification quenches the EGFP signal but not 

the mCherry signal, marking autolysosomes as red puncta. OPCs have few 

puncta of either type, whereas OLs display a marked increase in 

autophagosomes and autolysosomes compared to OPCs (Figure 5D). The 

overall numbers of autophagic vesicles were significantly increased in the 

processes of OLs compared to OPCs (Figure 5E). However, because OL 

processes grow larger as they differentiate, it is possible that the increase in 

autophagy vesicles is secondary to the increased space available in the 

processes. To address this issue, we compared the density of autophagy 

vesicles in the processes between proliferating OPCs (P) and OLs at day 4 of 

differentiation (D4). We detected a significant increase in the number of 

autophagy puncta per area in the processes of D4 differentiated OLs compared 

to OPCs (Figure 5F). The ratio of autolysosomes to autophagosomes, an 

indicator of autophagic flux, in the processes did not change (Figure 5G), 

although an increasing trend was seen during differentiation. Together, these 
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data suggest an increased functional requirement of autophagy during initial OL 

differentiation. 

ATG5-dependent autophagy is required during myelin formation 

The increasing autophagy activity during OL differentiation suggests a role 

for autophagy during OL maturation and/or myelination, which led us to 

investigate whether autophagy markers are present in developing myelin 

sheaths. Immunostaining revealed that these markers are present throughout the 

soma and processes of many OLs throughout the CC at P21 (Figure 6A). In 

myelinating co-culture, we see ATG5 puncta within the myelin around axons, 

suggesting that autophagosome biogenesis may be occurring there (arrows, 

Figure 6B). Furthermore, analysis of spinal cord cross sections at P12 

demonstrates that ATG5 and LC3B are indeed detected in the myelin sheath 

(arrows, Figure 6C). Live-imaging of mCherry-LC3B tagged autophagosomes 

trafficking from the myelin/OL processes to OL soma in myelinating co-culture 

supports the possibility of distal autophagosome formation in OLs (arrows, Figure 

6D). These data suggest that the requirement for autophagy could extend into 

the myelination process. 

The increased autophagy activity and presence of autophagosomes in 

distal OL processes and myelin suggests that autophagy may regulate and be 

necessary for OL and myelin development. We tested this hypothesis by genetic 

ablation of Atg5 specifically in OPCs. Pdgfrα-CreERT2:Atg5fl/fl mice were analyzed 

after tamoxifen-induced deletion of Atg5 in OPCs at P5-P9. The tamoxifen-

injected mice developed a prolonged tremor by P12 (data not shown), showed 
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decreased weight gain (Figure 7A,B), and did not survive past P15. The 

reduction of ATG5 in OPCs of tamoxifen-treated mice can be detected as early 

as P9 (Figure 7C). Immunohistochemistry detected a 75% reduction in MBP 

immunostaining in the CC of tamoxifen-injected mice compared to vehicle-

injected mice at P15 (Figure 7D,E). Ultrastructural analysis at P15 revealed a 

severe reduction in myelinated axon density in the CC in the tamoxifen-injected 

animals (Figure 7F,G). The CC from tamoxifen-injected mice contained a 4-fold 

reduction in the percent of myelinated axons compared to vehicle-injected mice 

(Figure 7G). Of those myelinated axons, 90% appeared abnormal in tamoxifen-

injected mice (Figure 7H,I). Myelin abnormalities found in tamoxifen-injected 

mice include cytoplasm retention within uncompact myelin wraps (arrows), 

swelling of the inner tongue (asterisks), and myelin outfolding (arrowheads). 

Lastly, g-ratios of tamoxifen-treated increased compared to vehicle-treated mice, 

despite showing similar trends in axon caliber (Figure 7J-L). The severe effects 

on MBP immunofluorescence intensity as well as both the amount and quality of 

myelin strongly implicate autophagy as a critical regulator of myelin formation 

and structural integrity. 

Loss of Atg5 severely impairs OPC survival and abates differentiation 

To further investigate the underlying mechanism of the severe myelin 

deficiency in tamoxifen-treated mice, we analyzed the number of OL lineage cells 

in the CC of Pdgfrα-CreERT2:Atg5fl/fl mice after vehicle or tamoxifen administration 

at P5-P9. Immunostaining detected a loss of Olig2+ cells in the CC of tamoxifen-

treated mice at P15 (Figure 8A,B). Further analysis at P15 found that the loss of 
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Olig2+ cells is likely mediated by reduced OPC numbers, marked by PDGFRα 

(Figure 8C,D). The loss of OPCs could be mediated either by reduced 

proliferation or increased cell death. Pdgfrα-CreERT2:Atg5fl/fl mice were injected 

with vehicle or tamoxifen, but sacrificed on the day of the last injection (P9) to 

visualize the OPC reaction to loss of Atg5 before the cells themselves are lost. 

Tamoxifen-injected mice harbored elevated levels of CC3+/APC+(not significant) 

and CC3+/PDGFRα+ double-positive cells compared to vehicle-injected mice 

(Figure 8E,F). These data indicate that apoptotic death of Atg5-/- OPCs is one 

underlying cause of the severe myelin deficiency seen in tamoxifen-treated 

Pdgfrα-CreERT2:Atg5fl/fl mice. 

While loss of Atg5 leads to a drastic reduction in OPCs, some remain and 

produce myelin in the CC. Surviving OLs deficient in autophagy produce 

abnormal myelin that retains increased cytoplasm in the inner tongue and myelin 

wraps, as well as myelin outfoldings. We determined whether autophagy is 

necessary for OPC differentiation. Immunostaining for PDGFRα and APC of brain 

slices from vehicle- and tamoxifen-treated Pdgfrα-CreERT2:Atg5fl/fl mice was 

performed at P9, a time point before cells are lost for markers of the OL lineage 

(Figure 8G). Quantification revealed a significant decrease in APC+ cells in 

tamoxifen-treated animals compared to vehicle-treated (Figure 8H). However, it 

remained unclear whether the reduced OPC differentiation was due to OPC 

apoptosis or inhibited differentiation.  

To distinguish these possibilities, neonatal OPC cultures were infected 

with a retrovirus containing no insert (empty vector, EV), wtAtg5, or dnAtg5 
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controlled by a Tet-responsive element (TRE). The transduced cultures were then 

transfected with pRetro-ON plasmid, which provides doxycycline-inducible 

expression rTTA that will then activate wtAtg5 or dnAtg5 expression and treated 

with doxycycline. EV, wtAtg5, and dnAtg5 cells were immunostained for the 

mature OL marker, O1+, after 3 days of differentiation (Figure 9A). Quantification 

revealed a significant reduction in the percentage of cells which were O1+ in 

dnAtg5-expressing cells, compared to EV- or wtAtg5-expressing cultures. 

Importantly, a significant increase in the percentage of O1+ cells was also 

detected in wtAtg5-expressing cultures compared to EV (Figure 9B). 

Immunoblots of OPC lysates showed an increase or decrease in LC3B-II in 

wtAtg5- or dnAtg5-expressing cells respectively, confirming changes in 

autophagic flux (Figure 9C,D). Furthermore, immunoblots indicated no significant 

increase in CC3, an indicator of apoptosis, of dnAtg5-expressing cells as was 

seen with loss of autophagy in vivo (Figure 9E,F). Together, these data suggest 

that autophagy directly regulates the developmental progression of the OL 

lineage, and even small changes in autophagic activity can have a drastic effect 

on OL differentiation.  

Autophagy induction and suppression promotes and inhibits myelination, 

respectively 

Data thus far demonstrate a role for autophagy in OPC survival, 

differentiation, and myelination. However, whether the autophagy pathway 

represents a viable target to modulate myelination is unknown. We compared the 

ability of wtAtg5- or dnAtg5-expressing OPCs to myelinate DRG neurons in co-
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cultures. Myelin segments were visualized by immunostaining for MBP and NFM 

(Figure 10A). Cultures expressing wtATG5 produced significantly more myelin 

segments than dnATG5-expressing cultures (Figure 10B).  

Control of myelination through pharmacological modulation of autophagy 

would indicate that autophagy is a promising target for further development of 

therapies for diseases involving myelin deficiency. We tested whether 

pharmacological induction and inhibition of autophagy, using drugs that directly 

target the autophagy pathway, altered myelination in the DRG/OPC co-cultures. 

KU55933 targets the Vps34 complex, preventing autophagosome formation and 

causing accumulation of p62169. Verteporfin inhibits autophagy through p62 

oligomerization, resulting in disrupted autophagosome closure and exhausted 

single protein p62 levels157,158. Immunoblots on lysates of proliferating OPCs 

using autophagy inhibitors KU55933 and verteporfin confirmed the efficacy of 

these drugs, indicated by the increase and decrease of p62, respectively (Figure 

10C,D). Autophagy inhibition with either KU55933 or verteporfin resulted in 

reduced number of myelin segments (Figure 10E,F). These cells display a 

symmetrical network of processes that often extended across axons without 

making myelin. When autophagy was enhanced using Tat-beclin1, increased 

numbers of myelin segments were observed, despite only a trend towards 

significance observed by immunoblot (Figure 10D).  

Given the documented role of autophagy in neuronal maintenance, it is 

possible that these drugs may affect neuronal health in the DRG co-cultures. To 

address this possibility, we treated DRG monocultures with each drug for 3 days 
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before analyzing cell viability using an MTT assay. There was no significant 

difference in neuronal health between vehicle and experimental groups (Figure 

G,H).  

Discussion 

Differentiating OPCs display a clear induction of autophagy that persists 

through myelin formation. Homeostatic autophagy activity is found in all cell 

types101. This makes immunoblot studies of whole tissues lysates to detect 

changes in autophagy markers within a specific lineage difficult. Mature OLs 

appeared to display more robust immunostaining for autophagy markers than 

OPCs, especially in later stages of myelin development (Figure 4). The 

developmental progression of OPCs to OLs includes many potential stresses, 

such as the long distance migration, robust upregulation of 

transcription/translation, drastic changes in morphology, and an eventual culling 

of many OLs that have not associated with axons135–137,139,140,170,171. Autophagy 

serves as a pro-survival homeostatic pathway in many cell types and could 

provide a balance to prevent accumulation of errors in these processes during 

OL development91,155,172.  

Increased expression alone does not indicate increased autophagic 

activity. The increase of conjugated ATG5 and cleaved LC3B demonstrate 

activation of autophagy during OL differentiation, and the decrease of p62 levels 

suggests fusion with the lysosomes (Figure 5A-C). This was confirmed using 

mCherry-EGFP-LC3B, which labels autophagosomes with a fluorescent tag and 

indicates acidification. More fluorescent puncta overall and an increasing trend of 
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mCherry+/EGFP- puncta demonstrate both increased autophagosome formation 

and fusion with lysosomes during OL differentiation (Figure 5D-G). This 

increased autophagy during OL differentiation in culture suggests that the role of 

autophagy may extend beyond a pro-survival role during the demands of brain 

development. Moreover, the enrichment of autolysosomes in OL processes 

(Figure 5D-G) suggests that autophagy may have a specialized role specific to 

these processes. In neurons, autophagosomes form in the distal axon, migrate 

retrograde, and often fuse with lysosomes in the axon173. Multiple lines of 

evidence demonstrate the presence of autophagy proteins and autophagosomes 

in myelin in the brain and in culture (Figure 6). These data suggest an active role 

for autophagy in myelination, requiring induction of autophagy above basal 

levels. 

Deletion of the essential autophagy gene Atg5 during myelin development 

allowed direct assessment of the role of autophagy in myelination. The drastic 

reduction in MBP immunostaining and myelinated axons seen ultrastructurally 

indicate that autophagy is absolutely critical for myelination (Figure 7). Deletion of 

Atg7, another essential autophagy gene, in Schwann cells caused abaxonal 

accumulation of excess cytoplasm and organelles, as well as small fiber 

hypermyelination, suggesting autophagy regulates the structural formation of 

myelin in these cells153. However, in contrast to the CNS, the number of 

myelinated axons was not affected with Atg7-/- Schwann cells. Autophagy seems 

to play a broader role in myelinating OLs. Mice harboring OPC-specific deletion 

of Atg5 display severely reduced numbers of myelinated axons (Figure 7F,G). 
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Furthermore, very few of the myelinated axons have normal appearing myelin. 

Most myelinated axons had myelin with expanded inner tongues, poor 

compaction of myelin wraps, and/or outfoldings of myelin (Figure 7H,I). 

Myelinated axons also possessed larger g-ratios despite similar trends in axon 

caliber (Figure 7J-L), suggesting a reduction in myelin thickness and myelin 

progression. To understand the mechanism(s) underlying the severe reduction in 

the overall amount of myelin in mice with OPC-specific Atg5 deletion, multiple 

stages of OL development were assessed for the impacts of autophagy 

deficiency. 

Studies in the Long-Evans shaker (les) rats showed that a mutation in 

MBP causes severe CNS dysmyelination and eventual demyelination155. 

Interestingly, les OLs also accumulate early and late autophagosomes as well as 

autophagy markers, including p62. Glucose and serum starvation enhanced les 

OL survival and membrane synthesis in vitro. Myelination in les rats undergoing 

intermittent fasting was also increased. In both cases, increased autophagy was 

observed. However, these results did not directly implicate autophagy in 

regulating normal OL development. We observed that OPC-specific loss of Atg5 

led to >2-fold reduction in Olig2+ cells (Figure 8). Furthermore, many more Atg5-/- 

OPCs were CC3+ prior to the dramatic loss of Olig2+ cells, which was beyond 

typical OL cell death observed during development and within vehicle-treated 

mice28,170. These data confirmed that the loss of OL lineage cells resulted in part 

from reduced OPC survival. 
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Although we sought to inhibit autophagy in OPCs alone, a subset of CNS 

pericytes, cells responsible for capillary blood flow and microcirculation, also 

express Pdgfrα. There is a possibility inhibition of Atg5 in this subpopulation of 

pericytes may contribute to OL survival as well as the animal’s overall health174. 

However, as in neurons and astrocytes118,144,145,153,175,176, autophagy deficiency 

inhibits OL differentiation in vitro and in vivo (Figure 9), suggesting Atg5-/- 

pericytes are not the main contributors to OPC loss and irregular myelin 

development. This may also explain the much greater reduction in myelination 

compared to the decreased number of Olig2+ cells seen in Pdgfrα-CreERT2:Atg5-/- 

mice. 

Autophagy has been implicated in the control of cytoskeletal dynamics 

and signaling cascade regulation in other cell types. In macrophages and cortical 

neurons, autophagy regulates cell spreading and neurite extension by 

modulating Rho-family GTPase activity and actin dynamics152,177. During OL 

differentiation, the cytoskeleton undergoes extensive regulation to drive the 

changes in morphology134. Moreover, Nawaz et al. (2015) and Zuchero et al. 

(2015) demonstrated that actin disassembly and likely removal is required for 

myelination178,179. Whether autophagy regulates the precise signaling pathway 

transition or cytoskeleton component status in OL requires further investigation.   

Many of the factors driving OL differentiation induce autophagy in other 

cell types. The sphingolipid network, MAPK pathway, and mTOR are all critical 

regulators of OL differentiation, and all have known roles in the regulation of 

autophagy180–186. Many of the drugs commonly used to control autophagy target 
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signaling proteins upstream of the autophagy pathway. Myelination by 

neuropathic Schwann cells was promoted by the mTOR inhibitor rapamycin, 

which enhances autophagy187. However, mTOR signaling is a master switch that 

also regulates protein synthesis, lipid synthesis, lysosomal biogenesis, energy 

metabolism, cell survival/metabolism, and cytoskeletal organization188. Thus, 

delineating its role solely as an autophagy activator is problematic. In current 

studies using myelinating co-cultures, we used drugs that target the autophagy 

pathway directly. Intriguingly, enhancing autophagy using the Tat-beclin1 peptide, 

which activates the Beclin-1/Vps34 complex, promoted myelination (Figure 

10C,D). Conversely, blocking autophagy with KU55933 targeting the Beclin-

1/Vps34 complex or Verteporfin targeting p62 inhibits myelination. Importantly, 

similar myelination results were obtained by genetically enhancing and inhibiting 

autophagy through overexpression of wtATG5 and dnATG5, respectively (Figure 

10A,B). Taken together, these data suggest autophagy has a key regulatory role 

in multiple stages of myelin development. 

The induction of autophagy during OL differentiation, as well as the loss of 

OPCs, inhibition of differentiation, and lack of proper myelin formation in mice 

with OPC-specific autophagy deficiency provide strong evidence that autophagy 

is critical in many aspects of OL development and myelination. It remains unclear 

what initiates autophagy, but it is likely that multiple stage-specific triggers exist. 

Whether particular targets of autophagy exist that mediate the bulk of the myelin 

regulation requires further exploration. Determining the factor(s) that signal 

autophagosome formation and key functional targets of autophagy is essential to 
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delineating the entirety of the role of autophagy in myelination. However, the 

tremor phenotype and perinatal death of mice with OPC-specific autophagy 

deficiency makes autophagy an attractive target for development of myelin repair 

therapies. Until more specific pharmacological agents, with limited effects beyond 

autophagy, can be developed, therapeutic translation will be difficult. It is 

therefore critical that further work be performed to understand the role and 

regulation of autophagy in normal and pathological conditions, as well as its utility 

as a potential therapeutic target in dysmyelinating and demyelinating disease.
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Figure 4. Autophagy markers are expressed throughout the OL lineage. 

(A) ATG5 expression during OL lineage development in PDGFRα+ and APC+

cells in the CC at P7, and P21. Enlarged insets of a single cell are shown. Scale 

bar = 50 µm. (B) Confocal microscopy confirms the co-expression (crosshairs 

indicate representative cells) of ATG5 in APC+ cells at P7 and P21, as XZ and YZ 

focal planes are shown. Scale bar = 25 µm. (C) LC3B expression during OL 
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lineage development in PDGFRα+ and APC+ cells in the CC at P7 and P21. (D) 

Confocal microscopy confirms the co-expression (crosshairs indicate 

representative cells) of LC3B in PDGFRα+ and APC+ cells at P7 and P21, as XZ 

and YZ focal planes are shown.
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Figure 5. Autophagy activity increases during OL differentiation. 

(A) Immunoblot of autophagy markers in proliferating OPCs (P) and OPCs

differentiated for 3 days (D). In (B) data are quantified (± SD, n = 3; ***p<0.001, 

two-way ANOVA; **LC3B-II p<0.01, **p62 p<0.01, Bonferroni’s post test). 

Increased ATG5 and LC3B-II and decreased p62 indicate upregulation of 

autophagic flux in OLs. (C) The ratio of LC3B-II to LC3B-I in immunoblots from 

proliferating and differentiating OPCs in (A) is quantified (± SD, n=3, **p<0.01, 

two-tailed t test). (D) OPCs were infected with a retroviral vector (pBABE-puro 

mCherry-GFP-LC3B) which marks autophagosomes yellow and autolysosomes 
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red. Scale bar = 20 µm. (E) The data in (D) are quantified showing the number of 

puncta (± SD, n = 3; **p<0.01, one-way ANOVA; **proliferating OPCs vs OLs 

differentiated 4 days (PvD4) p<0.01, **proliferating OPCs vs OLs differentiated 7 

days (PvD7) p<0.01, Sidak’s post test) in the processes relative to the total cell 

number. (F) The density of puncta in the processes (± SD, n=3, *p<0.05, two-

tailed t test) on day 4. (G) The ratio of red to yellow puncta (± SD, n = 3) in the 

processes (ns).
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Figure 6. Autophagy is active in distal OL processes and myelin. 

(A) Detection of ATG5 and LC3B in distal processes and soma of APC+ mature

OLs in CC from a 3 week old mouse. Scale bar = 50 µm. (B) OPCs were 

differentiated for 6 d in co-culture with DRG neurons and immunostained. In 

myelinating co-cultures, ATG5 co-stains with MBP; NFM marks axons. (C) 

Detection of ATG5 and LC3B in MBP+ myelin wraps surrounding axons in spinal 

cord from a 2 week old mouse. Axons where exclusion of ATG5 from compact 
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myelin is most apparent are marked by *. Arrows indicate double 

immunostaining. Scale bar = 20 µm. (D) Live imaging frames of myelinating co-

cultures where OLs express mCherry-LC3B. Arrow tracks mCherry-LC3B puncta 

from a presumably myelinated process to the OL soma.
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Figure 7. Reduced and defective myelination with OPC-specific deletion of 

Atg5. 

(A) Image of vehicle- and tamoxifen-treated (beginning at P5)  Pdgfrα-

CreERT2:Atg5fl/fl mice at P10. (B) Average weight of vehicle- and tamoxifen-treated 

Pdgfrα-CreERT2:Atg5fl/fl mice at P10 (± SD, vehicle n=13, tamoxifen n=16; 
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**p<0.01, two-tailed t test). (C) Immunostaining to confirm Atg5 deletion in OPCs 

in the CC of tamoxifen-treated mice at P9. Scale bar = 25 µm. Co-localization is 

seen in XZ and YZ planes, and is indicated by crosshairs. (D) Pdgfrα-

CreERT2:Atg5fl/fl mice at P5 were administered daily i.p. injections of vehicle or 

tamoxifen for 6 days. MBP expression was reduced (± SD, n=4; **p<0.01, two-

tailed t test) in tamoxifen-treated mice as quantified in (E). Scale bar = 200 µm. 

(F) Transmission electron micrographs showing reduced myelinated axons,

impaired myelin compaction (arrows) and myelin outfoldings (arrowhead) in 

tamoxifen-treated Pdgfrα-CreERT2:Atg5fl/fl mice. Scale bar = 2 µm. (G) Percentage 

of axons which are myelinated in (F) (± SD, vehicle n=3, tamoxifen n=4; 

**p<0.01, two-tailed t test). The numbers of axons quantified are given. (H) High 

magnification TEM of axons in the CC showing disrupted myelin sheaths (arrows) 

and enlarged inner tongues (asterisks) in tamoxifen-treated Pdgfrα-

CreERT2:Atg5fl/fl mice. Scale bar = 0.5 µm. (I) Percent of myelinated axons in 

vehicle- and tamoxifen-treated that have normal myelin with apparent 

abnormalities defined as swollen inner tongue, myelin decompaction, and/or 

myelin outfoldings (± SD, vehicle n=3, tamoxifen n=4; ***p<0.001, two-tailed t 

test). (J) g-ratios of myelinated axons in tamoxifen-treated and vehicle-treated 

Pdgfrα-CreERT2:Atg5fl/fl mice (± SD, vehicle n=3, tamoxifen n=4; ***p<0.001, two-

tailed t test). The numbers of axons quantified are indicated. The relationship 

between axon diameter and g-ratio is shown for (K) vehicle-treated and (L) 

tamoxifen-treated Pdgfrα-CreERT2:Atg5fl/fl mice. The numbers of axons quantified 

are indicated.
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Figure 8. Apoptotic death and reduced differentiation of Atg5-/- OPCs. 

(A) Pdgfrα-CreERT2:Atg5fl/fl mice at P5 were administered daily i.p. injections of

vehicle or tamoxifen for 6 days. Olig2 expression in the CC was reduced in 

tamoxifen-treated mice. Scale bar = 200 µm. (B) The numbers of Olig2+ cells/µm3 

in the CC were quantified (± SD, n=4; *p<0.05, two-tailed t test). (C) Reduced 

PDGFRα+ cells in the CC of tamoxifen-treated Pdgfrα-CreERT2:Atg5fl/fl mice. Scale 

bar = 25 µm. (D) The percent of Olig2 cells labeled by PDGFRα (OPC) was 
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reduced in tamoxifen-treated CC (± SD, n=4; *p<0.05, two-tailed t test). (E) 

Increased CC3+/PGDFRα+ cells in the CC of tamoxifen-treated Pdgfrα-

CreERT2:Atg5fl/fl mice; data are quantified in (F) (± SD, n=3; *p<0.05, two-way 

ANOVA; *p<0.05, Sidak’s post test). Scale bar = 25 µm. (G) Prior to OPC loss, 

reduced numbers of APC+ cells are detected in the CC from tamoxifen-treated 

Pdgfrα-CreERT2:Atg5fl/fl mice; data are quantified in (H) (± SD, n=3; ***p<0.001, 

two-tailed t test). Scale bar = 25 µm.
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Figure 9. Autophagy is required for OL differentiation. 

(A) Reduced and increased O1+ cells in differentiated OL cultures

overexpressing dnATG5 or wtATG5, respectively, compared to EV. Scale bar = 

150 µm. (B) Data indicate the percentage of total cells which are O1+ (± SD, n=3; 

***p<0.001, one-way ANOVA; *dnATG5 p<0.05, *wtATG5 p<0.05, *** p<0.001, 

Tukey’s post test). (C) Immunoblot of the autophagy marker LC3B in proliferating 

OPCs overexpressing wtATG5, dnATG5 or EV control; data are quantified in (D) 

relative to EV (dotted line) (± SD n=3; dnATG5* p<0.05, one-sample t test). (E) 

Immunoblot of CC3, an indicator of apoptosis, in differentiated OL cultures 

overexpressing wtATG5, dnATG5 or EV control; data are quantified in (F) (± SD 

n=3; n.s., one-way ANOVA).
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Figure 10. Myelination requires autophagy and can be enhanced by 

autophagy induction. 

OPCs were differentiated for 6 d in co-culture with DRG neurons and then 

immunostained for MBP (red) and NFM (green): (A) dnAtg5 overexpression in 

OPCs led to reduced number of myelin segments compared to wtAtg5 

overexpression. Scale bar = 50 µm. (B) Myelin segments (yellow co-localization) 

per cell in (A) are quantified (± SD, n=3; *p<0.05, two-tailed t test). (C) 

Immunoblot of the autophagy marker LC3B-I, LC3B-II, and p62 in proliferating 

OPCs treated with 1 μM KU55933, 100 nM Verteporfin, or 500 nM Tat-beclin1 for 
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24 hours; data are quantified in (D) (± SD, n=4, *p<0.05, one-way ANOVA; *KU 

p<0.05, **Verteporfin p<0.01, Dunnett’s post test). (E) Reduced myelin segments 

after treatment with 1 μM KU55933 or 100 nM verteporfin, and increased myelin 

segments after treatment with 500 nM Tat-beclin1. Scale bar = 50 µm. Below 

each image, an enlarged inset of the MBP signal is shown. (F) The number of 

myelin segments (yellow co-localization) per cell in (E) is quantified (± SD, n=3; 

***p<0.001, one-way ANOVA; **KU p<0.01, **Verteporfin (Vert) p<0.01, ***Tat-

beclin1 (t-Becl) p<0.001, Tukey’s post test). (G) phase-contrast images of DRG 

monocultures treated with autophagy drug for 3 days. (H) MTT assay showed no 

difference in cell viability of DRGs treated with autophagy drugs compared to 

vehicle control.
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CHAPTER III 

ENHANCED OXIDATIVE PHOSPHORYLATION, RE-ORGANIZATION OF 
INTRACELLULAR SIGNALING, AND EPIGENETIC DE-SILENCING AS 

REVEALED BY OLIGODENDROCYTE TRANSLATOME ANALYSIS AFTER 
CONTUSIVE SPINAL CORD INJURY 

Introduction 

Contusive SCI has a complex pathogenesis that involves time-dependent 

components including primary and secondary injuries as well as post-injury 

remodeling and plasticity189. SCI associated white matter damage including loss 

and / or demyelination of axons is a major driver of functional deficits below the 

level of injury117,190. Death of OLs contributes to white matter damage post-

SCI107,108. However, few OL-expressed genes such as p75 / Ngfr191, Bax192 or 

Klk8193 have been implicated as mediators of SCI-induced OL death / white 

matter damage. This is at least partly due to limited insight into the OL gene 

expression programs after SCI. 

Single cell (sc) RNASeq technology has been recently applied to study the 

SCI transcriptomic response at the cellular level194,195. Specifically, scRNASeq-

enabled transcriptomic phenotyping revealed region-specific changes in OL 

subtype content at chronic timepoints after hemisection or contusion SCI194. 

However, few SCI-associated OL gene expression changes were 

detected194.Importantly, the currently available scRNASeq technology has 
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significant limitations. Its reliance on successful sorting of suspensions of viable 

cells is a problem when dealing with cells that have complex morphologies, 

spatially-regulated transcriptomes and / or sustained significant damage due to 

injury196. Additional challenges include limited depths / low sensitivity, high level 

of stochastic variability of single cell transcriptomes, ambiguity in interpreting 

negative signals, and data set contamination with highly expressed mRNAs that 

were released from other cells that lysed during sample preparation and / or 

sorting196,197. Finally, scRNASeq is focused on overall cellular mRNA levels. 

Therefore, scRNASeq data lack information on gene expression regulation at the 

level of protein synthesis. Yet, such post-transcriptional regulation is present in 

neurons and OLs198–200. In addition, it plays a major role in response of those 

cells to pathologies198–200. 

Isolation of translating ribosomes and quantification of their associated 

mRNAs offers insight into the cell translatome and accounts for translation 

initiation, which is the critical regulatory step of protein synthesis198–200. RiboTag 

and translating ribosome affinity purification (TRAP) are two similar technologies 

to analyze cell type-specific translatomes in whole animal studies129,201,202. In 

RiboTag mice, cell type-specific expression of the Cre recombinase results in 

removal of a stop codon to produce the RPL22 protein with a hemagglutinin (HA) 

tag at the C-terminus129,202. The large ribosomal subunit that contains RPL22-HA 

associates with the small ribosomal subunit during successful translation 

initiation, which enables immunoaffinity isolation of translating ribosomes by 

targeting the HA tag. Then, cell type-specific translatomes are determined by 
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RNASeq129,202. RiboTag has been successfully applied to study gene expression 

changes in astrocytes and macrophages after contusive thoracic SCI203,204. 

The current study has been initiated to determine the translatome of 

mature OLs at various stages of recovery following moderate contusive SCI at 

the T9 level. RiboTag identified hundreds of differentially expressed genes in 

SCI-challenged OLs. These newly described gene expression landscapes 

implicate axonal disconnection and loss of myelin sheaths as major drivers of the 

acute OL gene expression response to SCI. Unexpectedly, similar factors may 

contribute to OL gene expression regulation in the subchronic phase of recovery.  

Materials and Methods 

Animals  

All animal procedures were performed in strict accordance with the Public 

Health Service Policy on Humane Care and Use of Laboratory Animals, Guide for 

the Care and Use of Laboratory Animals159, and adhered to NIH guidelines on 

the use of experimental animals. Animal procedures were approved by the 

University of Louisville Institutional Animal Care and Use (IACUC) and 

Institutional Biosafety (IBC) Committees. Timed-pregnant Sprague-Dawley rats 

and wild-type (WT) C57Bl/6 mice (6-8 weeks) were obtained from Envigo 

(Indianapolis, IN). Plp-creERT2
 
(proteolipid protein) (B6.Cg-Tg (Plp1-

Cre/ERT)3Pop/J; Stock No: 005975)205 and RiboTag mice (Rpl22fl(STOP)fl-HA/wt, 

B6J.129(Cg)-Rpl22 tm1.1Psam2/SjJ); Stock No: 029977)129,202, both on C57Bl/6 

background, were acquired from the Jackson Laboratory (Bar Harbor, ME). 

These lines were crossed to produce OL-RiboTag mice (Plp-
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CreERT2+/wt:Rpl22fl(STOP)fl-HA/wt). Genotypes of the crosses were confirmed using 

standard PCR genotyping as recommended by the Jackson Laboratory. To 

induce OL RiboTag expression, OL-RiboTag mice received 1 mg tamoxifen (20 

mg / mL in sunflower oil) i.p. daily for 8 days as previously described123. Male and 

female mice were used for initial validation of RiboTag transgene induction.  

Spinal cord injury  

Female WT or OL-RiboTag mice were used for SCI at 8-10 weeks of age. 

In tamoxifen-induced mice, SCI was performed 3 weeks after completion of the 

induction treatment. Anesthetized animals (400 mg / kg body weight 2,2,2-

tribromoethanol i.p.) were shaved around the surgical site and disinfected using 

4% chlorohexidine solution. Lacri-Lube ophthalmic ointment (Allergen, Madison, 

NJ) was applied to prevent eye drying. Following dorsal laminectomy at the T9 

vertebrae, moderate contusive SCI was performed using the IH impactor (50 

kdyn force / 400-600 μm displacement, Infinite Horizons, Lexington, KY) as 

previously described115. Sham controls only received T9 laminectomy. Starting 

immediately after surgery, postoperative care included 0.1 ml saline (s.c. daily for 

7 days), 5 mg / kg gentamycin (s.c. daily for 7 days), 0.1 mg/kg buprenorphine 

(s.c. every 12 h for 2 days), and manual expression of bladders twice a day for 

seven to ten days or until spontaneous voiding returned. All surgical and post-

surgery procedures were completed according to NIH and IACUC guidelines. All 

surgeries were performed without knowledge of group assignment or genotype. 

Tissue collection  
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Anesthetized mice were transcardially perfused with phosphate buffered 

saline (PBS, 4°C). For immunostaining, this was followed by 4% 

paraformaldehyde (PFA in PBS, 4°C) perfusion. Then, a 5 mm portion of the 

spinal cord spanning the injury epicenter was dissected and (i) post-fixed for 1 hr 

in 4% PFA at 4°C (immunostaining) or (ii) flash frozen in liquid nitrogen and stored at 

-80°C until further use (RiboTag polysome purification or RNA / protein isolation). 

Immunostaining 

Tissue processing, preparation of frozen 20 μm coronal (transverse) spinal 

cord sections, immunostaining and epifluorescent (RPL22-HA) or confocal 

(STEAP3, PCYOX1L) imaging followed standard protocols as previously 

described115,132. Primary antibodies used were as follows: anti-APC (mouse CC1 

clone, 1:200, Abcam, Cambridge, UK, Cat# ab16794, RRID: AB_443473), anti-

HA (mouse, 1:1000, HA.11 Clone 1612, Biolegend, San Diego, CA, Cat# 

901516, RRID: AB_2820200), anti-STEAP3 (species: rabbit, dilution: 1:200, 

Thermo Fisher Scientific, Walthanm, MA, Cat# PA5-102321, RRID: 

AB_2851729), anti-PCYOX1L (species: rabbit, dilution: 1:200, Atlas Antibodies, 

Bromma, Sweden, Cat# HPA037463, RRID: AB_10673632), anti-CNP (species: 

mouse, dilution: 1:200, Biolegend Cat# 836404, RRID AB_2566639), anti-

phospho-NFH (species: mouse, dilution: 1:500, Biolegend Cat# 801601, RRID: 

AB_2564641), anti-MBP (species: chicken, dilution: 1:500, Thermo Fisher 

Scientific Cat# PA1-10008, RRID: AB_1077024). Species- and isotype-specific 

Alexa488-, Alexa594-, or Alexa647- F(ab’)2 secondary antibodies (donkey, 

1:200, Life Technologies) were used. Counting RiboTag / HA+ cells were 
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performed without knowledge of sample origin (genotype or tamoxifen 

treatment).   

RiboTag RNA purification and RNASeq  

Frozen spinal cord samples from 2 mice were pooled to produce one 

biological replicate (3 biological replicates/group representing 6 animals). Pooling 

was done to increase RNA yield of the RiboTag immunopurification as 

determined in pilot experiments. SCI and naïve mouse spinal cord samples were 

processed for input polysome-associated mRNAs (total spinal cord mRNA) or 

immune-purified OL polysome mRNAs using anti-HA antibody and magnetic 

beads as previously described129,202. RNA isolation, mRNA library preparation 

and RNA sequencing on the Illumina NextSeq 500 platform followed standard 

procedures. Before preparing RNASeq libraries, successful isolation of OL 

polysomes was verified by qPCR for OL- and non-OL cell marker transcripts.  

Quantitative real-time PCR 

To prepare cDNA, the SuperScript IV system was used following 

manufacturer’s recommendations (Thermo Fisher, Cat# 18091050). qPCR was 

run using a microfluidic Custom TaqMan Gene Expression Array Card (Thermo 

Fisher, Cat# 43442249) containing primers for CNS cell-type specific marker 

mRNAs of oligodendrocytes (Mbp, Plp1, Mog, Cldn11, Mobp, Opalin, Mag, Fa2h, 

Gjb1, Ermn, Gjc2, Klk6, Sox10), astrocytes (Aldh1l1, Hgf), neurons (Reln, 

Snap25, Lhx5), and microglia/macrophages (Osm, Cd68, Tmem19). RNA levels 

were quantified using the ΔΔCT method with Hprt, Ppia, and 18S rRNA as 

reference transcripts. For each sample pair (OL translatome and total spinal cord 
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RNA from which OL translatome was isolated), OL mRNA levels were 

determined as a fold change of their total spinal cord expression.   

RNASeq data analysis  

Analysis of sequenced RNA was performed by the Kentucky IDeA 

Networks of Biomedical Research Excellence (KY INBRE) Bioinformatics Core. A 

quality control analysis was performed using FastQC (v.0.10.1) and indicated 

good sequencing quality. The reads were directly aligned to the Mus musculus 

reference genome (mm10.fa) using the STAR aligner (version 2.6). The average 

number of sequenced reads per sample was ~37,500,000 with an average 

alignment rate of 98.06%. Raw read counts were generated using HTSeq 

(v.0.10.0) and input to DESeq2 for differential expression analysis. The raw 

counts were normalized using Relative Log Expression (RLE) and filtered to 

exclude genes with fewer than 10 counts across samples. Principal component 

analysis (PCA) was performed on all 24 samples to measure variance of the 

overall mRNA expression pattern across all groups/sample sets. As part of the 

differential expression analysis, a DESeq2 interaction term was used to analyze 

differential OL enrichment after SCI and can be defined by delta 

Log2FC(OL/total)=Log2FC(OL/total)_SCI – Log2FC(OL/total)_naive. In this 

analysis, OL translatome- and total spinal cord RNA samples from the same 

tissue were paired for determination of differential OL enrichment. To identify 

genes with an RNA origin-specific effect (OL vs. total) at one or more time points, 

the full regression model was compared to a reduced model using a likelihood 

ratio test. Group-specific effects were then identified at individual timepoints 
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using a Wald test for significance. All RNASeq data are available in GEO 

(Accession number: GSE225308). A searchable, public database is also 

available at http://scigenedatabase.com/. 

Gene Ontology (GO) functional annotation analyses 

GO analysis was performed using g:Profiler (version 

e108_eg55_p17_d098162)206. Mitochondrial respirasome genes 

(Respirasome_GO_0005746) were retrieved from g:Profiler, and cholesterol 

biosynthesis superpathway genes were retrieved from Kegg Pathway 

(mmu:00100 and mmu:00900) and BioCyc databases207. Mitochondrial 

respirasome (Respirasome_GO_0005746) and cholesterol biosynthesis 

superpathway gene lists were retrieved from Metascape or Kegg Pathway 

(mmu:00100 and mmu:00900) databases, respectively. 

Gene list overlap analyses 

Lists of top 500 neural cell type-enriched transcripts were obtained from 

the BrainRNASeq database (www.brainrnaseq.org)208. Their overlaps with the 

SCI-regulated OL mRNAs were analyzed using the hypergeometric test 

(http://nemates.org/MA/progs/overlap_stats.html). In those calculations, the 

maximal number of all identified transcripts across all analyzed samples (17,168) 

was used to define the size of the whole spinal cord transcriptome. 

Immunoblotting 

Immunoblotting followed standard methodology as previously 

described115. The primary antibodies included STEAP3 and GAPDH (loading 

control) (Chemicon, 1:1000, Temecula, CA). BioRad ChemiDoc MP Imaging 

https://nam11.safelinks.protection.outlook.com/?url=http%3A%2F%2Fscigenedatabase.com%2F&data=05%7C01%7Cmichal.hetman%40louisville.edu%7Cbc7d1d22330e40486adf08db0a22fb44%7Cdd246e4a54344e158ae391ad9797b209%7C0%7C0%7C638114917577932460%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=3LehqZTrr6btWvzpAc6qS5OjzI4bNmgoFSKHpWUFu4U%3D&reserved=0
http://www.brainrnaseq.org/
http://nemates.org/MA/progs/overlap_stats.html
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System was used. Immunoblot quantifications were performed using TIFF-

formatted blot images and BioRad Image Lab software.  

Cell culture  

Isolation, culture, and OL differentiation of rat neonatal OPCs followed 

previously described methodology132. Cells were treated as follows: FCCP (50 

uM working stock solution in 0.1% DMSO / cell culture medium that was diluted 

to final concentrations 500 nM or 100 nM in cell culture medium; the FCCP stock 

was always prepared fresh), Tunicamycin (10 mg / ml stock prepared in DMSO 

and diluted to the final concentration of 2 ug / ml in culture medium) or their 

vehicle (0.02% DMSO in culture medium). Each solution was made fresh on day 

of treatment. 

Statistical analysis of immunostaining, qPCR and immunoblotting data 

All ratiometric data including % RiboTag+ cells, qPCR-determined total 

spinal cord-normalized OL mRNA levels and control treatment-normalized 

protein expression were performed using the two-tailed non-parametric Mann-

Whitney u-test.  

Results 

Isolation and sequencing of the OL translatome from the spinal cord   

OL-RiboTag mice (Plp-CreERT2+/wt:Rpl22fl(STOP)fl-HA/wt) were treated with 

tamoxifen to activate Cre-mediated recombination of the Rpl22fl(STOP)fl-HA allele 

(Figure 11a). Four weeks later, HA immunostaining was observed in 75% or 5% 

of CC1+ or CC1- cells throughout the thoracic spinal cord, respectively (Figure 

11b-c). Double-positive cells were present in the white and grey matter, as 
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expected for mature, CC1+ OLs (Figure 11b-c).  Conversely, in vehicle-treated 

controls, HA+ cells were rare (<2% or <0.5% CC1+ or CC1- cells, respectively, 

Figure 11b-c). Therefore, tamoxifen treatment resulted in efficient and OL-specific 

expression of the RPL22-HA in OL-RiboTag mice. Next, moderate contusive SCI 

(50 kdyn, T9) was performed in tamoxifen-induced OL-RiboTag mice and 5 mm 

spinal cord segments spanning the lesion site were collected at day post-injury 

(dpi) 2, 10, and 42. These time points were selected based on dynamics of spinal 

cord pathology after SCI including acute OL loss at the injury epicenter (dpi 2), 

peak of delayed OL apoptosis in the spared white matter (dpi 10) and limited 

remyelination (dpi 42)107,108,209. Uninjured, naïve OL-RiboTag mice were used as 

controls. After isolation of total spinal cord polysomes, OL polysomes were 

immunoprecipitated using anti-HA antibody. To ensure sufficient RNA yields, each 

biological sample combined spinal cord segments from two mice. Pilot studies 

revealed that polysome immunoprecipitation using a control IgG produced low 

RNA yields as compared to the anti-HA antibody confirming the specificity of the 

latter reagent (average of 48.4 or 285.34 ng RNA/sample with IgG or anti-HA, 

respectively; see Material and Methods for more details). Given such a disparity 

in RNA recovery between the control IgG and the anti-HA antibody, further 

analyses focused on anti-HA-purified OL translatomes. To verify their successful 

isolation, qPCR for neural cell marker transcripts was performed. As expected for 

translatomes from cells that are estimated to make about 20% of all spinal cord 

cells210,211, the average enrichment of an OL marker mRNA reach 5.89 fold 

change (FC) total RNA control (Figure 11d). Conversely, several astrocytic, 
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neuronal or microglial marker transcripts were depleted from OL translatome 

samples (median FC 0.52, 0.36 or 0.1, respectively, Figure 11d). Such a 

differential enrichment pattern was observed across all samples regardless of 

SCI status. Therefore, OL-enriched translatomes were successfully isolated from 

spinal cord tissue of OL-RiboTag mice.  

RNASeq was then performed on all samples. The principal component 

analysis (PCA) of the resulting mRNA expression data revealed robust 

separation of samples that represented OL-enriched translatome vs. total RNA 

input with the PC1 accounting for 70% variance (Figure 12a). Further separation 

was also evident including that between naïve and SCI samples (PC2, 19% 

variance, Figure 12a) or dpi 2 vs. other samples (PC3, 4% variance, Figure 12a). 

Next, OL-enriched mRNAs were identified for each set of samples. As 

compared to total RNA inputs, OL enrichment of Log2FC(Total)>0.5 was 

observed for 3,511, 3,302, 3,262, or 3,313 mRNAs in naïve, dpi 2, dpi 10 or dpi 

42 samples, respectively. While established mRNA markers of mature OLs were 

enriched, mRNA markers of neurons, astrocytes or microglia were depleted 

(Figure 12b). Gene ontology term enrichment analysis (GO) was performed for 

OL-enriched mRNAs (Figure 12c). The top enriched GO terms did not include 

OL-specific biological processes (BPs) or cellular components (CCs, Figure 12c). 

However, OL-specific GO-BPs/CCs such as axon ensheathment, myelination, or 

myelin sheath were highly overrepresented when the analysis focused on 520 

mRNAs with highly selective OL expression as defined by Log2FC(Total)>2, 

q<0.05 (Figure 12c). A similar pattern of GO term enrichment was observed when 



73 

analyzing OL-specific mRNAs from other samples sets including dpi 2, 10, or 42 

(Figure 13). Therefore, OL translatomes were successfully isolated from both 

intact and injured spinal cords.  

Identification of differentially expressed OL genes after SCI  

To compare SCI-mediated changes in OL-enriched translatomes, 

differentially expressed mRNAs were identified between OL SCI vs. OL naive 

samples (|Log2FC/naïve/|>1, q<0.05). However, several well-established markers 

of microglia/monocyte-derived macrophages were identified as OL-upregulated 

after SCI (Figure 14a). Those included such mRNAs as Itgam/Cd11b, Cx3cr1, 

and Aif1/Iba1, whose post-SCI protein expression has been confirmed in many 

studies to be microglia/macrophage-specific (as reviewed in David and Kroner212 

and Milich et al.209). In support of being expressed mainly by inflammatory cells, 

all those marker transcripts remained OL-depleted after SCI and their OL de-

enrichment did not change significantly (Figure 14a). Moreover, extensive 

overlaps were observed between SCI-upregulated mRNAs from OL translatomes 

and the top 500-microglia-enriched mRNAs (Figure 14b). Such findings suggest 

that some mRNAs that are present in OL tranlsatome represent a contamination 

from non-OL cells, as recently shown in heterologous culture systems213. 

Importantly, such a non-specific co-purification with cell type-tagged ribosomes 

may be particularly relevant acutely after CNS injury when tissue cellularity 

changes and some mRNAs such as those expressed by the inflammatory cells 

become extremely abundant195. 
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To reduce interference of those potential contaminating transcripts, a two-

arm filtration procedure was applied to differentially expressed mRNAs from OL 

translatomes (Figure 14c). In arm 1, the identified transcripts were filtered using 

the DESeq2 interaction function to identify those that also showed differential OL 

enrichment of the same direction/magnitude (change of OL enrichment in SCI vs. 

naïve samples, |Log2FC/Total/SCI-Log2FC/Total/naïve|>1, q<0.05). This process 

eliminated mRNAs whose OL translatome changes are driven primarily by their 

parallel changes in the total RNA pool.  

However, differential enrichment analysis may miss those mRNAs whose 

OL translatome levels change in the same direction/magnitude as in total spinal 

cord samples. In case of constantly OL-enriched mRNAs that also show 

preferential OL expression (Log2FC(Total)>1, q<0.05), their exclusion is not 

justified as OLs are their major expressors and cross-contamination from other 

cell types is less likely. In total RNA samples, injury related changes of such OL-

enriched transcripts are still a reflection of OL-specific response to SCI. 

Therefore, the second arm of the filtration procedure identified those highly 

regulated mRNAs that were also OL enriched regardless of passing the 

differential enrichment filtration. The resulting two-arm filtration process for 

differential or constantly high OL enrichment identified hundreds of mRNAs that 

represent high confidence components of OL gene expression response to SCI 

(Figure 14c). Importantly, OL upregulated genes that were identified in this 

manner did not show significant overlaps with the transcriptomic signature of 

microglia (Figure 14d).    
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Bioenergetic re-organization and reduced morphological 

complexity/connectivity as major components of OL-specific gene 

expression response to SCI  

GO enrichment analysis was used to interpret the newly described 

changes of the OL-enriched translatome after SCI. Among 344 highly 

upregulated transcripts on dpi 2, the top-enriched GO-BP terms included several 

broad categories such as those related to development, nervous system 

development, regulation of biological quality or signaling (Figure 15a). More 

specificity emerged among top enriched GO-CC, GO-MF, and KEGG pathway 

terms. Those included such mitochondrial function-associated GOs as inner 

mitochondrial membrane, mitochondrion, proton-transporting ATP synthase 

activity, oxidative phosphorylation, or thermogenesis. Interestingly, eight 

components of the mitochondrial respirasome were highly upregulated 

(Log2FC(naïve)>1, Figure 15b). Moreover, 30 additional respirasome genes were 

found when the OL upregulation threshold was lowered to Log2FC(naïve)>0.5 

(q<0.05, Figure 15b). Together, over 55% of 68 OL-expressed mitochondrial 

respirasome genes (GO:0005746) were upregulated with median 

Log2FC(naïve)=0.87 (q<0.05) suggesting a coordinated response to increase 

oxidative phosphorylation.  

On dpi 10, 155 highly upregulated mRNAs showed greatest 

overrepresentation of several broad GO-BP terms that were related to 

development (Figure 15c). In addition, enrichment of synapse-related GO-CCs 

was observed (Figure 15c). Upregulation of synapse-associated transcripts could 
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be interpreted as an attempt to re-establish OL-axonal synapses that were likely 

lost during the acute phase of SCI-associated axonal injury43. Development 

remained a top-enriched GO-BP theme among 294 highly upregulated mRNAs 

on dpi 42 (Figure 15d). In addition, high enrichment of mitochondria-associated 

GOs was found including the GO-CC or KEGG pathway terms mitochondrial 

inner membrane, mitochondrion, oxidative phosphorylation and thermogenesis 

(Figure 15d). On dpi 42, both the spectrum and scale of mitochondria-related 

mRNA upregulations appeared to be even greater than that on dpi 2. Specifically, 

48 mitochondrial respirasome genes were upregulated in OLs on dpi 42 

(Log2FC(naïve)>0.5, q<0.05, Figure 15b) with median Log2FC(naïve)=0.95). 

These data suggest that on dpi 42, OL metabolism is again reorganized to favor 

oxidative phosphorylation. 

On dpi 2, 278 highly downregulated mRNAs from the OL-enriched 

translatome showed high level enrichment for several broadly defined GO-BP 

terms that are associated with development (Figure 17a). In addition, several top 

enriched GO-BP, GO-CC, and GO-MF terms were related to cytoskeleton 

organization, cell projection organization, cell periphery, cell projections, cell 

junctions and actin cytoskeleton. While GO-BP cell adhesion (GO:0007155) was 

not among top enriched terms, 40 out of 271 genes in that category were also 

down with Log2FC(naïve)<-1, -log(q)= 5.06). Such a functional profile of 

downregulated genes suggests adaptive changes to reduced morphological 

complexity of OLs and / or OL disconnection from other cells/extracellular matrix. 
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Myelin sheath loss and disconnection from axons may be major drivers of these 

changes.  

Although only 35 genes were highly downregulated in OLs on dpi 10, they 

showed significant overrepresentation of GO terms related to sterol biosynthesis 

(Figure 17b). When data for all 23 OL-expressed components of the cholesterol 

biosynthesis superpathway were analyzed, 15 genes were downregulated 

(median Log2FC(naïve)=-1.14, q<0.05) and just one (Hmgcs2) was upregulated 

(Figure 16, Figure 17c). Importantly, downregulated genes included two critical 

regulators of cholesterol biosynthesis Hmgcr and Sqle (Figure 16, Figure 17c). 

Both genes remained downregulated on dpi 42 (Figure 17c). Importantly, all 

downregulated cholesterol biosynthesis genes showed OL-enriched expression 

in naïve, dpi 2, or dpi 10 mice with median log2FC(Total)=1.55, 1.61, or 1.39, 

respectively (q<0.05, Figure 17c). Such an expression pattern is consistent with a 

critical role of cholesterol synthesis in long term maintenance of myelin and 

survival of mature OLs214. Therefore, downregulation of cholesterol biosynthesis 

may represent an adaptive response to loss of myelinated axons/myelin sheaths 

acutely post-SCI. It may also contribute to OL apoptosis subacutely post-

SCI107,108.  

Top-enriched GOs for 224 transcripts that were highly downregulated on 

dpi 42 included several broadly defined terms such as development, biological 

regulation or binding (Figure 17d). In addition, cell adhesion, cell junction and 

glutamatergic synapse were also enriched (Figure 17d). This cell disconnection-

like response resembles that observed among dpi 2-downregulated mRNAs. 
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Collectively, GO analysis of OL-specific gene expression suggests a bioenergetic 

shift towards oxidative phosphorylation and reduction of morphological 

complexity/cell connectivity both acutely and subchronically post-SCI. At least 

subchronically, stress adaptation and OL survival is the likely outcome of such 

changes as most OL loss occurs during acute/subacute phases of the SCI 

recovery107,108. However, those surviving OLs appear to undergo protracted 

degeneration including putative disconnection from axons.  

Identifying candidate regulators of acute OL loss  

After SCI, most OL loss occurs at the injury epicenter 24-48 hours post 

SCI107,108. Subacutely (dpi 7-dpi 21), additional OL loss via apoptosis is found in 

areas rostral and caudal from the epicenter107,108. No major OL loss has been 

reported beyond dpi 28107,108. Thus, OL mRNAs with acute post-SCI upregulation 

on dpi 2, but decreasing expression on dpi 42, may include major regulators of 

SCI-associated OL loss. Of 344 highly upregulated OL translatome mRNAs on 

dpi 2(Log2FC(naïve) >1, q<0.05, Figure 14), 148 were either not significantly 

upregulated on dpi 42, or their dpi 42 levels were at least two-fold lower than on 

dpi 2 (Figure 18a). In addition, 146 of those acutely-upregulated mRNAs showed 

their highest Log2FC(naïve) values on dpi 2 and only 2 reached maximal 

Log2FC(naïve) values on dpi 10. GO analysis of those OL loss-associated 

mRNAs revealed enrichment for GO-BP terms related to cell signaling (Figure 

18b). Those included response to stimulus, regulation of cell communication, 

regulation of signaling, and signal transduction. Such an enrichment pattern 

corresponded well with overrepresentation of plasma membrane-associated GO-
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CCs (Figure 18b). In addition, mRNAs encoding secreted proteins that are 

located in the extracellular region were overrepresented (Figure 18b). Cell death-

associated GO-BP terms were also moderately enriched (e.g. GO:1901214, 

regulation of neuron death, 12/381 genes, -log(q)= 2.80). Finally, moderate 

enrichment of KEGG pathway terms related to amino acid biosynthesis was 

observed (Figure 18b).  

Literature analysis was performed to identify which of 148 acute-phase-

specific mRNAs are likely regulators of OL loss. Interestingly, several of those 

transcripts encoded components of the two major OL survival signaling 

cascades: the ERK1/2 MAP kinase pathway and the PI3K-AKT pathway215–217 

(Figure 18c,e,f). Of note, both positive and negative regulators of those pathways 

were upregulated (Figure 18c). In case of the ERK1/2 MAP kinase pathway, 

increased activity of the glutamate receptor (Grik3, Cacng5)218 or receptor 

tyrosine kinase-mediated inputs (Fgfr4, Fgfbp3)219 appeared to be opposed by 

upregulation of negative regulators of RAS/RAC1-mediated activation of MKK1/2 

(Syngap1220, Spry1, Spred3, Spry4221, Steap3222, or the ERK1/2 phosphatase 

Ptpn5223. In the case of the PI3K-AKT pathway, enhanced inputs (Fgfr4, Fgfbp3, 

Itgad, Bcat1/Bcat2, Pfkfb4)224–226 were opposed by upregulation of negative 

regulators including Parvb227 and Inpp4a228. Interestingly, OL upregulation of the 

pro-survival cytokine Il17b229 may represent an autocrine / paracrine stress 

survival mechanism as the IL17b receptor mRNA (Il17rb) is highly OL-enriched 

both in uninjured and contused spinal cord (Log2FC(Total)= 2.40, 2.87, 2.34, or 

2.51 for naïve, dpi 2, 10, or 42, respectively, q<0.05). Likewise, OLs appear as 
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the main source of Il17b expression (Figure 18e). Thus, pro-survival signaling 

networks are re-organized during the acute phase of OL response to SCI. 

Several of those changes may be adaptive and support survival under stress 

(e.g. activation of the ERK1/2-NFkB signaling by IL17B229, AKT activation by 

PFKFB4 / BCAT1/2-mTOR225,230, or PTPN5-mediated dephosphorylation of the 

activated ERK1/2 to limit the duration of ERK1/2 signaling)231. 

Several acutely upregulated genes were identified as potential regulators 

of the cell death machinery (Figure 18d-f). Activation of cell death may be 

promoted by: (i) reactive oxygen species (ROS) generating enzymes Pcyox1l 

and Pla2g3232,233, (ii) an inhibitor of the death receptor-driven, pro-survival gene 

transcription, Tifab234, (iii) a pro-excitotoxic inhibitor of JUN degradation, Prr7235, 

and / or (iv) a positive regulator of pro-apoptotic MAP kinases JNK/p38, 

Steap3236. Conversely, cell death initiation may be negatively regulated by 

increased expression of (i) enzymes that antagonize accumulation of the pro-

apoptotic second messenger ceramide (Acsl5, Sphk1)237,238, (ii) Sphk1 which 

stimulates production of the cytoprotective lipid mediator sphingosine-1-

phosphate238, (iii) negative regulators of ERK1/2 that may limit persistent, pro-

necrotic activation of the ERK1/2 pathway in oxidative stress-exposed cells231, 

(iv) several enzymes that contribute to anti-oxidant defenses reducing ROS 

toxicity (Lpo239, Apod240, Bcat1/2241, Aldh18a1242, Pyccr1243, Pfkfb4244, and (v) 

reduced ROS generation due to Trf (transferrin)-mediated chelation of iron245. 

Likewise, the lipid-peroxidation mediated effector phase of cell death cascades 

including ferroptosis may be antagonized by those positive regulators of anti-
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oxidant defenses. Opposite effects on oxidative mechanisms of cell death 

execution are expected from upregulation of the potentially pro-ferroptotic 

lysosomal/endosomal ferroreductase Steap3 which, by increasing the cytosolic 

Fe2+ pool, may promote lipid peroxidation246–248. Similar consequences may 

follow upregulation of the GSH-depleting enzyme Chac1 as GSH is the key 

substrate for anti-ferroptosis lipid repair enzymes such as GPX4248. In addition, 

upregulation of the pro-apoptotic gene Hrk may promote SCI-induced OL 

apoptosis249. 

Several upregulated genes with a potential to modulate oxidative cell 

death (Pla2g3, Apod, Trf, Lpo) encode for secreted proteins250. In addition, on dpi 

2, those transcripts are highly OL-enriched, suggesting OLs to be the main 

source of their respective protein products in the contused spinal cord tissue 

acutely post-SCI (Figure 18e). Other acutely OL-upregulated genes showing a 

similar pattern include those for secreted serine proteases (Klk8, Klk9) and 

secreted serine protease inhibitors (Serpina3n, Serpina3c, Figure 18e). 

Excessive extracellular serine protease activity may promote cell death and 

enhance white matter damage193,251,252. Therefore, OLs appear to activate 

autocrine/paracrine mechanisms that via regulation of oxidative stress and / or 

extracellular proteolysis may modify acute pathogenesis of SCI. Such a concept 

is supported by a report that SCI-associated OL death and axonal damage was 

reduced in Klk8-/- mice193. 

Epigenetic de-silencing as a potential regulator of the OL response to SCI  
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The current analysis of the OL translatome revealed extensive 

upregulation of genes in response to SCI. To identify transcriptional mechanisms 

that may contribute to such a response, overlaps between OL-upregulated genes 

and public datasets of ChIPSeq-confirmed mouse genome operons were 

determined using the ChIPSeq database module of the X2K suite253. At each 

post-SCI timepoint, top enriched operons included SUZ12 and MTF2, two 

components of the PRC2 chromatin repressive complex254. To further validate the 

specificity of these enrichments, z-scores were calculated for operon overlap 

gene counts of 344 dpi 2 upregulated genes vs. average overlap gene count for 

10 random sets of 344 OL expressed genes. OL-upregulated genes showed 

overlaps with seven mouse genome operons that passed a stringent specificity 

criterion of z>5 (Figure 19a). Four of those operons (including three with top Z 

scores) were for the chromatin silencing factor SUZ12. Two other chromatin 

silencing factors including RCOR3 and MTF2 were also highly enriched. The 

specificity of those findings was further confirmed by weak operon enrichment 

among 289 acutely downregulated genes with a z-score range for top ten 

overlaps of 0.94-2.57.      

As components of PRC2, SUZ12 and MTF2 promote repressive 

methylation of histones254. Noteworthy, SUZ12/PRC2-mediated gene repression 

is required for OL differentiation by downregulating differentiation inhibitory 

genes255. RCOR3 is a component of the KDM1A-RCOR1/2/3-HDAC complex 

that silences genes by opposing pro-transcriptional histone methylation and 

acetylation256,257. RCOR3 may be a negative regulator of those gene silencing 
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activities resulting in upregulation of genes that are repressed during cell 

differentiation257. Suz12, Mtf2, and Rcor3 transcripts were detected both in total 

RNA and OL translatomes (Figure 19b). Their expression was unaffected by SCI. 

While Suz12 and Mtf2 showed similar expression in OLs and total RNA, Rcor3 

was moderately OL-enriched in all groups except dpi 42 (Figure 19b). Therefore, 

the identified operons are matched by continuous OL expression of their 

respective regulators.   

Interestingly, the list of 129 unique SUZ12 target genes that were OL-

upregulated acutely after SCI showed overrepresentation of GO terms related to 

signaling (Figure 19c). Moreover, it included such potential regulators of acute OL 

loss as Ptpn5, Spry1, Spred3, Spry4, Fgfr4, Fgfbp3, Il17b, Grik2, Sphk1, and 

Hrk. All but two of those PRC2 targets (Ptpn5 and Il17b) overlapped with the 

RCOR3 operon. The current data suggest that de-silencing of the PRC2 and 

RCOR3 operons may contribute to acute upregulation of many SCI-response 

genes in OLs. Moreover, de-silencing of PRC2-repressed genes may also play a 

role in OL gene upregulation on dpi 10 and dpi 42. 

STEAP3 as a novel marker of acute OL response to SCI 

STEAP3 is a membrane protein that acts as a major endosomal/lysosomal 

metalloreductase that reduces Fe3+/Cu3+ to Fe2+/Cu2+ 246,258. As Fe2+ is then 

exported from endosomes/lysosomes to cytoplasm, STEAP3 plays an important 

role in the cellular iron supply246,247,259, but may also promote lipid peroxidation 

and ferroptosis260. In addition, STEAP3 binds to cell death effectors and signaling 

mediators to promote apoptosis and / or reduce activity of the pro-survival 
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pathways222,236,261. It is also required for stress-dependent exosome 

secretion262,263. Therefore, OL-upregulated Steap3 may promote OL loss, but 

may also, via stimulation of exosome-mediated secretion, affect axons and / or 

other spinal cord cells.  

In naïve mice, OL translatomes showed significant de-enrichment of 

Steap3 (Figure 18e). High OL enrichment appeared on dpi 2 followed by similar 

expression in OL translatome and total RNA on dpi 10 and 42 (Figure 18e). In 

OLs, Steap3 was sharply up on dpi 2 and remained elevated, albeit at reduced 

levels throughout the recovery period with Log2FC(naive) ranging from 6.52 on 

dpi 2 to 3.67 on dpi 42 (Figure 18e). In total RNA samples, Steap3 levels were 

also increased throughout the recovery period with an apparent peak on dpi 2 

(Log2FC(naive)=2.9, 2.7, or 1.89 on dpi 2, 10, or 42, respectively, q<0.05).  

Increased expression of STEAP3 protein was confirmed by western 

blotting (Figure 20a). STEAP3 levels were significantly increased on dpi 2 but not 

dpi 10 or dpi 42 (Figure 20b). Therefore, at least acute OL tranlsatome 

upregulation of Steap3 transcript correlates with increased bulk spinal cord 

expression of STEAP3 protein.  

In naïve mice, faint STEAP3 immunofluorescence was observed in cell 

bodies of white matter OLs (CC1+, Figure 21a, Figure 22). On dpi 1 or 2, such 

staining was also present throughout the spared ventral white matter at the injury 

epicenter as well as rostrally or caudally (Figure 21a, Figure 22 and 25). 

Seemingly nuclear localization of OL STEAP3 staining on transverse sections 

may represent perinuclear localization that is polarized mainly in the rostral-
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caudal axis (Figure 21a). Unipolar, perinuclear STEAP3 immunofluorescence 

that reflects localizations to the endosomal/trans-Golgi network (TGN) has been 

reported in various cell types246,258,262,263. 

Acutely after SCI (dpi 1 or 2), a strong STEAP3 signal was also found in 

ring-like structures throughout the spared white matter (Figure 21a-b, Figure 22 

and 25). Those structures were observed both at the injury epicenter as well as 

at the penumbra region rostrally and caudally from the injury site. They often 

showed partially overlapping and / or closely associated signals for the myelin 

marker MBP, as well as axonal marker phospho-NFH (p-NFH, Figure 21b). 

Importantly, those STEAP3+ structures likely represent a specific STEAP3 signal, 

as they were not observed with a control IgG (Figure 22 and 25).  

Moreover, a different staining pattern was observed for PCYOX1L, whose 

mRNA is enriched in the OL translatome and is selectively upregulated in OLs 

but not total RNA samples on dpi 2 (Figure 18e, Figure 23, Figure 24 and 25). 

PCYOX1L is a close relative of the lysosomal cysteine deprenylase PCYOX1, 

which generates hydrogen peroxide and may contribute to oxidative 

stress233,264,265. In the white matter, PCYOX1L staining was observed in cell 

bodies and adjacent processes of CC1+ OLs (Figure 23a, Figure 22 and 24). 

Both control and SCI animals showed similar patterns of PCYOX1L expression 

that are consistent with a relatively moderate post-SCI increase of Pcyox1l in 

OLs (on dpi 2, Log2FC/naïve/=1.08, q<0.05). Unlike STEAP3, PCYOX1L 

immunofluorescence was observed in association with only a few damaged 

axons (Figure 23b, Figure 24 and 25). Therefore, acute upregulation of OL 
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STEAP3, but not PYCYOX1L, may be directly related to degeneration of 

myelinated axons.   

Interestingly, STEAP3 was upregulated following treatment of cultured OL 

precursor cells (OPCs) or OPC-derived OLs with a mitochondrial uncoupling drug 

FCCP, but not the ER stress inducer tunicamycin (Figure 26). As FCCP 

uncouples mitochondrial respiration from ATP synthesis and increases 

mitochondrial ROS generation266, upregulation of STEAP3 may represent a 

response of OL lineage cells to mitochondria dysfunction/mitochondrial oxidative 

stress. The latter form of cellular damage may upregulate expression of iron 

supply genes as mitochondrial biogenesis is a major driver of iron demand267. 

Discussion 

The current data set represents the first comprehensive 

transcriptomic/translatomic description of OL gene expression response to SCI. 

Acutely, SCI-challenged OLs show translatomic changes indicative of a metabolic 

shift towards mitochondrial respiration that coincides with morphological 

simplification/cellular disconnection. Unexpectedly, a similar pattern reemerges 

subchronically. Acutely, OLs appear to undergo extensive re-organization of 

survival signaling networks. In addition, the acute OL translatome changes 

suggest an active role in regulation of cytotoxic mechanisms that contribute to 

secondary injury including extracellular proteolysis and oxidative stress. 

Epigenetic de-silencing appears to be a major driver of the SCI-activated OL 

gene expression. Lastly, STEAP3 is a novel marker of OL injury response that 
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may play a dual role as a positive, pleiotropic regulator of OL death/degeneration 

and an enhancer of exosome-mediated intercellular communication. 

The current translatome analysis revealed OL-specific, SCI-mediated 

upregulation of several genes that were also identified as OL-upregulated in a 

recent scRNASeq analysis of the mouse spinal cord tissue acutely/subacutely 

after moderate contusive SCI195. Those include Apod, Pla2g3, Trf, Klk8, 

Serpina3c, Serpina3n, Steap3, Pcyox1l, Itgad, Pfkfb4, Bact1/2 or Spry1. In 

addition, SCI-associated OL translatome changes show partial overlap with OL 

transcriptomic response to other types of CNS injury268. Recent analysis of 

multiple scRNASeq datasets from various mouse models of white matter damage 

including amyloidosis, tauopathy, EAE, and lysolecithin-induced demyelination 

has identified three major transcriptomic profiles of disease-associated OLs 

called DA1, DA2 and IFN. Of note, signature transcripts of all those profiles 

showed significant overlaps with SCI-upregulated OL mRNAs (Figure 27). The 

greatest overlaps were observed for the persistent, pro-inflammatory DA1 cluster. 

The overlap peaked on dpi 10, but was clearly present also on dpi 2 and dpi 42. 

The overlap with the transient cell injury response profile DA2 peaked on dpi 2. 

Interestingly, Steap3 has been identified as a marker of DA1268. In addition, 

downregulation of cholesterol biosynthesis genes was identified as a major 

component of OL response to CNS injury throughout all those transcriptomic 

profiles268. The transient occurrence of such a response on dpi 10 suggests the 

greatest similarity between SCI-mediated OL gene expression changes at that 

time and those DA transcriptomic profiles.  
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While the current OL translatome dataset captures a large set of OL-

expressed genes including those that are regulated by injury, it has important 

limitations that should be considered when choosing analysis tools or interpreting 

data. First, we observed apparent contamination of OL polysomes with mRNAs 

from non-OL cells including microglia/macrophages. We speculate that such a 

contamination originates from non-specific interactions between highly inducible 

non-OL mRNAs and IgG-coupled magnetic beads that occurs during sample 

preparation. Similar contamination has been recently reported in co-cultures of 

human and mouse neural cells213. The two-fold filtration process that took into 

account differential OL enrichment or constantly high level of OL enrichment 

reduced that contamination and identified high confidence components of the OL 

translatome that are regulated by SCI. However, while specificity of detection has 

improved, sensitivity likely suffered with over 60% of differentially expressed OL 

translatome mRNAs not passing the filtration criteria (Figure 14). Therefore, 

some components of OL response are likely missed in our analysis. 

Nevertheless, such a conservative analysis approach is justified in acute CNS 

injury models where dramatic changes in both tissue cellular composition and 

transcriptomes of inflammatory cells are major factors that determine bulk 

transcriptome readouts.   

Another limitation is related to imperfect OL specificity of Plp-CreERT2 

expression. The Plp-CreERT2 transgenic line that was used here to activate the 

RiboTag also drives Cre-ERT2 activity in Schwann cells205. As spinal cord 

samples my contain some short fragments of spinal nerve roots, it is possible 
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that a small fraction of OL polysomes is of Schwann cell origin. Such a 

contamination of the current dataset is suggested by an apparent OL enrichment 

and SCI upregulation of marker transcripts of Schwann cell nerve injury response 

including Egfl8 or Gdnf269. Hence, at least some SCI-associated effects on OL 

gene expression may represent Schwann cell responses. Potential classification 

mistakes can be best avoided by confirming OL translatome mRNA changes 

using single cell level analysis of protein expression such as immunofluorescent 

or in situ hybridization-base approaches.  

In myelinating glia, mitochondrial respiration is critical for myelination 

during development as myelin synthesis requires a large amount of ATP69,270. 

Conversely, in mature OLs, mitochondrial respiration is dispensable for OL 

survival, myelin sheath maintenance and axonal function69. Instead, OLs support 

axonal energy needs by providing lactate that is generated via aerobic 

glycolysis69. Therefore, OL mitochondria, some of which are also found in myelin 

sheaths, may be primarily involved in Ca2+ homeostasis and generation of 

anabolic metabolites for lipid synthesis270. 

As electrical activity of axons is a major consumer of OL-generated 

lactate69, one could expect that OL disconnection from axons and / or axonal 

damage would lower lactate demand. Consequently, aerobic glycolysis would be 

reduced and mitochondrial respiration would increase producing a metabolic 

profile that resembles pre-myelinating/actively myelinating OLs. Our observed 

concomitant upregulation of respirasome genes, together with downregulation of 
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genes associated with morphological complexity/connectivity, supports such a 

scenario both acutely and subchronically after SCI.  

Moreover, these data suggest that the first, acute wave of myelinated axon 

damage and reprogramming of OL metabolism is followed by a second, sub-

chronic wave. After contusive SCI in rats, tracing experiments of the corticospinal 

tract showed acute axonal damage that is followed by chronic persistence of 

severed axons rostrally to the lesion271. In addition, a small portion of axons in 

the rubrospinal tract showed chronic damage and de/hypomyelination after 

mouse contusive SCI272. Therefore, while most axonal damage/myelin loss 

occurs acutely, continuing subchronic degeneration of myelinated axons is 

possible. As neuronal activity may affect both myelin sheath morphology and 

metabolic function171, it is also possible that subchronic reorganization of OL 

respiration and connectivity may be a response to post-SCI reduction in activity 

of specific axonal tracts and / or spinal circuitries.  

Core components, as well as regulators, of various intracellular signaling 

networks are highly represented among acutely upregulated OL genes. Several 

of those genes may have modulatory effects on survival signaling affecting acute 

loss of OLs. Those include increased expression of positive regulators of the 

core anti-apoptotic pathways ERK1/2 MAP kinase and PI3K-AKT. The former is 

often involved in Ca2+ sensing downstream of cell electrical activity218 and the 

latter transduces survival signals from cell junctions273. Hence, post-SCI 

disconnection of OLs from axons may trigger a compensatory response due to 

reduced inputs of those pathways including lower activity of axonal-OL synapses 
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and reduced axonal laminin to OL integrin signaling. One could speculate that the 

net effects of those compensatory changes are pro-survival. Thus, PI3K-AKT 

activity seems to be mostly positively regulated, including upregulation of 

alternative inputs that activate AKT (Figure 18). Conversely, increased 

expression of many negative regulators of ERK1/2, including the ERK1/2-

inactivating phosphatase Ptpn5, may limit oxidative stress-related, pro-necrotic 

overactivation of ERK1/2231.  

Lastly, SCI-mediated changes in OL gene expression indicate their active 

role in modifying the tissue environment to modulate secondary injury. Such 

effects may be mediated both by canonical secretion of signal-peptide containing 

proteins and non-canonical secretion by exosomes, as STEAP3 is a major 

regulator of exosome-mediated secretion262,263. Of note, significant enrichment of 

secreted proteins among upregulated genes on dpi 10 or dpi 42 suggests that 

OLs regulate not only acute damage, but also subacute/subchronic repair of the 

contused spinal cord. 

In summary, this study establishes the first translatomic chart of OL 

response to thoracic contusive SCI. It uncovers previously unrecognized aspects 

of OL biology after SCI, including putative metabolic re-programming, re-

organization of intracellular signaling and epigenetic de-silencing as a major 

driver of OL gene expression response to injury. These SCI-associated OL 

translatome data will be useful for design and / or interpretation of mechanistic 

studies of SCI-associated white matter damage as well as other types of white 
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matter pathology. Current data are available as a searchable database at SCI OL 

Gene Expression Database (scigenedatabase.com).  
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Figure 11. Successful induction of the OL-Ribotag and isolation the OL 

translatome.  

(a) Design of the current OL-Ribotag study. OL-Ribotag mice are generated by

combining the conditional Rpl22-HA knock in (Ribotag) with Plp1-driven 

CreERT2. After tamoxifen treatment, RPL22-HA is expressed selectively in 

mature OLs enabling immunoaffinity purification of their translatomes. OL or all 

cell (total RNA) mRNA expression is measured using qPCR or RNASeq. After 

normalization, OL enriched expression can be calculated as a fold total RNA 

sample. (b) Co-immunostaining for HA and the OL-specific CC1 epitope in 

thoracic spinal cord of vehicle- or tamoxifen-induced OL-Ribotag mice. Note the 

appearance of many HA+ cells in the white matter of tamoxifen-treated animals. 

Most of those cells were also CC1+ (arrowheads). (c) Quantitation of data 

obtained as in (b). (d) Tamoxifen-induced OL-Ribotag mice received SCI and 

their contused spinal cord tissue was used for OL translatome isolation at the 

indicated days post-injury (dpi). Cell type marker transcripts were determined in 

OL and corresponding total RNA samples by qPCR. All cell-expressed 

housekeeping genes were used for normalization. Note the OL enrichment of OL 

marker mRNAs across all experimental groups. Conversely, several non-OL cell 

marker mRNAs were OL-depleted.  Data on graphs represent averages ±SD 

from 3 individual animals (c) or 3 biological samples pooled from 2 mice each 

(d); *, p<0.05; **, p<0.01; ***, p<0.001 Mann-Whitney u-test). 
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Figure 12. RNASeq confirms successful isolation of the OL translatome 

from intact or injured spinal cord tissue. 

 Tamoxifen-induced OL-Ribotag mice received SCI and OL translatomes were 

immunopurified as described in Figure 11. Following qPCR analysis of cell 

marker transcripts (Figure 11d), mRNA expression in the OL translatome and 

corresponding total RNA samples was analyzed by RNASeq. (a) Principal 

Component Analysis (PCA) was performed across all samples and included 
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mRNAs with a read count ≥10. Note that 70% of variance (PC1) was related to 

OL vs. total RNA origin followed by 19% (PC2) or 4% (PC3) due to effects of SCI 

across all time points or on dpi 2, respectively. (b) Volcano plots presenting all 

differentially expressed genes/mRNAs (DEGs) between OL vs. total RNA 

samples from the indicated groups. Note the significant OL enrichment or 

depletion of OL or microglia/neuron marker mRNAs across all groups, 

respectively. (c) The top 10 most overrepresented gene ontology biological 

process (GO-BP) or cellular component (GO-CC) terms among OL-enriched 

mRNAs from naïve mice as determined by q value ranking. GOs related to OL 

function (red boxes) show a high level of overrepresentation when highly, but not 

moderately, enriched OL mRNAs are analyzed. Similar GO overrepresentation 

patterns emerged in OL DEGs from SCI samples.
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Figure 13. Successful Isolation of OL translatome after SCI.  

OL-enriched transcripts (Figure 12) with enrichment Log2FC(Total)>2, q<0.05 

were analyzed for GO term overrepresentation. Top 10 most overrepresented 

gene ontology terms/category are shown for dpi 2 (a), 10 (b) and 42 (c). GOs 

related to OL function (red boxes) show high level of overrepresentation.
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Figure 14. Determining OL gene expression response to SCI.  

Differential gene expression was analyzed in OL translatomes from SCI vs. naïve 

samples. (a,b) SCI OL translatome contamination with marker mRNAs of 

microglia/monocyte-derived macrophages. At each timepoint after SCI, the top 
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1000 highly upregulated transcripts (Log2FC/naïve/ >1, q<0.05) included several 

established markers of microglia and/or monocyte-derived macrophages (a). 

While sharply upregulated in total RNA samples, those microglial mRNAs were 

OL depleted and their OL de-enrichment was unaffected after SCI. (b) Significant 

overrepresentation of the top 500 microglia marker transcripts (Brain RnaSeq 

database) among OL-upregulated mRNAs after SCI, representation factor = 1 if 

the number of overlapping genes is as expected by a random chance (OPC, 

oligodendrocyte precursor cells; EC, endothelial cells). (c) Flow chart of the 

filtration procedure for high confidence identification of the SCI-upregulated 

component of the OL translatome. The two-arm filtration process was based on 

(i) differential OL enrichment after SCI or (ii) constantly high OL enrichment

before and after SCI. In each case, OL expression analysis took into account 

changes in total RNA (see Text for more details). (d) After filtration, no 

overrepresentation of microglial marker mRNAs is present among OL mRNAs 

that are upregulated after SCI.
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Figure 15. The OL response to SCI includes biphasic upregulation of 

mitochondrial respirasome genes.   

(a,c,d) Overrepresented GOs (top 10/category) among high confidence OL 

translatome mRNAs that are highly upregulated after SCI (Log2FC/naïve/>1, 

q<0.05, and two-arm filtration /Figure 14c/). Several GOs related to mitochondria 

are overrepresented on dpi 2 and 42, but not dpi 10 (red boxes). MF- molecular 
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function. (b) Fifty out of 68 mitochondrial respirasome genes that are OL-

expressed are also OL upregulated on dpi 2 and/or 42 (Log2FC/naïve/>0.5, 

q<0.05, bold). In most cases, their total spinal cord expression is unaffected 

(q>0.05, grey cells). Therefore, the biphasic upregulation of mitochondrial 

respirasome genes is OL-specific. In naïve mice, most of those upregulated 

genes are OL depleted (Log2FC/Total/<-0.5, q<0.05, bold), which is consistent 

with reduced activity of oxidative phosphorylation in mature OLs.
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Figure 16. Cholesterol biosynthesis superpathway. 

16 of 23 genes in the cholesterol biosynthesis superpathway are differentially 

expressed in OLs after SCI at dpi 10. All genes shown in green are 

downregulated after SCI (median Log2FC(naïve)=-1.14, q<0.05). Only one gene, 

Hmgcs2, was upregulated (shown in red). Note Hmgcr and Sqle are 
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downregulated and are critical regulators of cholesterol biosynthesis. All 

downregulated cholesterol biosynthesis genes shown are OL-enriched at naïve, 

dpi 2 and dpi 10. Unlabeled arrows within the pathway are genes unaffected in 

OLs after SCI.
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Figure 17. The OL response to SCI includes time-dependent 

downregulation of genes associated with morphological complexity, cell 

junctions, and cholesterol biosynthesis.  

(a,b,d) Overrepresented GOs (top 10/category) among high confidence OL 

translatome mRNAs that are highly downregulated after SCI (Log2FC/naïve/<-1, 

q<0.05, and two-arm filtration /Figure 14c/). On dpi 2 and 42, GOs associated 
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with morphological complexity and cell junctions/cell adhesion are 

overrepresented (red boxes). On dpi 10, the top overrepresented GOs are 

related to cholesterol biosynthesis (orange boxes). (c). Fifteen out of 23 

cholesterol biosynthesis genes that are OL-expressed are also OL 

downregulated on dpi 10 and 42 (Log2FC/naïve/<-0.5, q<0.05, bold). All those 

downregulated genes are OL-enriched in naïve, dpi 2 and dpi 10 animals 

(Log2FC/Total/>0.5, q<0.05, bold). For several of them, OL enrichment is lost by 

dpi 42 (q>0.05, grey cells).  Genes whose products are critical regulators of 

cholesterol biosynthesis are indicated (*). The chart of the cholesterol 

biosynthesis pathway with post-SCI changes in OLs is shown in Figure 16.



107 

Figure 18. Identifying candidate regulators of OL loss after SCI. 

(a) To identify likely candidate gene regulators of OL loss, OL translatome

mRNAs that were highly upregulated on dpi 2 were further analyzed to identify 

those whose expression normalized or declined at least 2-fold on dpi 42 when OL 
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numbers stabilize and when little OL death has been reported (see text for 

details). (b) Overrepresented GOs (top 10/category) among candidate gene 

regulators of OL loss include several GO terms that are related to signaling (red 

boxes). (c-d) Literature-based analysis of candidate genes identified upregulated 

regulatory components of the survival signaling pathways including ERK and 

PI3K-AKT (c) as well as cell death activators and effectors (d). OL-upregulated 

genes are marked by black boxes. (e) OL translatome expression and OL 

enrichment of potential OL loss regulators that are listed in (c-d). Their dpi 2 read 

counts are shown in (f). In (e), genes with SCI-associated expression change or 

OL enrichment/depletion |Log2FC|>0.5 are in bold (q<0.05); non-significant 

effects are marked by grey cells (q>0.05). In (f), log10 averages ±SD are shown.
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Figure 19. Epigenetic de-silencing as a potential regulator of the OL gene 

expression response to SCI.  

(a) Overlaps between 344 OL translatome mRNAs that are highly upregulated on

dpi 2 and CHIP-Seq-confirmed mouse operon genes from publicly available data 

sets.  Five of seven overlaps with z-scores > 5 are for operons of epigenetic 

regulators including SUZ12, MTF2, and RCOR3. A similar pattern of top overlaps 

was observed on dpi 10 and dpi 42. (b-c) Relative (Log2FC) or absolute 

(Log10Read Count) expression of Suz12, Mtf2, and Rcor3 in the OLs. In (c), data 

represent averages ±SD. (d) GO analysis of 129 targets of SUZ12 targets that 
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are highly OL upregulated on dpi 2 (top 10 enriched GOs/category). Several GO 

terms related to cell signaling are also enriched.
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Figure 20. STEAP3, a candidate regulator of OL loss, is upregulated acutely 

after SCI.  

Western blotting was performed using protein lysates from the contused spinal 

cord tissue of WT mice at the indicated post-injury times. GAPDH was used as a 

normalizing control.  (a) A representative western blot. Each lane corresponds to 

an individual mouse. (b) Quantification of the blot shown in (a). GAPDH-

normalized STEAP3 expression is significantly elevated on dpi 2. Data are 

mean± SD (*, p<0.05; non-significant /ns/, p>0.05 Mann-Whitney u-test).



112 

Figure 21. STEAP3 as a novel marker of myelin damage after SCI.  

Transverse sections from WT mice with (dpi 2) or without SCI (naïve) were co-

immunostained for STEAP3 and the indicated markers of OL cell somas (CC1), 

myelin sheaths (MBP) or axons (p-NFH). Cell nuclei were counterstained with 

Hoechst-33258 (DAPI). The SCI sections come from a region 1-2 mm rostral 

from the injury epicenter. (a) Representative confocal images of STEAP3 and 

CC1 co-staining in the ventral white matter (selected Z-axis projections are also 

shown). Arrows indicate CC1+ OLs that show weak STEAP3 signal. Z axis 
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profiles of select double-positive cells (crosses) suggest peri-nuclear localization 

of STEAP3. Such cells are observed both in control tissue and on dpi 2. 

Arrowheads mark ring-like structures with a strong STEAP3 signal that do not 

overlap with cell nuclei and are only observed after SCI. A STEAP3+ neuron-like 

cell in the grey matter is indicated by an asterisk. (b) Representative confocal 

images of STEAP3/MPB/p-NFH co-staining in the ventral white matter (selected 

Z-axis projections are also shown). Arrows indicate cells with perinuclear

STEAP3 staining. Arrowheads identify damaged, distended axons that are 

associated with a strong STEAP3 signal. In those structures, lack of co-

localization between STEAP3 and MBP or p-NFH indicates that STEAP3 may 

mark OL paranodes and/or a peri-axonal compartment adjacent to damaged 

axons. Similar STEAP3+ structures were also observed on dpi 1 (Figure 22 and 

25). Staining specificity controls are shown in Figure 22 and 25.
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Figure 22. STEAP3 expression is upregulated in the ventral and lateral 

white matter after acute SCI.  
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Low magnification images of spinal cord sections with or without SCI that were 

stained for STEAP3 (tissue preparation and co-stainings as described for Figure 

21). Specificity controls with non-immune IgGs that were used instead of primary 

antibodies are also shown.
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Figure 23. OL expression of PCYOX1L before and after SCI.  

Preparation of spinal cord sections that were co-immunostained for PCYOX1L, 

CC1, MBP and p-NFH was as described for Figure 21. (a) Representative 

confocal images of PCYOX1L and CC1 co-immunostaining in the ventral white 

matter (selected Z-axis projections are also shown). Arrows indicate CC1+ OLs 

that show positive PCYOX1L signal their cell somas and soma-proximal 

processes. Such cells are present in both control- and SCI tissue. A PCYOX1L+ 

neuron-like cell in the grey matter is indicated by an asterisk. Somatic, 

vesicular/granule-like appearance of PCYOX1L signal is consistent with its 
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expected localization to lysosomes. (b) Representative confocal images of 

PCYOX1L/MPB/p-NFH co-staining in the ventral white matter (selected Z-axis 

projections are also shown). Arrows indicate cells with PCYOX1L+ 

somas/processes.  Similar cell soma/process localization of PCYOX1L staining 

was also observed on dpi 1 (Figure 24 and 25). Staining specificity controls are 

shown in Figures 22 and 25.
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Figure 24. PCYOX1L expression in the spinal cord tissue with or without 

SCI.  

Low magnification images of spinal cord sections with or without SCI that were 

stained for PCYOX1L (tissue preparation and co-stainings as described for 

Figure 21).
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Figure 25. STEAP3 and PCYOX1L expression on dpi 1.  

Tissue preparation and co-stainings as described for Fig. 9. (a) Arrows identify 

CC1+ cells with STEAP3 or PCYOX1L signals. Arrowheads mark STEAP3+ 
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structures that are not associated with CC1+ cell somas and/or DAPI+ nuclei; 

such structures appear as the main source of increased STEAP3 staining in the 

white matter of the injured spinal cord. Z-axis profiles show representative CC1+ 

cell soma signals for STEAP3 or PCYOX1L (cross). (b) Most STEAP3 signal is 

found adjacent to distended, damaged axons that are identified by p-NFH 

(arrowheads). In contrast, most PCYOX1L is associated with cell somas 

(arrows). Specificity controls with non-immune IgGs that were used instead of 

primary antibodies are also shown.
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Figure 26. Mitochondrial dysfunction-associated upregulation of STEAP3 in 

cultured OL lineage cells.  

Rat OPCs that were cultured in proliferation media (OPC) or OL-differentiated for 

3 days (OLs) were treated with the mitochondrial oxidative phosphorylation 

uncoupler FCCP or the ER stress inducer tunicamycin (Tm) for 20 hours; 0.02% 

DMSO was used as a vehicle control (Veh). STEAP3 levels were analyzed by 

western blotting (a-b). GAPDH-normalized STEAP3 expression was quantified 

using blots from 3 independent experiments (c-d). STEAP3 expression increased 

in response to mitochondrial uncoupling but not ER stress. Data are mean ± SD 

(*, p<0.05; ns, p>0.05 Mann-Whitney u-test).
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Figure 27. Unique disease-associated OL transcriptome profiles are 

overrepresented in OL translatome-upregulated mRNAs after SCI in a time-

dependent manner.  

Overrepresentation factor of OL translatome overlaps with single cell RNASeq-

derived OL transcriptomic profiles that are common for various types of white 

matter damage268 (http://research-pub.gene.com/OligoLandscape/, see 

Discussion for more details).  The DA1 pro-inflammatory cluster shows greatest 

overlaps with the OL SCI translatome reaching a maximum on dpi 10.

http://research-pub.gene.com/OligoLandscape/
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CHAPTER IV                                                                                                         
REVIEW OF FINDINGS 

The presented data span developmental and injury contexts to better 

understand the proteostasis network and translational response to stress in the 

OL lineage. In Chapter II, we sought to identify the role of autophagy in OPCs 

during a critical period in mouse CNS development. Neonatal mice with 

conditional deletion of the essential autophagy gene Atg5 in Pdgfrα expressing 

OPCs develop tremors by P12 and die by P15. Additionally, autophagy deficient 

OPCs in these animals undergo apoptotic death, reduced differentiation, and 

limited and abnormal myelination. Pharmacological and genetic inhibition or 

stimulation of autophagy blocked or enhanced myelination in OPC / DRG neuron 

co-cultures, respectively. These findings implicate autophagy as a critical 

regulator of OPC survival, maturation, and proper myelination.   

In Chapter III we used RiboTag to isolate “actively translating”, ribosome-

associated mRNAs specifically from myelinating OLs in the adult, thoracic spinal 

cord, and performed RNA sequencing to define the OL translatomic landscape 

across acute (dpi 2), subacute (dpi 10) and subchronic (dpi 42) SCI. The 

sequencing results reveal after SCI OLs experience higher mitochondrial 

respiration, reorganization of signaling, myelin sheath loss, lower cholesterol 

biosynthesis and epigenetic desilencing. It also identifies the metalloreductase 
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STEAP3 as a novel marker of OL-axon response to SCI. Such a dataset 

provides opportunities to generate novel hypotheses on an active role of OLs in 

neurotrauma-associated white matter damage. 

Autophagy in OPCs is required for CNS development  

The data presented in Chapter II point to a clear importance of autophagy 

in OPCs during development. In fact, in our model functional autophagy in OPCs 

is critical for the animal’s survival. At first glance, this may appear unsurprising as 

autophagy is a fundamental catabolic process in most eukaryotic cells, and 

dysfunctional autophagy is implicated in many neurodegenerative diseases 

including white matter diseases100,101,130. Global deletion of many essential 

autophagy genes is embryonic or neonatal lethal100,274. Moreover, deletion of 

autophagy in select CNS cell populations, including neurons, astrocytes, and 

microglia can result in dysfunctional phenotypes during development and 

exacerbate neurodegenerative disease pathogenesis118,145,175,177,275,276. Although 

limited to myelinating glia, disruption in myelination by targeting myelin specific 

genes such as Mbp and Plp1 can also lead to similar phenotypes we 

observed277–280. Therefore, the conditional deletion of autophagy in OPCs and 

subsequent failure of OPCs to myelinate is a likely reason for perinatal death.  

Choosing our time of tamoxifen administration (P5-P9) relied on the fact 

that peak myelination in the mouse brain occurs between the first ~1-3 weeks 

after birth29,281–283. However, the timing of our inducible deletion is an important 

consideration. In mice, it is well established that during development OPCs 

populate the brain in three distinct waves – two waves during the embryonic 
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stage and a third cortical wave after birth281. Interestingly, soon after birth second 

wave OPCs derived from the medial ganglionic eminence (MGE) are eliminated 

from the cortex by an unknown mechanism and replaced by the third wave OPCs 

derived from the cortical ventricular zone (VZ)23. These VZ OPCs eventually 

make up 80% of the developed motor cortex29. The OPCs that myelinate the 

spinal cord arise during the embryonic stage, and do not display similar postnatal 

cortical waves seen in the brain284. Moreover, early SC OPCs differentiate and 

myelinate at the embryonic stage and continue to differentiate and myelinate 

postnatally281,284.  

It is possible that our postnatal deletion is targeting a majority of OPCs 

from the third cortical wave, as well as a subpopulation of first and second wave 

OPCs that have yet to differentiate284. Unfortunately, we did not quantitatively 

examine other regions of the CNS beyond the corpus callosum (CC). It would be 

interesting to know whether early myelinating regions, such as the SC or 

cerebellum, an early myelinated structure, display similar pathology as what we 

observed in the CC.  

While studies exist of autophagy deficient animals displaying severe 

phenotypes149,150, oftentimes cell specific deletion results in delayed 

pathogenesis. In contrast, pathogenesis in our animals was swift and lethal. Why 

did such a severe phenotype arise so quickly? One possible explanation could 

be that at our chosen time of deletion developing OPCs are in a heightened state 

of cellular stress and “primed” for programmed cell death. During development 

OPCs proliferate, migrate, differentiate, and myelinate; all which require 
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extensive translational control and protein synthesis25,139,140,283. Moreover, the OL 

lineage is particularly vulnerable to different cellular stresses including 

disruptions in proteostasis25,283,285. In some cases, varying levels of ER stress 

during development has been shown to influence cell differentiation283. Basal ER 

stress and expression of cellular stress related proteins may be important in the 

developmental programs of cells such as OPCs283. However, accumulation of 

pro-apoptotic proteins is likely enough to send the cell towards apoptosis. It is 

possible that inhibiting autophagy in PDGFRΑ+ OPCs during a critical period of 

development results in an imbalance in pro-apoptotic proteins that result in mass 

programmed death throughout the CNS.  

OL development is a remarkable process that requires multiple steps to 

accomplish myelination286. Such processes include OPC generation from neural 

stem cells, proliferation, migration, differentiation, process extension and 

interaction with axons, timely initiation of myelin protein synthesis and membrane 

trafficking, spiral wrapping and compaction, and establishing the axo-myelinic 

synapse junctions286. Likewise, the OPC lineage can be classified into as many 

as 13 heterogenic molecular identities, suggesting a complex maturation 

program287. A simplified classification is by their ability to proliferate (OPC), exit 

the cell cycle but not yet produce myelin (premyelinating OL), and myelinating 

(mature, myelinating OL). As mentioned, previous reports in other cell types, 

including neurons and astrocytes have shown that autophagy regulates 

differentiation144,145,288. We found that ablating autophagy in OPCs in vivo and 

disrupting autophagy in vitro reduced differentiation and myelination. Similarly, 
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proteomics from progressive stages of human neural stem cells identified 

upregulated autophagy proteins during differentiation into OLs289. Interestingly, 

when knocking out Atg5 in CNP-Cre mice, Aber et al. found that mice were viable 

into adulthood, suggesting autophagy is not required for maturation once the cell 

has reached the premyelinating OL stage290. However, by P56 mice display 

hypermyelination and begin to develop a tremor phenotype, followed by 

premature death290. Moreover, a recent study by Zhang et al. also found that 

CNP-Cre:Atg5 mice were viable into adulthood, along with CNP-Cre:Atg7, Olig2-

Cre:Atg5 (entire OL lineage), and Pdgfrα-CreERT2:Atg5 mice291. No observable 

phenotype was mentioned; however, mice were not kept alive passed P56, and 

the tremor phenotype may not have yet developed as seen by Aber et al290,291.  

In contrast to our findings, deleting Atg5 in Pdgfrα expressing OPCs in 

mice did not lead to any observable phenotype or lethality but instead resulted in 

ectopic myelination in multiple brain regions291. However, in the study the mice 

received a one-time administration of tamoxifen at P4 with a dosage of 100 

mg/kg, which may not have ablated Atg5 from all OPCs. Indeed, previous data 

from our lab has shown that transgenic deletion of Atg5 by CreERT2 is most 

effective over multiple days of tamoxifen administration123,132. Regardless, our 

data support the hypothesis that autophagy is critical for sufficient myelination 

during postnatal development.  

Autophagy is implicated in regulating cytoskeletal dynamics in other cell 

types, including macrophages and neurons, and has been shown to modulate 

Rho-family GTPase activity152,177. Both actin292–294 and tubulin295,296 cytoskeletal 
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dynamics are essential for PNS myelination. During OL differentiation, changes 

in morphology unsurprisingly require extensive cytoskeletal regulation and 

rearangement134. F-actin disassembly drives OL myelination, which is dependent 

on MBP178,179. Interestingly, CNP is involved in microtubule assembly, and 

overexpression of CNP in OPCs inhibits myelin compaction in vitro and in 

vivo178,179. CNP likely antagonizes MBP and acts as a barrier for MBP to compact 

myelin, thus CNP must be cleared for myelination to proceed178,179. The 

dynamics of CNP and MBP in myelin compaction is intriguing in the context of 

autophagy. Indeed, autophagy could regulate myelin growth through clearance of 

disassembled cytoskeletal elements. Moreover, CNP makes a logical target for 

autophagy to be degraded in a timely manner when production of MBP has 

reached levels ready to initiate myelin compaction. This tipping point between 

CNP and MBP could be an indirect trigger of autophagy and would be an 

interesting avenue to explore in future studies. Moreover, localization of Mbp 

mRNA translation is suspected to occur at axon-glia contact sites likely because 

MBP protein has a high affinity for compacting intracellular membranes297–300. 

Identifying the cargo of autophagosomes at different stages in the OL lineage 

would be an effective way to reveal stage-specific regulatory pathways and 

clarify its role in OL maturation.   

Limitations 

Monitoring and measuring autophagy requires careful consideration in 

experimental design. It is a highly dynamic process that is active at basal levels 

and can be regulated spatially and temporally based on the needs of the cell. 
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Steady state autophagy can be measured by direct observation of autophagic 

machinery via numerous techniques such as immunoblot, IHC, or TEM. However, 

such experiments are under static temporal constraints making interpretation 

difficult. Furthermore, autophagy occurs in stages including initiation, 

autophagosome formation, cargo sequestration, autophagosome maturation, 

autophagosome fusion with the lysosome and cargo degradation. Without 

perturbation of specific stages in the autophagic pathway, data can be 

misinterpreted. For example, increases in LC3-II, a well-known marker of 

autophagosomes, could be due to an increase in initiation, a decrease in 

lysosomal degradation, or perturbation in autophagosome fusion to the 

lysosome. Addition of multiple timepoints as well as use of pharmacological 

agents such as lysosomal inhibitors such as chloroquine or Bafilomycin A1 can 

aid in assessing autophagy function.  

A more convincing report of autophagy is to measure autophagic flux, 

which refers to the overall activity of autophagy. This includes formation of the 

autophagosome, sequestration of its cargo, fusion with the lysosome, and 

release of degraded macromolecules back into the cytosol101,102. We measured 

autophagic flux by virally labeling autophagosomes with mCherry-EGFP-LC3B in 

differentiating OPCs. This approach takes advantage of the fact that GFP 

fluorescence is quenched in acidic environments such as the autolysosome (pH 

4-5), while mCherry fluorescence does not76,102,150,301. Thus, an autophagosome 

should fluoresce yellow, and an autolysosome should fluoresce red. 

Differentiating OLs showed higher numbers of overall puncta compared to OPCs. 
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There was also an increase in red puncta, although not significant. Although 

there is a trending increase in the ratio of red / yellow (autolysosome / 

autophagosome), it was not significantly different from OPCs. This suggests the 

rate of autophagic degradation remains consistent across stages of 

differentiation, but there is an increase in overall autophagic flux. Identifying 

whether autophagic degradation increases or decreases could be monitored 

through live imaging302,303. Unfortunately, we did not perform such experiments. It 

would be interesting to see if there is a change in rate depending on the stage of 

development.  

A cautionary note for pharmacological interventions targeting the 

autophagy pathway must be considered. Many pharmacological agents used in 

research lack specificity towards their proposed target. Pharmacological agents 

targeting autophagy are no exception. For example, rapamycin enhances 

autophagy through inhibition of mTORC1, and while autophagy may be 

stimulated, mTORC1 also acts as a master regulator of cell growth, translation, 

lipid synthesis, lysosomal biogenesis, energy metabolism, cell survival, and 

cytoskeletal organization102,188. Moreover, mTOR has been shown to be a critical 

positive regulator of OL differentiation and myelination186,304–309. To clearly 

determine the role of autophagy, we used myelination co-cultures treated with 

drugs that target the autophagy pathway directly. We found that enhancing 

autophagy using the Tat-beclin1 peptide, which stimulates autophagy by 

activating the Beclin-1 / Vps34 complex, promoted myelination around DRG 

axons. We next treated co-cultures with autophagy inhibitors KU55833, which 
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targets the PI3K / Beclin-1 / Vps34 complex and has some off target effects, and 

Verteporfin, which forces accumulation of p62 and failure for the autophagosome 

to mature. Treatment with autophagy inhibitors reduces myelination. However, 

the observed effects could also be due to activation or inhibition of autophagy in 

neurons thereby stimulating OPCs to myelinate independent of OPC autophagic 

activity. We found similar results in myelin capabilities in OPCs that stimulated 

autophagy via overexpressed wtATG5 or inhibited autophagy by dnATG5. 

The study used Pdgfrα to drive Cre recombinase expression in early 

OPCs and delete Atg5. Although the goal of the study was to disrupt autophagy 

in OPCs alone, other cells expressing Pdgfrα could contribute to the observed 

phenotype. In fact, a subset of CNS pericytes, the cells responsible for blood 

brain barrier maintenance, capillary blood flow and microcirculation, also express 

Pdgfrα. Deletion of autophagy in Pdgfrα-expressing pericytes may contribute to 

the observed effects on OPC differentiation and animal health174. However, 

others have reported reduced differentiation when autophagy is inhibited in other 

cell types such as neurons and astrocytes118,144,145,153. These studies, along with 

our work both in vivo and in vitro argue autophagy deficient pericytes may 

contribute to the observed phenotype but are not the main drivers of reduced 

OPC differentiation, OPC loss, and aberrant myelination.  

Autophagy has become a heavily researched topic in the past decade, 

meriting a Nobel Prize to its main discoverer Dr. Yoshinori Ohsumi in 2016. 

Numerous studies have confirmed its role in many diseases and injuries 
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including neurodegeneration and SCI76,100. However, varying severity of 

phenotypes resulting from perturbation in autophagy in select cell populations 

makes interpretation of its role in cell function(s) difficult. Our data identify 

autophagy as a key regulator of OL development. Furthermore, activating 

autophagy can enhance myelination, suggesting autophagy could be a promising 

therapeutic target in facilitating (re)myelination in delayed white matter 

development or white matter diseases. Future research must identify the cargo of 

autophagosomes during OL differentiation and myelination. Doing so will help us 

understand fundamental biological functions of autophagy that can be applied to 

cell health and disease as well as elucidate if or how autophagy can be utilized in 

specialized functions such as myelination. It may also identify novel therapeutic 

targets normally mediated by autophagy but are perturbed in white matter and 

neurodegenerative diseases.  

The OL translatome after SCI 

We used RiboTag to conditionally express HA-tagged ribosomes in Plp1 

expressing OLs. This comprehensive dataset captures the translatomic response 

of surviving OLs after SCI. As expected, qPCR of isolated mRNA from OLs was 

enriched in myelin specific proteins including Mbp and Plp1. Additionally, mRNAs 

associated with other neural cell types (Hgf, Snap25, Cd68 etc) were depleted. 

This was observed in the intact spinal cord, as well as after 2-, 10-, and 42-days 

post-SCI. RNA sequencing results identified hundreds of significantly upregulated 

and downregulated genes at each time point, creating a genetic landscape for 

myelinating OLs in the intact cord and in response to SCI. 
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We found OLs upregulate respirasome genes and downregulate genes 

associated with morphological complexity and connectivity acutely and 

subchronically after SCI. Additionally, cholesterol biosynthesis is downregulated 

subacutely. These findings suggest mature OLs revert to similar metabolic 

programming as premyelinating OLs.  

In the OL lineage, metabolic reprogramming during development and 

adulthood have been reported. During development, OPCs and premyelinating 

glia utilize mitochondrial respiration and oxidative phosphorylation to produce 

high amounts of ATP used for myelin synthesis and subsequent myelination69,270. 

Conversely, mature OLs do not require mitochondrial respiration, and instead 

shift towards aerobic glycolysis, generating lactate that is shuttled to support 

energetic demands of the axon69,171,270. In a seminal study by Fünfschilling and 

colleagues, knocking out OXPHOS during OL development results in severe 

dysmyelination, whereas knocking out OXPHOS in mature OLs after myelination 

is complete results in no visible phenotype in myelin or axon integrity69. 

Moreover, developing OLs are enriched with long mitochondria, while mature 

OLs have a lower density of mitochondria, and often fragmented in OL 

processes270,310. Mitochondria have also been found in myelin sheaths270. These 

observations support a shift towards less OXPHOS in mature cells.  

Reverting to a premyelinating state could be a coping mechanism to help 

maintain survival of the OL and its remaining myelin sheaths after SCI.  The OL 

may even be selectively removing myelin sheaths from damaged axons to save 

itself while also maintaining myelin sheaths on healthy axons. However, it is likely 
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the surviving OL is in a prolonged state of sublethal cellular stress as secondary 

damage can be observed as late as 6 weeks post-SCI76,107,111,189. A prolonged 

state of stress may push the OL to revert to a premyelinating OL, making it 

vulnerable to cell death. Indeed, accumulating reports suggest the premyelinating 

OL is more vulnerable to cell death than an OPC or myelinating OL25,283,311. If 

surviving OLs are reverting to a premyelinating stage, then they may be more 

vulnerable to chronic secondary damage characteristic of SCI. This could explain 

why the OL lineage undergoes more dynamic cell death after SCI compared to 

other cell types in the CNS107.  

Normally, remyelination in response to demyelination is mainly performed 

by differentiated OPCs, although resident myelinating OLs have some albeit 

limited capacity to myelinate local axons25. Remyelination by differentiated OPCs 

improves disease pathology such as MS, AD and PD25. However, adult OPCs 

ability to remyelinate is not as robust as the original intact myelin or from juvenile 

OPCs25. Regardless, remyelination by adult OPCs is sufficient in most disease 

models to restore some physiological function.  

Remyelination also occurs in the spinal cord, including after SCI. However, 

its impact on functional recovery after SCI is controversial. While increased 

spared white matter correlates with improved functional recovery in thoracic 

injuries, neuron survival rather than spared white matter correlates with improved 

functional recovery in cervical and lumbar injuries117. However, strategies to 

target remyelination after SCI have not been as successful as those in other 

disease contexts. Moreover, the benefits of endogenous remyelination after SCI 



 

135 
 

has been challenged. Duncan et al. showed that inhibiting OPC remyelination by 

conditional deletion of Myrf, an essential transcription factor required for 

myelination, in Pdgfrα expressing cells does not affect locomotor outcomes 

(positive or negative) in mice after thoracic injury suggesting remyelination is not 

required for functional recovery after SCI. Although these results suggest 

remyelination is not required, it does not determine whether remyelination is not 

beneficial. It may be that remyelination is most effective depending on the injury 

severity and number of spared axons available to remyelinate. Furthermore, 

remyelination may help maintain axon structural integrity and prevent chronic 

axon degeneration. Further work is needed to better understand the role of 

remyelination after SCI. Inducing RiboTag in Pdgfrα mice before and after SCI 

may help bring to light some of the reasons why remyelination is not sufficient to 

promote functional recovery. 

Additionally, damage to the axo-myelinic contact sites and to myelinated 

axons and metabolic reprogramming occurs acutely after SCI, followed by a 

subchronic wave with similar expected outcomes. Acute axonal damage followed 

by a subchronic wave of axonal damage has been shown in contusive SCI in 

rats271,312. Moreover, chronic demyelination in mouse contusive SCI is also 

documented272. Future studies investigating mitochondrial respiration in OLs after 

SCI could prove promising not only acutely, but also chronically. Furthermore, 

such a biphasic shift in metabolic programming suggests effectiveness of 

therapeutic interventions may be dependent on stage of recovery. 
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SCI-associated OL translatome changes show partial overlap with OL 

transcriptomic responses to other injuries268. Moreover, we further cross 

referenced our final gene lists with existing single-cell datasets195,268 to confirm 

high confidence OL-specific genes that respond to SCI. Our conservative 

approach identified genes that have been implicated in pro-death pathways but 

not characterized in OLs after acute (dpi 2) SCI. These include Apod, Pla2g3, Trf, 

Serpina3n, Serpina3c, Steap3, Pcyox1l, Itgad, Pfkfb4, Bact1/2 and Spry. A 

literature review of these genes led us to further investigate STEAP3 and 

PCYOX1L. 

Few studies have investigated the role of PCYOX1L in cell biology. 

PCYOX1L is a relative of the lysosomal cysteine deprenylase PCYOX1, which 

generates hydrogen peroxide and has been implicated as a contributor to 

oxidative stress233,264,265. Recently PCYOX1L function has been described. 

Petenkova and colleagues show that loss of PCYOX1L protein reduces the 

mevalonate pathway, which impacted autophagy and cellular viability313. 

Moreover, Pcyox1l deficiency reduced protein prenylation in neutrophils313. 

Protein prenylation is a post-translational modification that typically promotes 

prenylated proteins to associate with plasma or endomembranes314. Interestingly, 

protein prenylation has been shown to be required for OPCs to correctly migrate 

to axon targets315. Likewise, CNP, a myelin protein involved in microtubule 

assembly and an antagonist to MBP-directed myelin compaction, is one of the 

few prenylated myelin proteins. It is suggested prenylation directs CNP to myelin 

membranes and modulates cell morphology316. Prenylation has been shown to 
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play a critical role in protein-protein interactions314. Given the relationship 

between CNP and MBP, one wonders whether prenylation and subsequent 

deprenylation by PCYOX1L influences their antagonistic relationship during 

myelination and remyelination. Thus, PCYOX1L expression in surviving OLs 

could contribute to chronic stress and may contribute to the chances of surviving 

OLs to maintain myelin or myelinate demyelinated axons.  

STEAP3 or TSAP6 is an endosomal / lysosomal metalloreductase that 

reduces both insoluble ferric iron (Fe3+) to soluble ferrous iron (Fe2+) and Cu3+ to 

Cu2+ 222,258,317. Ferrous iron (Fe2+) is highly reactive and produces ROS via the 

Fenton reaction. Ferrous iron Fe2+ can then be exported from endosomes / 

lysosomes to the cytoplasm, which suggests STEAP3 plays an important role in 

cellular iron supply246,247,259. Due to this process, recent evidence suggests 

STEAP3 plays a role in lipid peroxidation and ferroptosis, a form of cell death 

mediated through iron homeostasis222,260,263,317,318. As mentioned previously, OLs 

contain the highest levels of iron in the CNS. Additionally, iron is directly required 

for myelination as a cofactor involved in ATP, cholesterol and lipid synthesis 

which confers with their high metabolic demands81. 

A meta-analysis performed by Pandey and colleagues identified Steap3 as 

a marker of disease associated OLs268. STEAP3 has been implicated as an 

enhancer of cell death in p53 activated cancer cells263, while knockdown has 

been shown to reduce apoptosis246. Not only is STEAP3 a contributor of 

oxidation through reduction of free iron, but it can also interact with members of 

the BH3-only apoptotic family of proteins, further intensifying apoptotic 
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death259,261. Additionally, STEAP3 is a major regulator of exosome-mediated 

secretion262,263, suggesting non-canonical signaling by OLs could influence the 

tissue microenvironment. Moreover, canonical and non-canonical secreted 

proteins are among the upregulated genes at 10 and 42 dpi, suggesting OLs 

likely contribute to the tissue microenvironment throughout SCI recovery.  

 We verified STEAP3 expression at the protein level in acute SCI tissue via 

immunostaining. Interestingly, weak staining was present in OL cell bodies in the 

naïve mouse spinal cord, however after injury an interesting pattern emerged. 

After acute SCI, some spared myelinated axons rostral and caudal of the 

epicenter injury swell, resulting in abnormal myelin blebbing. We found that 

STEAP3 expression was present in cell bodies, but more so co-labeled with the 

swelling axons (pNFH) and myelin (MBP). The observed colocalization suggests 

that STEAP3 could be indicative of early axon damage, possibly through 

oxidative stress at or near the axo-myelinic synapse. Iron metabolism is essential 

for myelin production, and STEAP3 could be expressed to help maintain energy 

stores required for myelin protein synthesis near the myelin sheath. On the other 

hand, STEAP3 expression from OLs could be signaling to axons to rescue axon 

swelling.  

 We wanted to explore whether STEAP3 expression is affected by 

mitochondrial stress. Our in vitro data confirm STEAP3 is activated both in OPCs 

and OLs after treatment with the mitochondrial decoupler FCCP, but not the ER 

stress inducer tunicamycin. Uncoupling mitochondrial respiration from ATP 

synthesis increases ROS generation266. STEAP3 upregulation after mitochondrial 
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uncoupling in OL lineage cells may represent mitochondrial dysfunction or 

mitochondrial oxidative stress. Oxidative stress may activate expression of iron 

regulatory genes to mitigate ROS damage and support mitochondrial biogenesis 

as it requires iron and ATP production267. Future work exploring the role of 

STEAP3 in oxidative damage to OLs, as well as its role in the axon-myelinic 

pathology, looks promising. Would overexpression of STEAP3 exacerbate 

oxidative stress, or other forms of cellular stress?  

Limitations 

While the presented OL translatome dataset identifies many differentially 

expressed genes in OLs before and after progressive SCI, it has important 

limitations that must be considered. Extracting RNA from lipid rich tissue is 

difficult since lipids can interfere with clean separation of RNA. The spinal cord is 

particularly challenging due to its high levels of lipid rich myelin. Common 

extraction practices rely on strong lysis reagents such as TRIzol to degrade lipids 

and free up RNAs for isolation. However, RiboTag requires gentle tissue lysis 

using high salt buffers to maintain RNA-associated polysome complexes and 

does not fully degrade myelin-rich spinal cord tissue 129. Localization of mRNA to 

different cellular compartments has been described for many mRNAs and cell 

types298,319. Indeed, Mbp mRNA was detected in purified myelin fractions nearly 

40 years ago320 and hundreds more mRNAs that localize to myelin have since 

been identified321,322. In line with this data, there is a distinct difference between 

the myelin and OL soma transcriptomes322,323. While we successfully isolated 

mRNAs from OLs, we may have missed many mRNAs trapped in undigested 
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myelin and tissue, and our data likely contain a biased pool of mRNAs residing 

mainly in the OL soma. Such a possibility unfortunately means we are missing an 

important pool of RNAs that could play significant roles in myelin maintenance 

and axon function, especially at the axo-myelinic synapse and in response to 

pathology. One possible method to indirectly identify genes trafficked to myelin 

sheaths (or other compartments of interest) would be to analyze our RNAseq 

dataset for subcellular localization mechanisms such as 3’ untranslated regions 

(UTR) motifs of differentially expressed mRNAs322. 3’ UTR motifs play a crucial 

role in temporal and spatial gene expression322. Such an analysis could be 

followed by in situ hybridization of identified genes to confirm spatial localization 

to the myelin sheath. 

While mRNA isolation from spinal cord tissue via RiboTag likely results in 

loss of mRNAs from undigested tissue, it is also susceptible to contamination and 

signal artifacts from a few possible sources. Procedurally, immunoprecipitation 

methods rely on antibody binding to magnetic protein A / G beads that in theory 

should only isolate the antibody-tagged protein of interest. However, no method 

is perfect and non-specific binding does occur, especially when isolating protein 

from damaged tissue like acute SCI. The RiboTag protocols are transparent 

about this issue and suggest additional steps to limit such background noise129. 

Likewise, when using the RiboTag technique, it is important to consider 

mRNAs under differential translational control – not all mRNAs are translated 

equally. For example, one mRNA under translational control could have only 2-3 

ribosomes in the repressed state and many more ribosomes during its active 
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state129. Unfortunately, RiboTag immunoprecipitation is probably not efficient 

enough to distinguish between the two states129. Moreover, ribosome pausing or 

stalling during elongation and subsequent repression of protein synthesis can 

occur when proteins require time to fold, are not yet needed, or mRNA is 

dysfunctional and needs to be degraded324,325. Importantly, such elongation 

kinetics can be modulated by cellular stress, such as heat shock or proteotoxic 

stress 325. Therefore, some differential gene expression events within our dataset, 

especially acute timepoints where secondary damage is prevalent and most cells 

are under some state of stress, may be present due to changes in translational 

state rather than its preferential expression in response to SCI. 

Another limitation is the animal model we used to express the RiboTag 

transgene. The Plp1-CreERT2 mouse line was used to activate ribosome tagging 

by HA in mature OLs, however Plp1 is also expressed in Schwann cells205. While 

careful dissection of spinal cord tissue is done, it is difficult to limit fragments of 

dorsal and ventral nerve roots. Thus, it is a possibility that isolated ribosome-

associated mRNAs are of Schwann cell origin. Indeed, in our dataset OL 

enrichment and SCI upregulation of known marker transcripts of Schwann cell 

nerve injury are found including Egfl8 and Gdnf269. To avoid classification 

mistakes, genes of interest were confirmed to be expressed in OLs in other 

datasets195, and were validated by immunofluorescence using OL specific protein 

markers. 

Upon first review of our dataset, we observed possible contamination of 

OL polysomes with mRNAs involved in inflammation and immune response from 
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non-OL cells such as microglia and macrophages. We suspect the contamination 

is due to non-specific interactions between highly inducible non-OL mRNAs, 

especially those from immune cells, and the protein A / G magnetic beads during 

sample preparation. Additional studies using the RiboTag system have shown 

similar contamination making interpretation difficult213,326.  

To address these limitations, we developed a filtering strategy to identify 

differentially expressed ribosome-associated mRNA transcripts through stringent 

selection criteria129,326. In this case we applied a two-fold filtration process. 

Reducing the background noise can in part be done by normalizing the cell-

specific mRNAs (OL translatome) to total cell mRNAs (input transcriptome) and 

filtering based on relative enrichment. However, this normalization is taking two 

distinctly different pools of mRNAs from cells (translatome vs transcriptome). 

Ideally, experiments would include constitutively expressed RiboTag animals, 

which could be used to identify differentially expressed genes in the cell-specific 

translatome compared to the total cell translatome. Our second criteria for 

filtration applied a common analysis used in RiboTag studies129,327–329; comparing 

the immunopurified, OL translatome of the experimental groups with the OL 

translatome of the control groups. This captures differential OL enrichment that 

would be masked if similar events occurred in the total mRNA pool. Thus, we 

pooled together two groups of genes: highly enriched OL transcripts (OL vs total 

mRNA) and differential OL enrichment (OLSCI vs OLnaïve). These filtration criteria 

improve specificity of detection, but likely diminishes sensitivity to detect 

differentially expressed genes as over 60% of OL translatome mRNAs did not 
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pass our selection criteria. We are therefore missing many other biological 

pathways that are likely worth investigating.   

The findings in Chapter III describe the OL translatome in response to 

progressive stages of SCI. Many differentially expressed genes were identified 

both in OLs (translatome) as well as all cells (transcriptome). These data are 

quite powerful as they present an unbiased approach to identify novel pathways 

previously not recognized in SCI in a cell-specific manner. However, most of the 

work presented is mainly descriptive. Like most sequencing datasets, there are 

still many differentially expressed genes and affected pathways to explore in how 

myelinating OLs and the total tissue respond to progressive stages of SCI 

recovery. Regardless, our findings highlight novel biological processes affected in 

OLs after SCI.  

Concluding remarks 

The presented studies used both developmental and injury models to 

uncover regulators in OL differentiation, myelination and survival. In 

development, OPCs undergo extensive translational regulation during 

differentiation. Such translational regulation is likely stage specific. Thus, 

maintaining proteostasis during periods of high protein synthesis, especially 

during critical periods of myelination, indicates a need for timely clearance of no 

longer needed proteins. Utilizing the OPC-specific Atg5 knockout model, we 

found that autophagy is essential for OPC differentiation and myelination and 

produces a strong tremor phenotype. This study also highlights a role for 
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autophagy in facilitating myelination, possibly through myelin compaction. Future 

studies identifying targeted cargo of autophagy will prove invaluable in 

understanding the molecular mechanisms involved in OPC development. 

Likewise, such results suggest autophagy could be a promising therapeutic 

target in demyelinating diseases and SCI.  

Despite OL contributions to functional outcomes after contusive, thoracic 

SCI, studies focused on OL transcriptional / translational response after injury are 

lacking compared to other CNS cell types. This discrepancy hinders development 

of therapeutic interventions targeting OL survival. Advances in unbiased omics 

technology and development of cell-specific transgenic animal models have 

enabled extensive understanding of biological responses after SCI in whole 

tissue and other neural cells (neurons, astrocytes, microglia). Using tools that 

target actively translating mRNAs, we describe the translatomic landscape of 

OLs in the intact spinal cord and in response to progressive stages of contusive 

SCI. It identifies previously unrecognized aspects of OL biology that may play a 

significant role in OL survival and myelin maintenance after SCI. The dataset is 

publicly available and will hopefully prove useful for future studies of white matter 

damage-associated injuries and diseases. Taken together, these studies provide 

insight into OPC / OL development and response after SCI, but also raises 

exciting questions that will hopefully inspire new hypotheses exploring OPC / OL 

biology in development and white matter pathology, such as SCI.
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ABBREVIATIONS 

ABBREVIATION 

AD Alzheimer's disease 

Aif1/Iba1 Allograft inflammatory factor 1 

ALDH1L1 Aldehyde dehydrogenase 1 family member L1 

AMPK 5' AMP-activated protein kinase 

APC Adenomatous Polyposis Coli 

ATF4 Activating transcription factor 4 

ATG12 Autophagy related 12 

ATG16L Autophagy related 16 like 1 

Atg5 Autophagy related 5 

Atg7 Autophagy related 7 

ATG8 Autophagy related 8 

ATP Adenosine triphosphate 

Bax Bcl2 associated X, apoptosis regulator 

BP Biological process 

BSA Bovine serum albumin 

CC Corpus callosum 

CC Cellular component 

CC1 Adenomatous polyposis coli clone CC1 
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CC3 Cleaved-caspase 3 

CD68 Cluster of differentiation 68 

CDNA Complementary deoxyriboneucleic acid 

CGE Caudal ganglionic eminence 

CHOP C/EBP (CCAAT enhancer binding protein) homologous protein 

CNP 2',3'-cyclic nucleotide 3' phosphodiesterase 

CNS Central nervous system 

CNTF Ciliary neurotrophic factor 

Cx3cr1 C-X3-C motif chemokine receptor 1

DMSO Dimethylsulfoxide 

Dn Dominant-negative 

DPBS Dulbecco's phosphate buffer saline 

Dpi Days post-injury 

DRG Dorsal root ganglion (neurons) 

E##.# Embryonic day ##.# 

EGFP Enhanced green fluorescent protein 

EIF2alpha Eukaryotic translation initiation factor 2 subunit 1 (alpha) 

ER Endoplasmic reticulum 

ERMN Ermin 

ERSR endoplasmic reticulum stress response 

ERT2 Estrogen receptor with mutated ligand binding domain for tamoxifen 

EV Empty vector 

FA2H Fatty acid 2-hydroxylase 
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FC Fold change 

FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

FGF-2 Fibroblast growth factor 

Flp Flippase 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GAPR-1 Google-Associated plant Pathogenesis Related protein 1 

GEO Gene expression omnibus 

GFAP Glial fibrillary acidic protein 

GJB1 Gap junction protein beta 1 

GJC2 Gap junction protein gamma 2 

GO Gene ontology 

HA Hemagglutinin 

HBSS Hanks buffered saline solution 

HD Huntington's disease 

HGF Hepatocyte growth factor 

HIV-1 Human immunodeficiency virus 1 

HPRT Hypoxanthine phosphoribosyltransferase 1 

HSR Heat shock response 

I.p. Intraperitoneal 

IACUC Insititutional animal care and use 

IBC Institutional bio safety committee 

ICC Immunocytochemistry 

IgG Immunoglobulin G 
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IgM Immunoglobulin M 

IH Infinite horizons 

IHC Immunohistochemistry 

IL-1beta Interleukin 1 beta 

ISR Integrated stress response 

Itgam/Cd11b Integrin subunit alpha M 

Kdyn Kilodyne  

KLK6 Kallikrein related peptidase 6 

Klk8 Kallikrein related peptidase 8 

LC3B Light chain 3 beta 

Les Long-Evans shaker 

LGE Lateral ganglionic eminence 

LHX5 LIM homeobox 5 

Log2FC Log base 2 fold change 

MAG Myelin associated glycoprotein 

MBP Myelin basic protein 

MF Molecular function 

MGE Medial ganglionic eminence 

MOG Myelin oligodendrocyte glycoprotein 

MRNA Messenger ribonucleic acid 

MS Multiple sclerosis 

MSA Multiple systems atrophy 

MTOR Mammalian target of rapamycin 
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MTT 3-[4,5-dimethylthiazole-2-yl]-2-5-diphenyltetrazolium bromide 

NDS Normal donkey serum 

NF-M Neurofilament protein M 

NG2 Neural/glial antigen 2 

O1 O antigen 1 

O4 O antigen 4 

OL Oligodendroglia or oligodendrocyte 

Olig2 Oligodendrocyte transcription factor 2 

Opalin Oligodendrocytic myelin para nodal and inner loop protein 

OPC Oligodendrocyte progenitor cell 

OSM Oncostatin M 

OsO4 Osmium tetraoxide 

OXPHOS Oxidative phosphorylation 

P# Postnatal day # 

P62 Squestosome 1, protein 62 kDa 

P75/NGFR Nerve growth factor receptor 

PBS Phosphate buffer saline 

PCA Principal component analysis 

PCYOX1L Prenylcysteine oxidase 1 like 

PD Parkinson's disease 

PDGF Platelet derived growth factor receptor alpha 

PDGFRalpha Platelet derived growth factor receptor alpha 

PDL Poly-D-lysine 
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PEIF2alpha Phosphorylated eukaryotic translation initiation factor 2 alpha 

PFA Paraformaldehyde 

PI3K Phosphor osito de 3-kinase 

PLP1 Proteolipid protein 1 

PMD Pelizeus-Merzbacher Disease 

pMN Progenitor motor neuron 

PNF-H Phosphorylated neurofilament heavy subunit 

PNS peripheral nervous system 

PPIA Peptidylprolyl isomerase A 

QPCR Quantitative polymerase chain reaction 

RELN Reelin 

RLE Relative Log Expression 

RNA Ribonucleic acid 

RNASeq RNA sequencing 

ROPC Rat Oligodendrocyte progenitor cell 

ROS Reactive oxygen species 

RPL22 Ribosomal protein L22 

RRNA Ribosomal RNA 

RTTA Reverse tetracycline-controlled transactivator 

Sc(RNAseq) Single cell RNA sequencing 

SCI Spinal cord injury 

SNAP25 Synaptosome associated protein 25 

SOX10 SRY-box transcription factor 10 
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STEAP3 / 

TSAP6 

Six transmembrane epithelial antigen of the prostate 3 / Tumor 

suppressor-activated pathway protein 6 

T3 Triiodothyronine 

T9 Thoracic spinal segment 9 

TEM Transmission electron microscopy 

TF Transcription factor 

TMEM19 Transmembrane protein 19 

TNFalpha Tumor necrosis factor alpha 

TRAP Translating ribosome affinity purification 

TRE Tet-responsive element 

UPR Unfold protein response 

UPS Ubiquitin-proteasome system 

VPS34 Vacuolar protein-sorting 34 

WT Wildtype 
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