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Abstract

Oligodendrocytes are specialized central nervous glia that progress through distinct cellular
stages, each with its own specific morphological features, specific proteins, and function.
Oligodendrocyte progenitor cells (OPCs) represent the proliferative stem cell population that acts
to maintain homeostatic oligodendrocyte numbers and have been shown to respond to neural
activity as well as injury and disease. The role that oligodendrocytes play in signal propagation by
wrapping axons in a non-conducting sheath represents the most well-known function of
myelinating oligodendrocytes. A more recent focus on oligodendrocyte’s potential for plasticity
and metabolic support expands the possible functions for these dynamic cells, but also leaves major
gaps in our understanding of potential mechanisms underlying these newly proposed functions.
The overall goal of this dissertation is to study oligodendrocyte gene expression as a pathway
towards understanding potentially relevant mechanisms regulating oligodendrocyte biology.
Towards this goal, our first aim compared the transcriptome and translatome of OPCs and mature
oligodendrocytes by taking advantage of the recent RNA immunopurification approaches,
INTACT and RiboTag. Our second aim attemped to assess the oligodendrocyte transcriptional and
translational response to increased neuronal activity. Together, the data presented here advances
the understanding of the transcriptional and translational states of OPCs and mature

oligodendrocytes within and outside of the context of increased activity.



Chapter 1- Introduction to Oligodendroglia: Function, Development, and

RNA Profiling



1.1 Introduction to Oligodendroglia

1.1.1 Evolution and Function

Over the course of evolutionary history species evolved from small invertebrates to
comparatively giant vertebrates. Species within each group are taxed with the challenge of
transporting information from neuron to neuron on a functionally relevant time scale. The
modulation of this time scale, or conduction velocity, is hugely important for coordinated
responses and information processing. Axons in both invertebrates and vertebrates achieve suitable
conduction velocities; however, the way by which this happens is quite different.

There are two basic mechanisms that nervous systems evolved to optimize conduction
velocity. Many invertebrates, such as tube worms, squid, lobsters, and crayfish exhibit axonal
giantism (Hartline and Colman, 2007). Increasing axonal diameter increases conduction velocity,
therefore, many invertebrates tend to have larger-diameter axons for signals that require fast
transmission. For example, the giant squid axon is used as part of the escape response and is
roughly 1-1.5 mm in diameter, while the median size of an axonal diameter in invertebrates falls
around 0.5 pm (Caldwell, 2009; Perge et al., 2012). Locusts demonstrate the same trend; the largest
axons in a locust are interneurons that trigger the escape response (Braunig and Burrows, 2004).
However, there are limits to this solution. In vertebrate animals, long range axons such as those
from dorsal root ganglion neurons can run from the base of the spinal cord to the most dorsal point
of the body. Even more challenging, many of these long-range axons exist within the bony
structures of the brain and spinal cord in vertebrates, making the solution of simply increasing
axonal diameter a limited solution. How can such large animals maintain efficient conduction
speeds over such long distances? Specialized cells called Schwann cells within the peripheral

nervous system, and oligodendrocytes within the central nervous system, tightly wrap specific

10



segments of the axon in a structure called the myelin sheath. This insulation by the non-conducting
myelin sheath increases membrane resistance by preventing the movement of free ions and reduces
the axons membrane capacitance (Hartline and Colman, 2007; Hodgkin, 1954; Moore et al., 1978).
The increase in resistance and decrease in capacitance reduces the flow of ionic current within the
internodal space, speeds ion charging within the internode, and lowers the change in ion
concentration required for an action potential (Hartline and Colman, 2007; Hodgkin, 1954; Moore
et al.,, 1978).

Broadly speaking, invertebrates evolved more towards axonal giantism and vertebrates
evolved more towards insulation otherwise known as myelination, however, this is a
generalization. Myelination is observed in both invertebrates and vertebrates; likewise, both
invertebrates and vertebrates have axons several times larger than other axons within an individual
organism (Hartline and Colman, 2007). Regardless, the physical limitations of increasing axonal
caliber makes myelination a brilliant solution. Indeed, myelination allows for humans and other
species to maintain similar axonal diameters and rapid conduction velocities over vastly larger

body sizes.

1.1.1.2 Oligodendrocyte function: Saltatory conduction

The role of oligodendrocytes in the propagation of electrical signals represents the most
well studied oligodendrocyte function. Initially, neuronal axons are unmyelinated with voltage-
gated sodium channels distributed over the length of the axon. Once an oligodendrocyte deposits
and wraps myelin around the axon, to form the structure known as the internode, voltage-gated

sodium channels are clustered into a restricted space called the node of Ranvier (Michalski and

Kothary, 2015). Once the electrical signal moves through the myelinated region, it activates and
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opens the high-density sodium channels. This sodium influx adds to the current electrical signal,
allowing for the further prorogation of the electrical signal, a process known as saltatory
conduction (Michalski and Kothary, 2015). Axonal myelination not only increases conduction over
long distances, but also allows for the fine tuning of these electrical signals (see section 1.6.2 for
further discussion). This timing and fine tuning of signaling is critically important for complex
synchronization along the neuronal network (Fields, 2008). Until recently, the known function of
oligodendrocytes was mainly restricted to their myelinating capacity, with their ability to increase
axonal conduction speeds representing their only function. Recent research expanded the role of
oligodendrocytes away from their sole role as myelination machines to active contributors to

neuronal health via trophic and metabolic support.

1.1.1.3 Oligodendrocyte function: Metabolic support

Besides their importance in saltatory conduction, oligodendrocytes also play a role in the
survival of myelinated axons (Griffiths et al., 1998; Kassmann et al., 2007; Lappe-Siefke et al.,
2003). Recently, the discovery of metabolic coupling between oligodendrocytes and neurons shed
light on potential mechanisms underlying oligodendrocytes’ influence on the survival of neurons
(For a detailed review on this topic see (Saab and Nave, 2017)). This body of research demonstrates
that oligodendrocytes are capable of supplying lactate/pyruvate to neurons as a form of energy
support, a mechanism potentially employed during times of high neuronal energy demand.

Two important pathways are used for the production of ATP: glycolysis, which occurs in
the cytoplasm, and the Krebs cycle, which produces ATP within the mitochondria. In 2012,
Fiinfschilling and colleagues utilized a conditional knockout mouse line lacking the Cox10 gene

in postmitotic oligodendrocytes to test the relative importance of mitochondrial ATP to

12



oligodendrocytes and Schwann cells (Flnfschilling et al., 2012). The Cox/0 gene encodes for
Cytochrome C oxidase (COX), which is an essential component in the electron transport chain
within the mitochondria. If oligodendrocytes depend on mitochondrial ATP, the absence of COX
will likely result in glial cell death. Mutant mice displayed no detectable signs of white matter
pathology and no observable demyelination or changes to axonal integrity. Interestingly, both the
cortex and white matter showed increased brain lactate via magnetic resonance spectroscopy only
during anesthesia. Lactate levels quickly fell after removal of anesthesia, indicating that this
increased concentration of lactate was not released in the blood stream but locally metabolized.
This research suggests a model where oligodendrocytes produce lactate via aerobic glycolysis and
are capable to transferring this potential energy source to other cells.

Within only a few months, Lee and colleagues showed that the monocarboxylate
transporter MCT1, which rapidly transports many monocarboxylates such as lactate and pyruvate,
is expressed in mature oligodendrocytes in vivo (Lee et al., 2012b). Previously published work
demonstrated the expression of MCT2 in neurons (Pierre et al., 2000; Rafiki et al., 2003),
suggesting MCT1/MCT2 may play a role in shuttling lactate from oligodendrocytes to neurons.
Using various in-vitro and in vivo methods to disrupt MCT1 expression, researchers showed that
neuronal survival depends on the oligodendrocyte expression of MCT1, lending credence to the
notion that oligodendrocytes are capable of metabolically supporting neurons (Lee et al., 2012b).
Considering that excessive lactate leads to lactic acidosis suggests regulated signaling must occur
between neurons and oligodendrocytes to avoid a constant supply of lactate. In an interesting and
more recent publication, Meyer et al. showed that oligodendrocytes in the corpus callosum provide

energy to axons through the delivery of glucose, not lactate, suggesting a separate mechanism
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employed by cells in the white matter region (Meyer et al., 2018). Together, these mechanisms

have been proposed to occur along the axons to help meet the energy demand of the axon.

1.1.1.4 Oligodendrocyte function: Trophic Support

Several early studies suggest that oligodendrocytes secrete soluble factors that influence
neuronal differentiation, growth, and survival (Colello et al., 1994; Griffiths et al., 1998; Meyer-
Franke et al., 1995). Indeed, oligodendrocytes express many known trophic factors such as nerve
growth factor (NGF) (Byravan et al., 1994; Dai et al., 2003) , EGF-like growth factor (Nakagawa
et al., 1998), insulin growth factor (IGF) (Evercooren et al., 1991; Wilkins et al., 2001) , glial-
derived nerve growth factor (GDNF) (Strelau and Unsicker, 1999; Wilkins et al., 2003), brain-
dervied nerve growth factor (BDNF) (Dai et al., 2003), and neutrotrophin-3 (NT-3) (Dai et al.,
2003). Of these many trophic factors, IGF-1, GDNF and BDNF have been shown to be functional
important to neurons.

In 2001, Wilkins et al. demonstrated that conditioned media from oligodendrocyte
progenitor cells promotes the survival of cultured neurons (Wilkins et al., 2001). Additionally,
neutralizing antibodies against IGF-1 blocked this survival effect while the addition of
recombinant IGF-1 promoted neuronal survival. In a follow-up study, Wilkins et al. showed that
both oligodendrocyte progenitor cell and mature oligodendrocyte conditioned media promotes the
survival of neuronal cells in culture working through a phosphatidylinositol 3’-kinase
(PI3kinase)/Akt-dependent mechanism (Wilkins et al., 2003). Interestingly, conditioned media
from mature oligodendrocytes, but not oligodendrocyte progenitor cells, increased axon length.
This indicated the involvement of additional important oligodendrocyte derived trophic factors

and involved the MAPK/Erkl1/2 signaling pathway. Wilkins et al. showed differentiated
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oligodendrocytes express GDN and neutralizing antibodies against GDNF resulted in the reduction
of axon length. Additionally, GDNF was shown to activate the MAPK/Erk1/2 signaling pathway
indicating that the oligodendrocyte derived trophic factors play a role in axonal growth apart from
the survival effects seen with IGF-1.

Similarly, oligodendrocyte derived BDNF and NT-3 increase the survival and activity of
cultured basal forebrain cholinergic neurons (Dai et al., 2003). Dai et al. demonstrated that
oligodendrocytes express BDNF, NT-3, and NGF (Dai et al.,, 2003). However, neutralizing
antibodies against both BDNF and NT-3, but not NGF, significantly reduced cholinergic neuronal
activity. Whether additional oligodendrocyte expressed trophic factors affect neuronal functioning

remains to be seen.

1.2 Oligodendrocyte development

Neural precursor cell  Oligodendrocyte  Pre-myelinating oligodendrocyte/  Myelinating oligodendrocyte
progenitor cell Newly-formed oligodendrocyte

Figure 1: Oligodendroglial lineage progression
Oligodendrocytes move through distinct stages of development. Oligodendrocyte progenitor cells

(OPCs) are derived from neural progenitor cells and are the resident oligodendrocyte progenitor
population. These migratory cells can either proliferate to form additional OPCs or make the
terminal decision to become newly-formed oligodendrocytes (NFOs). As pre-myelinating

oligodendrocytes mature, they upregulate essential lipids and proteins required for the process of

15



myelination and use exploratory processes to select axons. In the final stage of maturation,

myelinating oligodendrocytes ensheath axons by wrapping a lipid-rich membrane around the axon.

1.2.1 Origins

Oligodendrocyte lineage cells progress through distinct cellular states defined by specific
morphological features and proteins; the progenitor state, otherwise known as oligodendrocyte
progenitor cells (OPCs), pre-myelinating oligodendrocytes, and finally, myelinating
oligodendrocytes (Fig. 1). OPCs are stellate in appearance and exist through the entire CNS
(Michalski and Kothary, 2015). Within the spinal cord, brainstem, and the forebrain,
oligodendrocytes arise from both ventral and dorsal sources. Within the forebrain, OPCs first arise
from the medial ganglionic eminence (MGE), where they migrate both dorsally and laterally. In
mouse, these cells are found within the cortex by E16 and populate the area by E18. They are
joined by a secondary wave of progenitors from the lateral/caudal ganglionic eminence, with a
final wave of progenitors derived from the cortical areas (Richardson et al., 2006). OPCs are highly
motile cells that send out fine processes that survey surrounding areas while determining the
location of their final position. OPCs are evenly distributed across the brain; a tiling behavior
dependent on self-repulsion cues (Castro and Bribian, 2005). Given their wide distribution, OPCs
may travel great distances to reach their final destination.

To ensure appropriate coverage, an excess number of OPCs are produced (Kessaris et al.,
2005; Vigano et al., 2016). This is followed by a subsequent elimination process thought to be

mediated by competition for the limited amounts of target-derived growth and survival factors

such as platelet-derived growth factor alpha (PDGFq), fibroblast growth factor (FGF)-2, insulin-
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like growth factor (IGF)-1, neurotrophin (NT)-3, and ciliary neurotrophic factor (CNTF) (Barres
and Raff, 1994; Calver et al., 1998; Fruttiger et al., 1999; Miller, 2002).

OPCs represent the largest population of proliferating cells in the adult brain, constituting
roughly 5% of total CNS cells (Dawson et al., 2003). OPCs continue to proliferate well into
adulthood, although the rate declines with age and differ depending on the brain region (Young et
al., 2013). OPCs either remain in the progenitor state, giving rise to additional OPCs, or the cell
differentiates into a pre-myelinating oligodendrocyte (Fig. 1). Interestingly, the subventricular
zone can give rise to new OPCs in adulthood, especially in the context of demyelination, as they
can acutely respond and migrate to lesion areas (Nait-Oumesmar et al., 2007; Nakatani et al., 2013;

Serwanski et al., 2018; Xing et al., 2014)

1.2.2 Migration

How is it possible for cells to move across such a complex landscape to reach their final
destination? Interactions with the extracellular matrix, cell-surface proteins, and secreted
molecules from various cell types impact OPC migration during development. Extracellular
proteins such as fibronectin and merosin promote OPC migration, while tenascin-C selectively
inhibits the fibronectin, but not the merosin, response to migration (Frost et al., 1996). Membrane
expression of proteins such as N-CADHERIN allow OPCs to adhere to the surface of other cells,
and the OPC expression of the membrane-anchored Ephrin ligands, ephrin B2/B3, interact with
the axonal expression of the EPHRINB: receptor to impact the distribution of OPCs (Prestoz et
al., 2004). Secreted growth factors such as FGF-2 and PDGF promote the migration of OPCs
(Armstrong et al., 1990; Milner et al., 1997; Simpson and Armstrong, 1999), and studies suggest

that Netrin and the various proteins within the semaphorin family act as both an attractive and
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repulsive cue depending on the stage of development and brain region (Deiner and Sretavan, 1999;
Jarjour et al., 2003; Sugimoto et al., 2001; Tsai et al., 2003).

In addition to the aforementioned mechanisms OPCs use for migration, Tsai and collogues
recently demonstrated that OPCs also migrate along the vasculature matrices during development
in both mice and humans (Tsai et al., 2016). Using a combination of mouse Cre-lines and in-vitro
slice culture, researchers showed that OPCs associate with the vascular scaffold as they emerge
from the MGE. As early as E12, 58% of OPCs position their cells bodies directly onto a blood
vessel, and 67% show at least one process associated with a blood vessel. OPCs were observed to
either trail along the vessel, or extend a process from one blood vessel to jump to a new vessel.
Additionally, mutant mice that display defective vascular architecture also showed abnormal OPC
accumulation near ventricular zones, resulting in 70% fewer OPCs within the surrounding gray
matter (Tsai et al., 2016). The Wnt pathway, which inhibits OPC differentiation, also seems to play
a role in the disassociation of OPC from its vessel, as inactivation of the Wnt pathway resulted in
OPC clustering. OPCs express CXCR4, a Wnt-activated chemokine receptor, and CXCR4
antagonists result in a reversal of the OPC clustering (Tsai et al., 2016). Together, this research
suggests that Wnt activation may drive a CXCR4-dependent mechanism that enables OPCs to
attach to the vascular scaffold; a mechanism that is downregulated during differentiation.

Although OPCs may remain in their immature state for a significant amount of time, cells
quickly move through the process of differentiation and subsequent myelination (see section 1.2.3
for further discussion). This seemingly simple three-step process is anything but; proliferation,
differentiation, and myelination are controlled by several intrinsic and extrinsic factors acting to

either move cells away from or towards maturity.
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1.2.3 Differentiation and maturation

As oligodendrocytes mature and prepare for the process of myelination, vast quantities of
lipids and several hundred types of membrane proteins are synthesized, transported, and inserted
into the myelin sheath (Dhaunchak et al., 2010; Ishii et al., 2009; Werner et al., 2007). OPCs
undergo a series of morphological changes during differentiation and subsequent myelination: 1)
the extension of exploratory motile processes; 2) contact and initial ensheathment of axons; 3)
forward spiral expansion of myelin membrane; 4) simultaneous lateral expansion of myelin
membrane; and 5) the final compaction of myelin (Fig. 2) (Snaidero and Simons, 2014; Zuchero
et al., 2015). Although many aspects of this major cellular event require further investigation, this
last decade has shed light on mechanisms driving this striking process. These developments
required the use of many techniques including in vitro methods, mouse and zebrafish genetics, and
electron microscopy (specifically the use of high-pressure freezing), which allows for optimal

tissue preservation and deeper investigation into the physical structure of myelin.
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Figure 2: Myelin structure
A) Schematic depicting the developing myelin sheath, unwrapped to visualize the structure. The

inner tongue or leading edge grows along the inside of the myelin spiral. The internode is formed
during compaction and sub-domains of cytoplasmic channels move laterally forming the paranode
region. Myelin Oligodendrocyte Glycoprotein (MOG) is localized on the outer-most lamellae of
the sheath, whereas Myelin-associated glycoprotein (MAG) is localized to the inner-most
membrane. B) A detailed schematic depicting the organization of the myelin membrane including
high-abundance proteins, PLP and MBP, and lipids, including GalC, phospholipids, and
cholesterol. PLP is inserted within the membrane and MBP is found between membranes.
Together, these structures form the major dense and intraperiod lines seen by electron microscopy.

This figure was adapted from (Ozgen et al., 2016).

1.2.3.1 From initial axonal contact to mature myelin

Upon axonal selection oligodendrocytes extend and broaden an exploratory motile process,
now termed the inner tongue or leading edge, which encircles the axon (Hughes et al., 2013; Kirby
et al., 2006; Snaidero and Simons, 2014). Myelination occurs in an ‘inside-out’ fashion meaning
the inner tongue continues to grow along the inside of the myelin spiral, while laterally expanding
the region of the membrane in contact with the axon (Fig. 2A) (Snaidero and Simons, 2014).
Recently both Zuchero et al. and Nawaz et al. (Nawaz et al., 2015; Zuchero et al., 2015)
demonstrated that this process is driven by the assembly and disassembly of F-actin. The ARP2/3-
dependent assembly of F-actin acts as a protrusive force expanding the non-adhesive leading edge
while the oligodendrocyte circles the axon. The subsequent ARP/cofilinl-dependent
depolymerization of F-ACTIN collapses this structure, reduces the surface tension, and increases
adhesion and lateral membrane spreading (Nawaz et al., 2015; Zuchero et al., 2015).

The final product is a multilayered stack of uncompacted membrane. Membrane expansion

that occurs in this ‘inside-out’ fashion poses a particular problem: the expanding leading edge
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requires transport of newly synthesized myelin proteins but counterproductively continues to
increase the distance from the cell body where this synthesis occurs (Fig. 2A). How can such a
large cell continue to expand its myelin at the leading edge? A landmark paper published by
Snaidero et al. (Snaidero et al., 2014) elucidated how oligodendrocytes solve this dilemma.
Interestingly, Snaidero and colleagues found that uncompact myelin uses cytoplasmic channels
that connect the outer and inner layers to deliver vesicles containing essential myelin components,
such as myelin basic protein (MBP), thereby shortening the distance to the leading edge. This
group also showed that the number of cytoplasmic channels decreases as the oligodendrocyte
matures, a process controlled by PI(3,4,5)P3. However, a region of cytoplasmic subdomain
remains in close contact with the axon and moves laterally towards the eventual node, forming the
paranodal loop which establishes a specialized junction with the axon (Fig. 2A). These cytoplasmic
rich domains provide a functional location where mature oligodendrocytes remain connected with
the axon and may share metabolites such as lactate (Saab et al., 2013).

The last step in establishing a mature myelin sheath occurs as the inner layer fills with
myelin proteins and myelin compaction takes place. MBP binds two opposing membranes and
drives myelin compaction by drawing the two membranes close together. MBP is crucial to
membrane compaction, as mbp null mice do not produce compact myelin, display severe
hypomyelination, and develop a shivering gait after a few weeks of age (Readhead et al., 1987;
Roach et al., 1983). Myelin compaction reduces the amount of physical space and available
cytoplasm, which restricts protein trafficking and creates a domain with little remaining
cytoskeleton (Aggarwal et al., 2011, 2013; Bakhti et al., 2014; Snaidero et al., 2014). Caludin-11
securely connects the edge of the myelin lamellae by creating autotypic tight junctions (Gow et

al., 1999) and compact myelin is formed. The final structure consists of alternating structures of
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electron light and dense layers named “intraperiod line”” and the “major dense line” that are easily
observed with transmisison electron microscopy (Fig. 2B). Compaction is fast and happens early
in development (Readhead et al., 1987) creating the region of high electrical resistance and low
capacitance crucial for saltatory conduction. The rate at which this complex cellular event occurs
can be astonishing. Using zebrafish, Czopka et al. demonstrated that oligodendrocytes are able to

establish new myelin sheaths within as little as 5 hours (Czopka et al., 2013).

1.4 Myelination

1.4.1 Myelin components and organization

The insulating capacity of myelin suggests that the composition of this highly specialized
membrane is unique. Indeed, myelin is unique compared to the other membrane cell types.
Compared to the well hydrated membranes of the gray matter which contain 80% water, myelin
only contains 40% water (Nave, 2010). Myelin membrane also differs from other cell types in that
approximately 70% of their dry weight consists of lipids and 30% consists of proteins; a lipid-to-
protein ration that is generally reversed in other cellular membranes (Baumann and Pham-Dinh,
2001; Ozgen et al., 2016). The composition, localization, and interactions between lipids and
proteins prove critically important for the regulation of myelin formation and maintenance. These
components act in concert with one another; lipids control the sorting of myelin proteins and
myelin proteins organize lipids. This interaction forms specialized microdomains called lipid rafts
which appear dynamic and act as signaling platforms themselves (Baron and Hoekstra, 2010;
FULLEKRUG and SIMONS, 2004; Gielen et al., 2006; Kramer et al., 2001). The biogenesis and
interactions between each component require tight regulation in order to maintain proper

functioning.
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1.4.2 High abundance myelin lipid and proteins

Given the highly specialized structure of myelin, it may be surprising to note that all lipids
found in the myelin sheath are found in other cell types with slight species variability between rats
and humans (Baumann and Pham-Dinh, 2001). Major myelin lipids include phospholipids,
cholesterol, galactolipids (mainly galactosylcermidase (GalC)), and to a lesser extent, sulfatides
(Fig. 2B) (Baron and Hoekstra, 2010; Baumann and Pham-Dinh, 2001). Cholesterol, an important
component for the insulating function of myelin, makes up roughly 28% of the total dry weight of
myelin in both human and rats (Baumann and Pham-Dinh, 2001). Galactolipids, namely GalC,
comprise roughly 23% of the total dry weight and play an important role in the long-term
maintenance of the membrane as well as oligodendrocyte differentiation and maturation (Dupree
et al., 1998a, 1998b; Hirahara et al., 2004). Surprisingly galactosyltransferase knock-out mice,
which lack GalC as well as other sulfatides, show normal myelin biogenesis and compaction
despite the important ultrastructural abnormalities. Aged mutant mice showed unstable myelin,
axonal swellings, and disrupted paranodal compartments, arguing these major myelin lipids play
a functional role in the overall stability of myelin (Dupree et al., 1998a; Marcus and Popko, 2002).

Although cell-specific lipids are not found within the myelin sheath, many of the major
protein components are found specifically in mature oligodendrocytes and/or Schwann cells. The
most abundant myelin proteins found in the CNS are MBP and Proteolipid Protein (PLP) and its
isoform, DM-20 (Fig. 2B). These low molecular weight proteins constitute roughly 80% of total
myelin proteins, with MBP constituting 30%, and PLP making up the remaining 50% (Baron and
Hoekstra, 2010; Baumann and Pham-Dinh, 2001; Ozgen et al., 2016). MBP has a multitude of

isoforms with a different number of isoforms found in rats, mice, and human (Ozgen et al., 2016).
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Surprisingly, despite the high abundance of each protein within the myelin, MBP is the only known
structural protein essential for the formation of myelin in the mature oligodendrocyte (Readhead
et al., 1987). As previously discussed, the positively charged MBP is required for the compaction
of myelin and MBP null-mice do not produce myelin(Readhead et al., 1987). Unlike MBP, PLP
null mice show no disruption to the formation of myelin(Klugmann et al., 1997). However, the
overexpression of PLP as well as mutations within the P/p/ gene result in severe gain of function
phenotypes (Simons et al., 2002). Mikael Simons and colleagues showed that duplication of PLP
caused sequestration of cholesterol in late endosomes/lysosomes resulting mistrafficking of lipid
raft components leading to improper myelin membrane assembly (Simons et al., 2002). This
stresses the importance of regulating the correct amount and formation PLP, as these factors affect
the proteins ability to assemble essential lipid microdomains critical for proper myelin assembly.
Lipid and protein composition differ between non-compact and compact myelin. The
paranodal loop within the non-compacted myelin houses proteins such as neurofascin (NF155), a
glial cell adhesion molecule important for the axo-glial junction(Tait et al., 2000), and the
glycosphingolipid sulfatide (Baron and Hoekstra, 2010). Unlike non-compact myelin, compact
myelin houses both MBP and PLP proteins as well as high concentrations of the lipid cholesterol
and the glycosphingolipid GalC. MBP is found in between membranes and creates the major dense
line easily seen by electron microscopy. PLP, with four membrane spanning domains, is found
inserted within the membrane. GalC and cholesterol are both inserted into the outerleaflet of the

membrane and help form the intraperiod line (Ozgen et al., 2016).
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1.4.3 Low abundance myelin proteins

Other cell-specific proteins are found within myelin as well, albeit at much lower
concentrations. 2°,3’-Cyclic-nucleotide 3’-phosphodiesterase, or CNP, constitutes roughly 4% of
myelin proteins and is localized inside of the cell in the cytoplasmic plasma membrane (Baumann
and Pham-Dinh, 2001). Myelin-associated glycoprotein, or MAG, represents only 1% of the
myelin total protein, and Myelin Oligodendrocyte Glycoprotein, or MOG, is localized to the
plasma membrane and is in high abundance on the outer most lamellae of the myelin sheath (Fig.
2B) (Nave, 2010). Interestingly, proteins that are non-specific to oligodendrocytes are found within
the myelin as well, including proteins associated with neuronal signaling and vesicle release (see
section 1.6.6 for further discussion). These proteins may indicate oligodendrocytes unappreciated

role in various forms of cell-to-cell communication.

1.5 Intrinsic control of the oligodendrocyte lineage

1.5.1 Introduction to Intrinsic control of the oligodendrocyte lineage

Given the relationship between neurons and mature oligodendrocytes, neuronal signaling
would be predicted to play a large role in influencing oligodendrocyte lineage progression.
Interestingly, previous studies instead support the importance of intrinsic mechanisms, including
the observation that oligodendrocytes survive, proliferate, and differentiate in monoculture (Abney
et al.,, 1981; Durand and Raff, 2000; Knapp et al., 1987; Zeller et al.,, 1985). In addition,
oligodendrocytes form a sheath-like membrane when plated on flat coverslips, and show the ability

ensheath inert nanofibers (Dugas et al., 2006; Lee et al., 2012a; Rosenberg et al., 2008). This not

25



only demonstrates oligodendrocytes ability to progress without neuronal signaling, but also that

ensheathment does not solely depend on axonal surface expression or excreted ligands.

1.5.2 Transcriptional regulation of oligodendrocyte lineage cells

A review written by Emery and Lu provides a framework to understand the intrinsic
mechanisms controlling oligodendrocyte lineage progression (Emery and Lu, 2015). A complex
interplay of transcriptional and epigenetic regulation controls all stages of lineage progression:

specification, maintenance, differentiation, and finally maturation and myelination.

1.5.2.1 OPC specification

After the initial wave of motor neurons emerge from the pre-motor neuron domain of the
ventral spinal cord, OPCs begin to emerge. The expression of the pan-oligodendrocyte
transcription factor, Olig2, is expressed early within OPCs (Fu et al., 2002; Lu et al., 2002; Novitch
et al., 2001; Zhou and Anderson, 2002; Zhou et al., 2001). Interestingly, Olig2 plays an important
role in establishing both the motor neuron population as well as the oligodendrocyte population- a
dual function executed through two separate mechanisms (Zhou et al., 2001). The generation of
motor neurons occurs due to the phosphorylation of OLIG2 at serine 147, whereas
dephosphorylation at this site allows for oligodendrogenesis (Tyler et al., 2011). Although OPCs
express OLIG2 early and consistently throughout each stage of oligodendrocyte development, the
function and importance of OLIG2 changes based on the region and stage of maturation. For
example, constitutive deletion of Olig2 in OPCs causes cell fate to switch from OPCs to astrocytes
within the neocortex and corpus callosum, but not in the ventral forebrain (Zhu et al., 2012).

Additionally, dorsally derived OPCs do not initially express Olig2, demonstrating Olig2 is not
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required for the initial specification of dorsally derived OPCs (Cai et al., 2005; Kessaris et al., 2005;
Richardson et al., 2006; Vallstedt et al., 2005) . It is likely that the closely related Olig! may

compensate for this lack of expression in OLIG2 (Zhou and Anderson, 2002).

1.5.2.2 OPC maintenance

As the progenitor population continues to proliferate and migrate, OLIG2 induces the
expression of additional transcription factors. Forced expression of OLIG2 is not only sufficient
to induce oligodendroglia specification, but it also induces the expression of NKX2.2 and SOX10
(Liu et al., 2007; Zhou et al., 2001). NKX2.2 and SOX10 demonstrate a challenge in identifying a
transcription factor specific and necessary for maintenance; despite their early expression, neither
genes seem necessary for OPC maintenance (Qi et al., 2001; Stolt et al., 2002). Nkx2.2 null mice
show a dramatic reduction in OPC differentiation but not specification (Qi et al., 2001). Similarly,
Sox10 null mice show a relatively normal progenitor population with a disruption in terminal
differentiation (Stolt et al., 2002).

Despite the lack of a singular maintenance specific gene, the deletion of both Sox/0 and an
additional transcription factor, Sox9, results in a reduction of OLIG2-positive OPCs due to

increased apoptosis and aberrant migration (Finzsch et al., 2008). Additionally, this double deletion
also causes decreased expression of PDGFRa in the remaining OLIG2 population, suggesting that
PDGFRaq is under the transcriptional control of SOX9 and SOX10 (Finzsch et al., 2008). Since
PDGFRg is an important survival factor and used in OPC migration, SOX9 and SOX10 show

redundancy for critical functions during OPC maintenance (Finzsch et al., 2008).
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1.5.2.3 Terminal differentiation

Differentiation marks a major transitional phase for oligodendrocytes. Once differentiation
occurs, oligodendrocytes exit the cell cycle, thereby losing their ability to proliferate, and quickly
move towards maturity. This process occurs rapidly, occurring within a mere 5 hours in zebrafish
(Czopka et al., 2013). In humans, pre-myelinating oligodendrocytes can be found several weeks
before MBP+ segments are detected, indicating a slower and more protracted rate of differentiation
(Back et al., 2001). The complexity involved in the timing and regulation of differentiation
demonstrates the necessity to tightly control this event. Negative and positive regulators of
differentiation act to ensure balance and control between the competing stages of proliferation and
differentiation.

1.5.2.3.1 Negative regulation of terminal differentiation

OPCs inhibit differentiation through the expression of many transcription factors,
including ID2, ID4, HESS, SOXS5, and SOX6. These factors act in concert to control the
extracellular signaling and prevent differentiation. Overexpression of ID2 inhibits OPC
differentiation; conversely, the absence of ID2 allows for terminal differentiation in vitro (Wang
etal., 2001). Both ID2 and ID4 act within the nucleus to inhibit differentiation and are translocated
to the cytoplasm upon differentiation (Wang et al., 2001). Additionally, ID proteins physically
bind and prevent both OLIG1 and OLIG2 activity, thereby preventing the induction of downstream
pro-differentiating factors (Samanta and Kessler, 2004). The negative regulation of differentiation
is also carried out through Hes5 activity. Again, overexpression of HESS in vitro blocks OPC
differentiation, while deletion of HESS in vivo leads to accelerated expression of mature
oligodendrocyte markers such as MBP and PLP1 (Liu et al., 2006). HESS is able to both bind and

compete with the transcription factor SOX10, preventing the transcription of MBP (Liu et al.,
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2006). Although SOX proteins regulate the progenitor population, the deletion of both Sox5 and
Sox6 within the spinal cord allowed for the increased expression of both MBP and PLP1 (Stolt et
al., 2006). Similar to HESS, both SOX5 and SOX6 prevent SOX10 activity demonstrated by their

ability to bind the promotor region of the Mbp gene(Stolt et al., 2006).

1.5.2.3.2 Positive regulation of terminal differentiation

Key factors involved in differentiation proved challenging to resolve, as transcription
factors may play roles in several stages of the oligodendrocyte lineage. As previously mentioned,
Olig?2 plays an important role in specification and maintenance, although its expression continues
in the differentiated and mature oligodendrocyte. In order to determine the function of Olig2 in
post-mitotic oligodendrocytes, researchers used a conditional knockout strategy which targeted the
deletion of Olig2 after oligodendrocyte differentiation (Cai et al., 2007; Mei et al., 2013). This
resulted in a significant reduction in the density of mature oligodendrocytes and myelin,
demonstrating the multiple roles that a single transcription factor may play throughout the multiple
stages of oligodendrocyte development (Cai et al., 2007; Mei et al., 2013).

Since pro-differentiation and maturation factors such as OLIG2, SOX9, and SOX10 are
expressed before differentiation but are inhibited by transcription factors such as the IDs and
HESS, this led to the development of a ‘derepression model’ (Emery, 2010). The ‘derepression
model” suggests oligodendrocytes would default to differentiation and maturation, but negative
regulation prevents this default mode. Therefore, in order to move towards differentiation and
maturation, the negative regulation itself must be inhibited to allow for the positive regulation and

progression towards maturation (Emery, 2010). The pathways involving ZFHX1B/SIP1 represents

an elegant example of the alleviation of negative regulation that results in differentiation (Weng
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et al., 2012). Both the WNT pathway, as discussed in section 1.2.2 and will be further discussed
in section 1.5.4.1, and bone morphogenic protein (BMP) signaling inhibit OPC differentiation
(Weng et al., 2012). During the stage of OPC maintenance, SIP1 expression remains low (Weng
et al., 2012). During differentiation, OLIG]l and OLIG2 activate SIP1 production, which
physically antagonizes BMP activity and promotes a critical differentiation activator, SMAD7.
SMAD7 further blocks BMP and WNT signaling, leading to the suppression of negative regulators
of differentiation such as the IDs and HESS5. This alleviation will allow already present
transcription factors such as OLIG1, OLIG2, and SOX10 to relocate and promote differentiation

(Weng et al., 2012).

1.5.2.4 Maturation/myelination

Many of the transcription factors that control maturation and myelination are initially
expressed at the earliest stages of development and continue their expression through maturation.
As previously discussed, OLIG2 is an example of this. Other examples include NKX2.2, OLIGI,
ASCL1, and SOX10. For example, loss of NKX2.2 function using a Nkx2.2 null mutant results in
a delay and reduction in oligodendrocytes, specifically oligodendrocytes expressing both MBP
and PLP1 (Qi et al., 2001). NKX2.2 also drives GFP expression from the P/p/ promoter, but may
also reduce activity at the Mbp promoter (Gokhan et al., 2005; Wei et al., 2005). Despite this
seemingly paradoxical result, NKX2.2 is required for proper differentiation and myelination.

Another example is ZFP191, also known as ZFP24. ZFP24 is a zinc finger protein which
contains both DNA-binding zinc finger domains protein-protein interaction SCAN domains
(Howng et al., 2010). ZFP24 is widely expressed in many cell types and is expressed through the
stages of the oligodendrocyte lineage. ZFP24 mutants show reduced expression of many myelin

related genes, indicating a role in maturation, despites its early expression (Howng et al., 2010).
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Recent work by Elbaz et. al demonstrated that ZFP24’s role in maturation is controlled by its
phosphorylation (Elbaz et al., 2018). Phosphorylated ZFP24 accumulates in OPCs and is unable to
bind DNA. As cells mature, unphosphorylated ZFP24 accumulates and binds to a consensus DNA
sequence proximal to many genes important for CNS myelination, such as MBP and SOX10,
thereby enhancing target gene expression (Elbaz et al., 2018). Given that the knockouts of
transcription factors are expressed throughout the stages of the oligodendrocyte lineage, yet still
show stalling during differentiation of myelination, suggests that several transcription factors have
non-redundant and essential functions over the course of oligodendrocyte development.
Currently, only one transcription factor shows induced expression during differentiation,
rather than before, is essential to CNS myelination, and shows oligodendrocyte-specific expression
amongst neural cells. Myelin Gene Regulatory Factor (Myrf/gm98) is a transcription factor that
acts as a master regulator controlling oligodendrocyte maturation and myelination. Conditional
knockouts of MYRF result in a severe failure to myelinate, eventually leading to postnatal death

(Emery et al., 2009a). The expression of MYREF is induced by SOX10 and OLIG2 (Hornig et al.,
2013; Yu et al., 2013) and MYRF subsequently drives maturation and myelination by directly
targeting many genes essential for myelination, including Cntn2, Trf, Mag, Mbp, and PlpI (Bujalka
etal., 2013). In addition, MYRF expression is also essential in the ongoing maintenance for mature

oligodendrocytes (Koenning et al., 2012) .

1.5.3 Epigenetic Regulation of oligodendrocyte lineage cells
In addition to the intricate transcriptional network discussed previously, epigenetic

regulation also influences the progression of oligodendrocytes. Epigenetic regulation is defined as
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mechanisms that affect gene expression without altering the DNA sequence itself, and can occurs

through DNA methylation, histone medication, and miRNAs (Emery and Lu, 2015).

1.5.3.1 DNA Methylation

The most well understood type of DNA methylation is CG methylation, where the addition
of a cytosine base is added to a guanine nucleotide (Emery and Lu, 2015). This modification
happens most commonly within the promoter regions of protein coding genes and the methylation
of the CG sites is typically associated with the silencing of downstream genes (Tiane et al., 2019).
DNA methyltransferases (DMNTs) add the methyl-group the cytosine, and ten-eleven
translocation (TET) enzymes can remove the methyl-group (Tiane et al., 2019).

In an early study, neonatal rats treated with a DNMT-inhibitor displayed hypomyelination
in 11-day old optic nerves accompanied by a reduction in the number of oligodendrocytes (Ransom
et al., 1985). Similarly, deleting Dnm¢1 in progenitor cells results in OPC growth arrest and severe
hypomyelination (Moyon et al., 2016). Just as DNA methylation affects the oligodendrocyte
lineage, the removal of the methyl groups by TET enzymes also influences differentiation. Knock-
down of Tet mRNA resulted in the increased expression of negative regulators of oligodendrocyte
differentiation, such as ID2 and HESS proteins (Zhao et al., 2014). DNA methylation may also
influence the temporal expression of downstream genes, with PRMTS5 serving as an example.
PRMTS is methyltransferase that binds CG-rich domains within the /d2 and 1d4 genes, silencing
their expression thereby relieving the inhibition of differentiation (Huang et al., 2011). Similarly,
SIRT2 can translocate to the nucleus to methylate DNA regions upstream of Pdgfra, subsequently

initiating glial differentiation (Fang et al., 2019). Although PRMTS5 and SIRT2 are classified as
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histone-modification enzymes, they are also able to induce epigenetic changes via DNA

methylation as well (Tiane et al., 2019).

1.5.3.2 Histone modification and chromatin remodeling

Histone modifications occurs through a variety of changes on the histone tail, including
(de)acetylation, which is heavily involved in different aspects of oligodendrocyte development.
Histone acetyltransferases (HATSs) are responsible for histone acetylation, which relaxes the DNA
into an ‘open’ structure allowing for easier accessibility to the DNA region (Tiane et al., 2019).
Conversely, histone deacetylases (HDACs) remove the acetyl group, resulting in a ‘closed’ and
less accessible DNA structure. While limited studies have assessed the role of HATs in
oligodendrocyte development, HDACs clearly influence oligodendrocytes (Tiane et al., 2019). The
conditional deletion of Hdacl and Hdac?2 in OPCs causes a reduction in the number of OPCs as
well as a delay in differentiation and myelination (Ye etal., 2009), implicating HDAC involvement
in both early and later stages within the oligodendrocyte lineage. The pharmacological inhibition
of HDAC:s prevented the expression of inhibitory transcription factors, such as ID2 and SOX10 in
rats and ID4, SOX2, and TCF4 in humans (Conway et al., 2012; Swiss et al., 2011). This suggests
that HDACs promote differentiation by suppressing the expression of inhibitory genes that
otherwise block differentiation.

In addition to direct histone modification, ATP-dependent chromatin remodeling
complexes also influence the oligodendrocyte lineage. ATP-dependent chromatic remodeling
complexes use ATP as an energy source in order to reposition nucleosomes, which alters histone
accessibility and subsequent gene transcription (Tiane et al., 2019). Brahma-related 1 (BRGl1) is a

helicase component of the SWI/SNF-related complex and is expressed in throughout all stages of
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the oligodendrocyte lineage, with OPCs showing the highest expression. BRGI interacts with the
Olig2 promoter to induce its expression in OPCs (Matsumoto et al., 2016). Initial studies showed
that BRGI1 is then recruited by OLIG2 to enhance the expression of additional oligodendrocyte
genes (Yu et al., 2013). Subsequent studies showed that the pair drives the expression of an
additional ATP-dependent chromatin remodeler, CHD7 (He et al., 2016). During oligodendrocyte
differentiation, when CHD7 expression is the highest, it acts with SOX10 to enhance the

expression of genes essential for myelination, such as Myrf and Sox/0 (He et al., 2016).

1.5.3.3 Non-coding-RNAs

In addition to DNA methylation and histone modification, small non-coding RNAs also
prove powerful and important epigenetic regulators of oligodendrocyte gene expression. Major
types of non-coding RNAs include small interfering RNAs (siRNAs), Piwi-interacting RNAs
(piRNAs), long non-coding RNAs (Inc-RNAs), and micro RNAs (miRNAs)(Tiane et al., 2019).
Although Inc-RNAs, such as Neatl, demonstrate the ability to influence OPC genesis and myelin
gene expression (Dong et al., 2015; Katsel et al., 2019) , miRNAs represent the most abundant and
most well-studied non-coding RNA to influence the oligodendrocyte lineage. miRNAs are small
molecules often transcribed from non-coding regions and coding protein introns and bind the seed
sequence at the 3’ untranslated region of target mRNA (Tiane et al., 2019). This binding results in
either the repression of translation or the degradation of the target mRNA. Interestingly, miRNA
with low base-pair complementarity may bind to several 3> UTR sequences resulting in the
reduction of expression for several genes and may converge on a single pathway such as cell
proliferation and differentiation (Tiane et al., 2019).

The expression profile of many miRNAs varies throughout the stages of oligodendrocyte

development, indicating their possible importance in the regulation of cellular events. This
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importance is underscored by mice lacking DICER1, an enzyme responsible for processing pre-
miRNA into mature miRNA. Differentiating oligodendrocytes show greater DICER1 expression
compared to OPCs, and conditional ablation of Dicerl severely disrupts differentiation in OPCs
(Dugas et al., 2010; Shin et al., 2009). miR-219, miR-138, and miR-338 show a 10-100-fold
increase during differentiation and have been show to play an important role in differentiation
specifically (Dugas et al., 2010; Shin et al., 2009). miR-219 directly targets genes important for
maintaining proliferation in OPCs such as Sox6, Hes5, and Pdgfr« (Dugas et al., 2010). Working
in concert with miR-138, their increased expression during differentiation and suppression of
genes important for OPCs indirectly increases the expression of monocarboxylate transporters,
thereby increasing oligodendrocyte numbers and increasing the expression of MBP and CNP
(Dugas and Notterpek, 2011; Wang et al., 2017). miR-219 also regulates the metabolic regulation
of lipid formation and maintenance, demonstrating a role for miR-219 in both the beginning and
later stages of differentiation(Shin et al., 2009).

While some miRNAs influence mRNA translation and oligodendrocyte differentiation by
increasing their expression and RNA binding, other miRNAs affect differentiation via
downregulated expression. For example, the expression of miRNA-9 decreases as
oligodendrocytes differentiate and is concurrent with the increased expression of Serum response
factor (SRF), a transcription factor that transactivates actin-associated genes important for
oligodendrocyte differentiation (Buller et al., 2012). Overexpression of miR-9 in cultured OPCs
suppresses SRF expression and inhibits OPC differentiation, while the depletion of miR-9 in OPCs
stimulates OPC differentiation (Buller et al., 2012). In a recent finding, Kornfeld and collegues
demonstrate that the high expression of miR-145-5p in OPCs prevents differentiation by binding

Mpyrftranscripts, thereby inhibiting the expression of critical differentiation and myelination genes
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(Kornfeld et al., 2020). Taken together, the various expression profiles of miRNAs strongly

influence the oligodendrocyte state and prove important regulators of CNS myelination.

1.5.4 Important intracellular signaling pathways

As discussed, a complicated network of cellular events control oligodendrocyte lineage
progression and myelination. Oftentimes, these cellular events converge on three main intracellular
signaling pathways: the canonical wingless and integration site WNT-signaling pathway, the

ERK/MAPK pathway, and the AKT/mTOR pathway (Fig. 3) (Gaesser and Fyffe-Maricich, 2016).
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Figure 3-Major pathways influencing myelination.
Schematic depicting three major pathways important for myelination: Wnt/b-catenin (A),

AKT/mTOR (B), and ERK/MAPK (C). Extracellular ligands are shown to bind their respective
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receptors, activating downstream pathways either inhibiting (A) or enhancing (B&C) myelination.
Growth factors such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) and
neurotrophin 3 (NT3), bind receptor tyrosine kinases and activate the AKT/mTOR pathway (B).
The figure was adapted from (Alcover-Sanchez et al., 2020). Bcat: -catenin, Lrp5/6: low density
lipoprotein 5 and 6, RTKs: Receptor tyrosine kinases, PI3K: phosphoinositide-3-kinase, PIP2:
phosphatidylinositol 4,5-bisphosphate, PIP3: phosphatidylinositol 3,4,5 trisphosphate, TSC2:
tuberous sclerosis complex, SREBPs: Sterol regulatory element-binding proteins, mTOR:
mechanistic target of rapamycin, mTORC: mechanistic target of rapamycin complex, PDGF:
Platelet-derived growth factor, FGF-2: fibroblast growth factor 2, MEK: mitogen activated kinase

kinase, ERK1/2: extracellular signal related kinase 1 and 2, TF: transcription factors.

1.5.4.1 Canonical Wnt signaling pathway

The WNT signaling pathway plays an important role in development, growth, metabolism,
and maintenance of stem cells (van Amerongen and Nusse, 2009). WNT proteins are extracellular
signaling molecules that bind the Frizzled membrane receptor and their co-receptors, including the
intracellular signaling molecule, B-catenin (Fig. 3A) (Logan and Nusse, 2004). In the absence of
WNT, B-catenin remains in a destruction complex with other proteins including adenomatous
polycosis coli (APC), resulting in the continuous degradation of -catenin (Clevers and Nusse,
2012). Upon WNT binding, B-catenin disassociates from the destruction complex, accumulates,
and re-locates to the nucleus where it interacts with TCF/LEF family members to initiate target
gene expression (Behrens et al.,, 1996). Although initially understood as an inhibitor of
oligodendrocyte development, several seemingly contradictory studies suggest that WNT
signaling influences oligodendrocyte lineage progression to both inhibit and promote myelination.

Although it is tempting to think of any signaling mechanisms as binary ‘on/off” systems,
somewhat paradoxical evidence suggests the WNT pathway does not neatly fit into this type of

model. For example, activation of the WNT pathway via constitutive expression of B-catenin in

37



transgenic mice, using the Olig/-Cre driver, results in the inhibition of OPC generation (Fancy et
al., 2009; Feigenson et al., 2009; Ye et al., 2009), while the repression of WNT signaling results in
enhancement of OPC generation (Langseth et al., 2010). However, neonatal expression of
constitutively active [-catenin using Olig2-Cre mice fails to alter OPC generation (Fancy et al.,
2009). This may indicate the importance of timing for the expression of B-catenin, or may indicate
the importance of appropriate B-catenin levels, given the difference in promoter strength used to
drive B-catenin expression (Gaesser and Fyffe-Maricich, 2016).

In addition to the B-catenin’s role in OPC generation, several studies demonstrate that
WNT signaling inhibits differentiation and subsequent myelination. Activating this pathway via
overexpression of a dominant-active 3-catenin in all oligodendrocyte linage cells (Olig2-Cre/DA-
Cat) (Fancy et al., 2009) or mature oligodendrocytes (CNP-Cre/DA-Cat) (Feigenson et al., 2009)
results in a delay in OPC differentiation. Mutant mice displayed hypomyelination along with a
decreased number of PLP1 expressing oligodendrocytes (Fancy et al., 2009; Feigenson et al.,
2009). Importantly, Olig2-Cre/DA-Cat mice showed an increased proportion of oligodendrocytes
that express TCF712, an important nuclear binding partner of B-catenin. This led to a model
suggesting that [-catenin, along with TCF712, negatively regulate OPC differentiation by
increasing the transcription of WNT pathway target genes (Fancy et al., 2009). In addition, other
studies suggest a similar role for WNT/B-catenin signaling inhibiting differentiation in postnatal
myelination. For example, increasing the expression of the extracellular agonist WNT3A resulted

in an increase of OPC numbers and a decrease in mature oligodendrocytes in culture (Azim and
Butt, 2011; Feigenson et al., 2011). Likewise, conditional ablation of the molecule responsible for

the degradation of 3-catenin, APC, decreases the number of mature oligodendrocytes (Lang et al.,
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2013). Together, these data suggest that the WNT/B-catenin pathway negatively regulates
differentiation and myelination.

Despite a clear role for the negative regulation of differentiation and myelination, other
studies show that activation of the WNT/beta-catenin pathway pushes oligodendrocytes towards
maturation. In culture, exogenous addition of WNT molecules increase OPC differentiation, Plp!/
promoter activity is enhanced with the overexpression of nuclear-localized beta-catenin, and knock
down of B-catenin using siRNA decreases the expression of major myelin proteins and myelination
(Gaesser and Fyffe-Maricich, 2016; Kalani et al., 2008; Ortega et al., 2013; Tawk et al., 2011).
These seemingly conflicting results suggest a model where the timing and level of expression for
molecules within the WNT/B-catenin pathway must be tightly controlled for proper OPC

generation, differentiation, and myelination (Gaesser and Fyffe-Maricich, 2016).

1.5.4.2 AKT/mTOR signaling pathway

The serine/threonine kinase AKT acts as an important signaling molecule influencing cell
growth, proliferation, and survival (Gaesser and Fyffe-Maricich, 2016). This pathway is activated
by extracellular growth factors binding receptor tyrosine kinases on the cell surface, which trigger
an intracellular cascade. Initially, activation of 3-Phosphoinositide 3 kinase (PI3K) converts
PtdIns(4,5,)P2 (PIP2) to PtdIns(4,5,)P3 (PIP3) which leads to the partial activation of AKT via 3-
phosphoinositide-dependent kinase I (PDKI1) (Fig. 3B) (Gaesser and Fyffe-Maricich, 2016).
Phosphorylation of AKT via the rapamycin complex mTORC2 completes the activation of AKT,
creating a positive feedback loop for AKT activation. Upon complete activation, AKT

phosphorylates tuberous sclerosis complex 2 (TSC2), which allows for the activation of mTORCI1
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activity and initiates important downstream cellular processes (Gaesser and Fyffe-Maricich, 2016).
In oligodendrocytes, both differentiation and myelination involve AKT/mTOR signaling.

Both in vitro and in vivo studies indicate AKT signaling plays an important role in
oligodendrocyte lineage cells. Phosphatase and tensin homologue (PTEN) inhibits PI3K/AKT;
therefore, inhibition of PTEN results in activation of the AKT/mTOR pathway. In co-cultures of
either rat or human OPCs and dorsal root ganglion neurons, the addition of the PTEN inhibitor,
bisperoxovanadium, along with growth factor and receptor tyrosine kinase ligand IGF-1 results in
increased MBP accumulation in OPCs (Paula et al., 2014). Further support of the AKT/mTOR
pathway comes from several in vivo experiments. Deleting PTEN in all oligodendrocyte progenitor
cells (using Olig2-Cre), or mature oligodendrocytes (using CNP-Cre or Plpl-Cre), results in
increased levels of PIP3 and phosphorylated AKT, as well as significant CNS hypermyelination
(Goebbels et al., 2010; Harrington et al., 2010). In addition, expression of constitutively active
AKT in mature oligodendrocytes (using Plp/-AKT-DD) also results in hypermyelination and
increases in both MBP expression and mTORCI1 activity (Flores et al., 2008; Narayanan et al.,
2009). Together, these studies implicate the AKT/mTOR pathway in myelination, but does this
pathway also influence differentiation in OPCs?

Studies using the mTOR inhibitor rapamycin in cultured OPCs suggest this pathway may
play arole in differentiation, as the addition of rapamycin results in decreased OPC differentiation
and a reduction in myelin mRNA and protein (Guardiola-Diaz et al., 2012; Tyler et al., 2009, 2011).
In addition, developmental exposure to rapamycin in wild-type mice leads to CNS
hypomyelination (Narayanan et al., 2009). In order to better understand the mechanism underlying
these effects, several studies targeted different components of the mTOR pathway, including

targeting the immediate early gene that activates mTORCI1, Raptor, the gene that encodes for a
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subunit of mMTORC2, Rictor, or both (Bercury et al., 2014; Lebrun-Julien et al., 2014; Wahl et al.,
2014; Zou et al., 2014). Mutant mice lacking either mTOR (Wahl et al., 2014) or both Raptor/Rictor
(Lebrun-Julien et al., 2014) in mature oligodendrocytes results in a decrease in mature
oligodendrocytes, supporting the idea that mTOR signaling is important for OPC differentiation.
Studies targeting mTORCI1 or mTORC?2 individually demonstrate that mTORC1 may play a more
important role in oligodendrocytes, as inhibition of mTORCI results in a more severe deficit in
differentiation and myelination than inhibition of mMTORC2 activity (Bercury et al., 2014; Lebrun-
Julien et al., 2014; Zou et al., 2014).

It is well known that mTOR regulates gene expression in many cell types, but several
studies indicate that the mTOR pathway may also play a role in mRNA translation (Bercury et al.,
2014; Lebrun-Julien et al., 2014; Wahl et al., 2014; Zou et al., 2014). Although there is a reduction
in the abundance of many myelin proteins following developmental impairment of mTOR
signaling (Bercury et al., 2014; Wahl et al., 2014), MBP is the only myelin protein showing a long-
term deficit (Wahl et al., 2014). For example, many studies demonstrate that inactivation of
mTORCI at several developmental timepoints leads to a reduction in MBP protein with no change
to Mbp mRNA levels (Wahl et al., 2014). Therefore, mTOR activity, or more specifically
mTORCI1, may play an important role in the trafficking or translation of Mbp mRNA.
Additionally, Mbp mRNA is known to be trafficked and locally translated in oligodendrocytes
(Ainger et al., 1993; Wake et al., 2011). Although local translation occurs in other cell types, like
the local translation of Camk2a mRNA in neuronal dendrites (Ainsley et al., 2014), Mbp remains

the only known mRNA to undergo local translation in oligodendrocytes. Given the relationship
between Mbp mRNA localization, local translation of Mbp, and mTORCI activity, it is possible

that mMTORC1 may influence mRNA important for local translation. Local mRNA translation and
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the role of mTORCI in mRNA translation within oligodendrocytes remains an open area of

investigation.

1.5.4.3 ERK/MAPK signaling pathway

The ubiquitous and well-conserved ERK/MAPK pathway influences the expression of
many genes important for cell proliferation, differentiation, and survival. ERK1 and ERK2 are
widely expressed protein kinases that act as intracellular signaling molecules that catalyze the
phosphorylation of many proteins within the cytoplasm and the nucleus (Gaesser and Fyffe-
Maricich, 2016). Both growth factors, like PDGFRa and FGF-2 (Fig. 3C) (Bansal et al., 2003;
Bhat and Zhang, 2002; Yim et al., 2001), and neurotropic factors such as NGF, NT3, and BDNF
(Althaus et al., 1997; Du et al., 2006), bind to tyrosine kinase receptors to initiate a downstream
signaling events. Extracellular binding to the tyrosine kinase receptors activates the RAS family
of GTPases, which in turn phosphorylates RAF (MAP3K) (Raman et al., 2007). RAF
phosphorylates MEK1 and MEK2, which leads to the phosphorylation of ERK1 and ERK 2 (
Raman et al., 2007). This triggers ERK1 and ERK2 to relocate to the nucleus in order to regulate
the expression of a multitude of genes.

Within oligodendroglia, ERK1 and ERK2 may play a role in survival, proliferation, and
differentiation, although determining whether their expression positively or negatively regulates
these outcomes requires further investigation (Gonsalvez et al., 2016). For example, many studies
suggest that the ERK/MAPK pathway plays a role in differentiation in vitro (Baron et al., 2000;
Dai et al., 2014; Stariha et al., 2002; Younes-Rapozo et al., 2009). These studies suggest that the

inhibition of ERK/MAPK signaling in either mouse or rat OPCs decreases OPC differentiation.
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Although in vitro studies indicated the involvement of the ERK/MAPK pathway in differentiation,
in vivo studies show mixed results.

Using a neural progenitor driver to conditionally knockout mouse B-Raf, an upstream
kinase responsible of phosphorylating MEK, Galabova-Kovacs and colleagues showed an increase
in the number of OPCs. This was accompanied by a decrease in OPC differentiation and a
decreased number of mature oligodendrocytes early in development (P18) (Sobczak et al., 2008).
In a separate study, Fyffe-Maricich and colleagues deleted Erk2 from hGFAP+ radial glial cells
which resulted in decreased MBP expression in the corpus callosum at P10 and inhibited OPC
differentiation when grown in culture (Fyffe-Maricich et al., 2011). Similar to the in vitro studies,
these studies support the role for the ERK/MAPK in oligodendrocyte differentiation. Conversely,
experiments inhibiting both Erk/ and Erk2 specifically in OPCs fail to demonstrate the same effect
of inhibiting differentiation (Ishii et al., 2012; Xiao et al., 2012). Likewise, Erki/2 double
knockouts that conditionally delete Erk2 in an Erkl null mice also fail to show any changes in
OPC differentiation (Ishii et al., 2012). In addition, sustained activation of ERKI1/2 in
oligodendrocyte lineage cells does not increase differentiation (Fyffe-Maricich et al., 2013; Ishii et
al., 2013; Xiao et al., 2012). These mixed results between in-vitro and in vivo studies may reflect a
compensatory mechanism in vivo that prevents a disturbance in differentiation. These differences
may reflect the difference between inhibiting the ERK/MAPK pathway in neural stem cells or
radial glial populations versus inhibiting this pathway directly within the oligodendrocyte lineage,
reflecting the importance of timing in ERK/MAPK pathway activation. Similarly, studies show
mixed results regarding the role of the ERK/MAPK pathway regarding OPC proliferation and

survival (Gaesser and Fyffe-Maricich, 2016).
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Mature oligodendrocytes express both Erkl/2 mRNA, with Erkl expression being much
higher than Erk2 (Cahoy et al., 2008). ERK1 and ERK2 proteins exhibit high sequence homology
(>80%) and demonstrate very similar substrate specificity (Boulton et al., 1991). Erk2 conditional
knockout mice display transient hypomyelination (Fyffe-Maricich et al., 2013) and double
knockout mice show more extreme hypomyelination, accompanied by a persistent decrease in
myelin gene mRNA and protein expression (Ishii et al., 2013). Interestingly, deletion of both
Erkl1/2 does not change the number of mature PLP+ oligodendrocytes, nor did it impact the axonal
contact required for myelination or the initiation of myelination (Ishii et al., 2013). Sustained
ERK1/2 activation via constitutively active MEK in CNP+ oligodendrocytes results in robust
developmental increases in myelin thickness in transgenic mice (Fyffe-Maricich et al., 2013; Ishii
et al., 2013), and myelinating co-cultures expressing constitutively active MEK display increased
MAG and MBP expression (Xiao et al., 2012). Together, these data suggests ERK1/2 impacts
myelination specifically by increasing myelin gene expression.

Clearly the ERK/MAPK pathways regulates myelination, but which upstream and
downstream signaling molecules affect myelination? The neurotrophin receptor 77kB and growth
factor receptor Fgfirl/2 mediate myelination; oligodendrocyte specific knockout mice show no
change in the total number of mature oligodendrocytes, the initial contact with axons, or
ensheathment, but show a signification reduction in myelin thickness (Furusho et al., 2012; Wong
et al., 2013). In a follow-up study, Furusho and colleagues further investigated the role of both
FGFR1 and FGFR2 receptors in myelination (Furusho et al., 2017). FGFR2 is highly enriched
within the paranodal region of myelin. Using a conditional ablation of FGFR2 or FGFR1 in CNP+
oligodendrocytes, only FGFR2 knockout mice display a myelination phenotype (Furusho et al.,

2017). These mice show decreased myelin growth and myelin gene expression, decreased ERK1/2
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activity, as well as decreased mRNA expression of the key transcription factor, Myrf (Furusho et
al., 2017). Previous studies demonstrate the importance of ERK/MAPK signaling in myelin
maintenance, supporting the finding that the ERK/MAPK pathway may partially drive MYRF
expression (Ishii et al., 2013). Additionally, Furusho and colleagues showed that Figf2 KO mice
show a downregulation in molecules important for mTOR signaling with no change in the amount
of phosphorylated AKT (Furusho et al., 2017). Together, this suggests that FGFR2 signaling
regulates myelin thickness through activation of the ERK/MAPK pathway, which promotes
mTORCI activity in an AKT-independent manner (Furusho et al., 2017). This illustrates how
major pathways important for myelination such as ERK/MAPK and mTOR signaling may

converge in non-conical ways to regulate oligodendrocyte lineage cells.

1.6 Extrinsic control of the oligodendrocyte lineage: the role of neuronal activity

Several sub-sections within “Extrinsic control of the oligodendrocyte lineage: the role of neuronal
activity” section were adapted from the review article I wrote in collaboration with Helena
Bujalka and Ben Emery: Foster AY, Bujalka H, Emery B. Axoglial interactions in myelin plasticity:
Evaluating the relationship between neuronal activity and oligodendrocyte dynamics. Glia.

2019;1-12. https://doi.org/10.1002/glia. 23629

1.6.1 Introduction to Extrinsic Control of the Oligodendrocyte lineage

Oligodendrocytes exist in a complex environment, with astrocytes, microglia, neurons, and
vascular/perivascular cells all navigating through and interacting with the extracellular matrix.
Although external factors such as cell-cell interactions and excreted growth factors derived from
many of the aforementioned cell types influence oligodendroglia (for a comprehensive and current

review, see (Baydyuk et al., 2020)), the effect of neuronal activity on oligodendroglial cells
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emerges as a central focus point. An early study published over five decades ago points to a
connection between activity and oligodendroglia, showing that dark-reared mice display a delay
in myelination within the optic nerve (Gyllensten and Malmfors, 1963). Over the last two decades,
several studies have demonstrated the ability and importance of this type of neuronal-
oligodendroglial communication. In adult humans, a number of neuroimaging studies show
structural changes in white matter tracts in response to juggling, piano practicing, and working
memory tasks, suggesting that changes in task-related neuronal activity may increase myelination
(Bengtsson et al., 2005; Scholz et al., 2009; Takeuchi et al., 2010). Rodents also appear to
demonstrate experience-dependent changes in myelination. Social isolation (Liu et al., 2012;
Makinodan et al., 2012), environmental deprivation and enrichment (Hughes et al., 2018; Narducci
et al., 2018), and motor training (Keiner et al., 2017; McKenzie et al., 2014; Xiao et al., 2016) have
all been shown to impact oligodendroglia development or myelination. More specifically, directly
blocking or stimulating neuronal activity in co-culture (Demerens et al., 1996; Lundgaard et al.,
2013; Stevens et al., 2002), in vivo rodent models (Gibson et al., 2014; Gyllensten and Malmfors,
1963; Li et al., 2010; Mitew et al., 2018; Stedehouder et al., 2018), and zebrafish (Hines et al.,
2015; Koudelka et al., 2016; Mensch et al., 2015) all support the connection between neuronal
activity and myelination. This section focuses on the relationship between neuronal activity and
myelination and discusses the emerging theory that describes activity-dependent changes to

myelination, referred to as adaptive myelination.

1.6.2 Possible functions of adaptive myelination
Despite the piqued interest and clear indication that activity is capable of modulating

myelination, one major question remains unresolved: What is the purpose? In other words, what
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functional benefits exist for neurons to regulate or control myelination throughout life? One
possibility is that activity-dependent changes to myelination represent a form of neuroplasticity;
experience-dependent changes in activity influence the amount or placement of de novo myelin,
resulting in modulated axonal conduction velocity and the fine-tuning of neuronal circuits
(Almeida and Lyons, 2017; Fields, 2005; Fields et al., 2015; Foster et al., 2019; Gibson et al., 2014).
Using adult mice, Tomassy et al. demonstrated that myelinated cortical neurons display long
segments of unmyelinated regions throughout the length of the axon, lending credence to the
possibility of de novo myelination past developmental myelination (Tomassy et al., 2014). Even
after a period of developmental myelination and refinement, ~30-70% of the corpus callosum
axons remain unmyelinated despite having axonal diameters receptive to myelination (>0.2 uM)
(Olivares et al., 2001; Sturrock, 1980). Additionally, changes to internode length (the length of the
myelin segment in between the nodes of Ranvier), myelin thickness, and nodal width can all
modulate conduction velocity (Ford et al., 2015; Foster et al., 2019; Waxman, 1980; Wu et al.,
2012). Together, this suggests that neurons may locally signal to oligodendrocytes to promote
myelination of previously unmyelinated areas. It is possible that novel experiences or learning may
prompt the addition of new myelin to strengthen specific connections similar or Hebbian plasticity
or act to synchronize firing patterns across disperse brain regions (Hoz and Simons, 2015; Pajevic
et al., 2013). In an example of synchronicity, although thalamocortical projections are derived
from different cortical areas and display various fibers of different lengths, the arrival time of
spikes are synchronous (Salami et al., 2003). As proposed by Hoz et al., different patterns of
myelination may help synchronize the timing of this arrival across different axon lengths (Hoz and

Simons, 2015).
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Another proposed function of adaptive myelination is the metabolic support of neurons by
oligodendrocytes. As previously mentioned (section 1.1.3), studies have recently shown that
oligodendrocytes are capable of supplying energy in the form of lactate/pyruvate to neurons via
MCT1/2 transporters, which is used in the production of ATP (Funfschilling et al., 2012; Lee et al.,
2012b). Interestingly, it is well known that short ranged interneurons are myelinated, which seems
paradoxical if the sole purpose of myelination is to increase conduction and velocity (Micheva et
al., 2016; Orduz et al., 2015; Stedehouder et al., 2018). In fact, one study suggests that ~25-50%
of all myelinated cortical axons are from GABAergic interneurons (Orduz et al., 2015). If short
ranged axons are less reliant on myelination for increasing conduction velocity, is it possible that
rapidly firing interneurons rely on metabolic support from oligodendrocytes? Myelination is an
energetically costly process and calculations show that axons may need to fire millions of times to
offset the energy demand of myelination depending on the axons size, taking an estimated 1-2
months in the optic nerve (Harris and Attwell, 2012). Nevertheless, determining the net energetic
cost/benefit to the entire organism becomes complicated when considering the additional energetic
cost of maintaining the myelin sheath, as well as the energy cost of maintaining the resting
membrane potential in oligodendrocytes (Harris and Attwell, 2012).

Determining the function of adaptive myelination, whether that is to influence additional
de novo myelination in previously unmyelinated areas, fine-tune neuronal signaling, or provide
metabolic support for rapidly firing axons is yet to be determined. Although the field is unclear as
to why or how activity influences oligodendrocyte behavior, it is at least clear that modulating
activity can affect the oligodendrocyte linage in several ways, including oligodendrogenesis,

differentiation, and several aspects of myelination.
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1.6.3 Activity-mediated oligodendrogenesis

A number of cellular processes dictate the available pool of differentiating
oligodendrocytes available to myelinate. Generally speaking, proliferation of the OPC population
increases the number of cells available to either continue proliferation or terminally differentiate
into pre-myelinating oligodendrocytes. Live imaging studies within the adult mouse cortex found
that the differentiation of one OPC tends to be associated with subsequent proliferation of an
adjacent OPC in order to replace it (Hughes et al., 2013), so in practice the processes of
differentiation and proliferation are tightly coupled. In addition to the differentiation of OPCs, cell
death also contributes to the ultimate number and location of myelinating oligodendrocytes; a large
proportion of the newly differentiated pre-myelinating oligodendrocytes undergo apoptosis during
both development and adulthood (Barres et al., 1992; Hughes et al., 2018; Trapp et al., 1997).
Genetically blocking apoptosis causes increased myelination, including of axonal populations that
usually remain unmyelinated (Sun et al., 2018). Current evidence suggests that neuronal activity
influences the final density of myelinating oligodendrocytes through all three of these processes;
proliferation, differentiation, and cell death.

Substantial experimental evidence links stimulation of neuronal firing to OPC
proliferation. For example, direct electrical stimulation of the corticospinal tract in adult mice leads
to increased OPC proliferation (Li et al., 2010). Similarly, optogenetic stimulation of the premotor
cortex leads to increased OPC proliferation 3 hours after stimulation within the cortex and
underlying white matter; an increase that is reduced but still detectable 4 weeks after a week of
stimulation (Gibson et al., 2014). Chemogenetic stimulation of cortical neurons using excitatory
Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) results in increased

OPC proliferation within the corpus callosum, albeit with much longer latency between stimulation
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and detectable increases in proliferation (Mitew et al., 2018). Some of these differences in timing
may reflect the frequencies and activity patterns generated by the optogenetic and chemogenetic
approaches, given the recent findings that high frequency stimulation (25-300 Hz) has greater
effects on OPC proliferation within the corpus callosum than low-frequency stimulation (Nagy et
al., 2017). Compared to these stimulation experiments, sensory deprivation experiments have
yielded mixed results. An early study sought to examine the effect of decreased neuronal activity
on oligodendrogenesis within the developing optic nerve of early postnatal rats using the Na+
channel blocker tetrodotxin (TTX) to block retinal ganglion cell action potentials. Injection of TTX
into one eye resulted in a substantial decrease in the number of mitotic OPCs in the optic nerve
after 2 days (Barres and Raff, 1993). A more recent study sutured the eye shut to reduce coordinated
activity between P15 and P32 found only a minor decrease in OPC proliferation over this longer
time period (Etxeberria et al., 2016); however, sensory deprivation via whisker trimming has been

linked to increased OPC proliferation in the somatosensory cortex (Hill et al., 2014).

1.6.4 Activity-mediated differentiation, maturation, and survival

The differentiation of the progenitor population represents an important cellular process,
as this newly differentiated pool may potentially myelinate previously unmyelinated regions of
axons. The above studies show that increasing neuronal activity in the brain or corticospinal tract
via electrical, optogenetic, or chemogenetic stimulation all result in increased differentiation of
EdU or BrdU-labeled OPCs into postmitotic oligodendrocytes within the stimulated regions
(Gibson et al., 2014; Li et al., 2010; Mitew et al., 2018; Nagy et al., 2017). In contrast, the effect of
decreased firing of the retinal ganglion cells (RGCs) within the optic nerve during development

suggests relatively limited influences of activity on differentiation. Reduced RGC firing at P4 via

50



TTX injections resulted in decreased myelin segments within the optic nerve when examined at
P6 (Demerens et al.,, 1996), but the density of MBP expressing oligodendrocytes remained
unchanged. This suggests that myelination but not the preceding step of differentiation was
sensitive to activity. A recent monocular deprivation model examining the optic tract at P32
surprisingly reported an increase in mature oligodendrocytes generated between P15 and P32 in
the deprived optic nerve and tract (Etxeberria et al., 2016). Given the strong apparent drive for the
visual system to fully myelinate, these slightly disparate findings could perhaps be reconciled if
an early decrease in myelin formation resulted in a compensatory increase in oligodendrocyte
differentiation at later time points.

In other models, studies suggest that experience-driven oligodendrocyte differentiation
precedes changes in proliferation. McKenzie et al. (McKenzie et al., 2014) and Xiao et al. (Xiao et
al., 2016) provided mice with a complex running wheel task and found little change in OPC
division in the first two days of running (measured by incorporation of EdU), though OPC
proliferation was subsequently increased at four days. In subsequent experiments, OPCs were
prelabeled with EQU prior to the introduction of the wheel. Researchers observed a reduction in
the density of EdU-labeled OPCs at two days after introduction to the wheel, suggesting that they
may have begun to differentiate. Using the expression of Ectonucleotide
Pyrophosphatase/Phosphodiesterase 6 (Enpp6), a gene highly enriched in newly formed
oligodendrocytes, they reported a significant increase in this population in as little as two hours
after exposure to the running wheel, thereby confirming a rapid differentiation response. This
result raises the possibility OPCs may typically respond to increases in activity first by

differentiation, followed by a subsequent homeostatic proliferative response. A broadly similar
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enhancement of differentiation (at the expense of OPC proliferation) has been reported in response
to running on a noncomplex wheel (Simon et al., 2011) as well.

These studies show that changes to neuronal activity can lead to changes in the number of
OPCs, newly formed oligodendrocytes, and mature oligodendrocytes. Are these newly generated
pools transient or do they represent a cell population stabilized over time? Recently published
work shows that the majority of oligodendrocytes that differentiate in the adult cortex fail to stably
integrate; however, placing adult mice in an enriched environment that provides frequent whisker
stimulation results in an increase in the of number of newly generated oligodendrocytes within the
barrel cortex after 20 days (Hughes et al., 2018). Conversely, whisker trimmed mice show
increased death of newly generated oligodendrocytes within the developing somatosensory cortex,
without changes in the rate of cell death of mature oligodendrocytes (Hill et al., 2014). Collectively,
these studies suggest that increases to neuronal activity can lead to an increased pool of newly

generated oligodendrocytes, capable of surviving and myelinating.

1.6.5 Activity and myelin remodeling

Many studies cite an increase in proliferation, maturation, and de novo myelination after
increases in activity, but can existing myelin segments undergo activity-dependent remodeling?
The main aspects of myelin remodeling commonly examined are changes in myelin thickness and
changes in internode length. Several genetic approaches demonstrate that mature oligodendrocytes
can intrinsically regulate myelin thickness, as both the activation of the Erk1/2-MAPK (Ishii et al.,
2012, 2013) and PI3K/AKT/mTOR pathway increase the myelin thickness by triggering additional
wrapping in mature oligodendrocytes (Snaidero et al., 2014). Although stimulation of either

pathway has yet to be liked to adaptive myelination, increases in myelin thickness are seen after
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neuronal stimulation in both juvenile and adult mice (Gibson et al., 2014; Mitew et al., 2018). In
the auditory system, Sinclair et al. asked whether raising the threshold in the auditory system
changed aspects of myelination. Researchers provided mice between P55 and P66, a period after
myelination reaches maturity in this region, with earplugs to raise the auditory threshold which
resulted in a decrease in myelin thickness on large diameter axons. Although this study does not
directly test adaptive myelination, it provides evidence that physiologic changes to activity are
capable of remodeling myelin in vivo (Foster et al., 2019; Sinclair et al., 2017).

Changing the length of the myelin sheath or internode length may impact conduction speed.
It may also change the length of the nodes of Ranvier and myelin coverage overall. Indeed, variable
node lengths are observed in the optic nerve and cortex, and conduction velocity can theoretically
change upon changes to nodal length (Hamilton et al., 2017). Whether nodal length is determined
by axonal organization or myelination is yet to be determined (Williamson and Lyons, 2018).
Technical limitations have hampered our ability to definitively address whether activity remodels
existing internodes, as this requires observing the same internodes before and after stimulation.

In 2018, two separate studies used an in vivo two-photon imaging approach in mice to
determine if sheath lengths were dynamically regulated. Hill et al. (Hill et al., 2018) looked in early
adulthood (P90-120) and showed the majority (81%) of sheath lengths remained stable with age.
Hughes et al. (Hughes et al., 2018) examined older animals (P365) and determined that 99% of
sheaths remained stable, indicating that sheaths may become more stable with age. To determine
if either increases or decreases in sensory stimulation effect this high level of stability, researchers
used whisker stimulation (using hanging beads in the home cage) or whisker trimming and saw no
change to the low level of remodeling. Together, these reports suggest that remodeling via

alterations to existing internode length may not represent a major component to plasticity, but does
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not rule out the possible influence on myelin thickness. Similar to the two-photon in vivo imaging
studies, the same myelin segment would need to be examined over time in order to determine the
potential impact of activity. Currently, the method of cross-sectional measurements via electron
microscopy to measure myelin thickness limits the ability to examine sheath parameters

longitudinally (Williamson and Lyons, 2018).

1.6.6 Mechanisms
Changes to neuronal activity influence oligodendrocyte dynamics, including alterations in
proliferation, differentiation, survival, de novo myelination, and may remodel existing myelin

segments. What possible signaling mechanisms underlie these changes to oligodendroglia?

1.6.6.1 Trophic factors

Several diffusible signaling molecules have been identified that may promote
oligodendrocyte proliferation or differentiation within a brain region. Using a combined
proteomics and optogenetics approach, Venkatesh et al. (Venkatesh et al., 2015) identified a series
of proteins released by activated neurons, including Neuroligin-3 and BDNF. A role for
Neuroligin-3 in myelination has not been shown, though Venkatesh et al. (Venkatesh et al., 2015)
did find that it mediated much of the activity-induced proliferation of glioma cells in their model.
Of the activity-induced proteins identified in that study, BDNF in particular represents an attractive
candidate for mediating activity-induced oligodendrogenesis within active tracts, as it acts through
oligodendroglial TrkB receptors to promote both OPC proliferation and subsequent myelination
(Peckham et al., 2015; Wong et al., 2013; Xiao et al., 2011). In a recent animal study, Geraghty et

al. specifically probed the connection between neuronal activity, BDNF, and the OPC TrkB
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receptor and their roles in myelination (Geraghty et al., 2019). This study used optogenetics to
stimulate neuronal activity in mice that either lacked activity-induced expression of Bdnf or lacked
OPC-specific expression of TrkB. In the first strain, triple-site knock-in mutations in the BDNF
protomer region prevents the binding of calcium-regulated factors essential for the activity-
induced expression of Bdnf (particularly CREB). This allowed the activity-independent expression
of Bdnf to continue while specifically inhibiting the activity-dependent expression. After
optogenetic stimulation of the premotor cortex, control mice show an increase in OPC proliferation
and thicker myelin, while mice lacking either the activity-dependent expression of BDNF and mice
lacking the expression of OPC-derived TrkB expression show no change in proliferation or myelin
thickness. These results suggest that neuronal activity mediates myelination through Bdnf-TrkB
signaling in cortical projection neurons (Geraghty et al., 2019).

In addition to BDNF, a recent animal study implicated the secreted neuropeptide VGF in
activity-mediated oligodendrogenesis. In a mouse genetic model of ataxia (Alvarez-Saavedra et
al., 2016), voluntary exercise (running) both increased VGF expression and improved cerebellar
myelination. VGF promoted oligodendrogenesis in vitro and viral expression of VGF increased
myelination in the mouse ataxia model, suggesting it may contribute to the protective effects of

exercise (Alvarez-Saavedra et al.,, 2016). As VGF is both downstream of BDNF and in turn
modulates signaling through neurotrophic receptors (Alder et al., 2003; Bozdagi et al., 2008; Lin et

al., 2015), considerable potential also exists for these two activity secreted factors to act in concert.

1.6.6.2 Neurotransmitters
Activity-regulated release of neurotransmitters demonstrate the potential to contribute to

the activity-dependent myelination in either an axon-specific or at least highly localized level. In
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addition to synaptic release at their terminals, axons release vesicular neurotransmitters along their
length during action potentials (Kukley et al., 2007). OPCs express voltage gated ion channels and
several neurotransmitter receptors including AMPA, NMDA, and GABA receptors (Biase et al.,
2010). OPCs also receive direct synapse-like input from the axons of both excitatory and inhibitory
neurons (Bergles et al., 2000; Lin and Bergles, 2003; Ziskin et al., 2007). The expression of many
of these receptor subunits decreases in OPCs both during their differentiation and as the rate of
myelination decreases with age (Biase et al., 2010; Spitzer et al., 2019). Interestingly, post-mitotic
oligodendrocytes express detectable NMDA receptors, providing a potential mechanism to survey
levels of activity in individual axons (Micu et al., 2016; Saab et al., 2016). Blocking axonal
vesicular release in a subset of axons in the developing zebrafish reduces their myelin coverage
(Hines et al., 2015; Mensch et al., 2015), a finding potentially attributable to the vesicular release
of glutamate acting to promote the stabilization or extension of the developing myelin segments.
Consistent with this possibility, blocking glutamate release from mouse RGC axons did not
prevent their myelination but resulted in reduced internode length in the optic nerve (Etxeberria et
al., 2016). Interestingly, studies show that Mbp mRNA travels to distal processes inside of RNA
granules, awaiting translation (Ainger et al., 1993; Wake et al., 2011). Localized activity and
synaptic release of glutamate also induces localized Ca®* signaling and translation of MBP in
oligodendrocyte processes (Krasnow et al., 2018; Wake et al., 2011), providing a localized cellular

mechanism that could direct preferential myelin extension along active axons.

Nevertheless, the exact role of vesicular release of neurotransmitters in myelination
remains unclear, with oligodendrocyte conditional knockouts of neurotransmitter receptor subunits
showing only modest phenotypes. Myelination proceeds relatively normally in mice with deleted

OPC specific NR1 subunit of NMDARs, with proliferation and differentiation remaining
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unaffected and displaying only a minor delay in myelination (Biase et al., 2010; Saab et al., 2016).
This argues for a modest role for NMDARSs in myelination; so why express them at all? NMDA
receptors demonstrate a higher affinity for glutamate than AMPA receptors. It is possible that these
receptors act more as sensors prone to respond to smaller changes in glutamate levels or spillover
from nearby active areas. Disruption of AMPARs in the oligodendrocyte lineage also results in
relatively modest phenotypes, with a minor decrease in the myelinating oligodendrocytes caused
by increased apoptosis of the differentiating cells (Kougioumtzidou et al., 2017). Although
oligodendroglial NMDARSs were not essential for myelination, Saab et al. (Saab et al., 2016) found
NMDARSs regulate the surface expression of glucose transporters. Additionally, researchers found
mice without functional NMDARSs in oligodendroglia develop a late onset axonal pathology (Saab
et al., 2016). This supports the finding that oligodendrocyte glutamate signaling may be non-
essential for myelination but an important mechanism regarding the metabolic support of axons

by oligodendrocytes.

1.6.6.3 Contact mediated

During the exploratory phase of axonal selection and subsequent myelination,
oligodendrocytes use motile processes to survey axons. Schwann cells, the resident myelinating
cell in the periphrail nervous system (PNS), require the axonal expression of neuregulin-1 type III
(NRG-1) (Taveggia et al., 2005) and the glial receptor expression of ERBB2/3 (Garratt et al., 2000)
to determine the axon’s myelination fate. The necessity of these molecules for myelination is more
complicated in the CNS. Studies using NRG-1 mutants report regional differences in CNS
myelination (Taveggia et al., 2007) or no difference in myelination (Brinkmann et al., 2008), and

mice lacking the expression of ERBB3/ERBB4 in mature oligodendrocytes display normal CNS

57



myelination (Brinkmann et al., 2008). Despite the lack of clarity on the necessity of each molecule
for CNS myelination, axonal NRG-1 and oligodendrocyte ERBB3 expression has been linked to
activity-dependent myelination. Socially isolating juvenile mice during the critical period of
development results in decreased myelination in the prefrontal cortex, as well as decreased
expression of NRG-1 (Liu et al., 2012; Makinodan et al., 2012). Similarly, mutant mice lacking
ERBB3 in OPC’s during the critical period of development(Makinodan et al., 2012), as well as
heterozygous NRG-1 mutants (Taveggia et al., 2007) show similar decreases in myelination in the
prefrontal cortex, providing a possible link between the social-isolation induced hypomyelination
and NRG-1 signaling. Outside of NRG-1/ERBB3, the axonal expression of N-cadherin, a cell
adhesion molecule that promotes oligodendroglial-axonal interactions (Schnadelbach et al., 2001),
increases along axons in an activity-dependent manner in the developing zebrafish (Chen et al.,
2016). Conversely, inhibiting N-cadherin blocks the activity-induced change in myelination (Chen
et al., 2016).

Linking contact-mediated mechanisms that regulate adaptive myelination within the CNS
remains challenging, as essential cell surface molecules that regulate CNS myelination in general
remain elusive. It is possible that CNS myelination depends on several contact-mediated
mechanisms and that only a subset of these interactions is involved in adaptive myelination.
Outside of specific molecules, it is well known that axonal diameter clearly influences CNS
myelination, with a preference towards larger caliber axons (Goebbels et al., 2016; Lee et al.,
2013; Mayoral et al., 2018). Interestingly, high-frequency signaling in neurons can transiently
increase axonal diameter (Chéreau et al., 2017), providing a possible link between oligodendrocyte

axonal selection and activity.
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1.6.7 Synaptic connection between neurons and oligodendroglia

Cellular signaling between cells represents a fundamental aspect of nervous system
communication. Within the CNS, our greatest understanding of the structural, molecular, and
functional communication is between neurons via synapses. Our understanding of different types
of cell to cell communication continues to develop, particularly our understanding of the synaptic

or synapse-like connection between neurons and the oligodendroglia.

1.6.7.1 OPCs and neurons

The first reports of OPCs expressing molecules related to synaptic signaling, namely
voltage-gated ion channels, occurred nearly three decades ago (Barres et al., 1990; Sontheimer et
al., 1989) (Sontheimer, Barres 1990). Although an interesting finding, it took another decade to
provide the first structural and physiological evidence of synaptic or synapse-like structures in
OPCs (Bergles et al., 2000). Here, Bergles and colleagues used a combination of
electrophysiological and electron microscopy techniques to demonstrate that neurons from the
CA3 region of the hippocampus form synaptic connections with NG2+ oligodendrocyte progenitor
cells (Bergles et al., 2000). Subsequently, two similar observations showed two separate
populations, one expressing receptors for glutamate receptors and the other expressing glutamate
transporters from NG2+ cells, receive synaptic input from neurons (Jabs et al., 2005; Matthias et
al., 2003). Since initially discovered in the hippocampus, neuron-OPC synapses have been
described in the cerebellum (Lin et al., 2005), corpus callosum (Kukley et al., 2007; Ziskin et al.,
2007) and cortex, and have even been shown to maintain this connection throughout cell division

(Ge et al., 2008; Kukley et al., 2008). Notably some, but not all, unmyelinated neurons release
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glutamate along their axons, and some reports estimate the total number of synapses could be up
to 70 from one cerebellar climbing fiber to one OPC (Lin et al., 2005).

The question of whether these connections are bona fide synapses or synapse-like
structures continues to be debated. Electron micrographs show an electron dense postsynaptic
density within OPCs (Bergles et al., 2000; Kukley et al., 2007; Lin et al., 2005), and OPCs express
mRNA for classical postsynaptic markers such as PSD-95, scaffolding protein GRIP1, voltage-
gated Na* channels, AMPA, NMDA, and GABAergic receptors (Biase et al., 2010; Cahoy et al.,
2008; Clarke et al., 2012; Kukley et al., 2010; Lin and Bergles, 2003, 2002). Although the current
understanding is that this connection in unidirectional, unlike post-synaptic densities in neurons,
OPCs express many presynaptic markers such as synaptophysin and bassoon (Cahoy et al., 2008).
While the definitive designation as a genuine synapse is debatable, the existence of a structural
and physiological connection is well established. For simplicity, this connection will be referred

to as a synapse for the remainder of this chapter.

1.6.7.2 Differentiated oligodendrocytes and neurons

It was originally thought that OPCs lose their synaptic connections upon differentiation.
Using whole-cell recordings, Kukley and colleagues demonstrated that OPCs show a clear
synchronous somatic current that significantly reduces upon differentiation and is undetectable in
the mature oligodendrocytes (Kukley et al., 2010), a finding that correlates with the downregulation
of many synapse-related mRNAs (Cahoy et al., 2008). In addition, two studies published in 2015
showed that inhibiting vesicular release in neurons decreases the number of sheaths per
oligodendrocyte and impacts sheath stability in developing zebrafish (Hines et al., 2015; Mensch

et al., 2015). Both studies inhibited axonal exocytosis early in zebrafish development before the
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onset of myelination, therefore it is unclear if OPCs received instructional cues about myelination
via vesicular release, or if the inhibition of vesicular release directly affected mature
oligodendrocytes. Coupled with the loss of somatic current and downregulation of synapse-related
mRNA upon differentiation (Cahoy et al., 2008; Kukley et al., 2010), these changes in myelination
would seemingly be due to the loss of instructional cues to OPCs; however, more recent
publications challenge this idea.

In 2018, Krasnow and colleagues showed that neuronal activity raises intracellular calcium
in oligodendrocytes using a zebrafish model (Krasnow et al., 2018). Here, researchers electrically
stimulated the zebrafish spinal cord and measured changes in intracellular calcium within
oligodendrocyte somas and myelin sheaths using a fluorescent calcium indicator. Despite
undetectable calcium transience in the soma of myelinating oligodendrocytes, there is a small but
consistent increase in calcium within the myelin sheath after spinal cord stimulation (Krasnow et
al., 2018). Importantly, despite the downregulation of mRNA encoding receptors like AMPA and
NMDA upon differentiation, mature oligodendrocytes still express these receptors in a seemingly
functionally relevant way. The inner tongue of the myelin sheath contains these receptors and
activation of these receptors increases intracellular calcium within the sheath under physiological
conditions in the optic nerve, and to an even greater extent under pathological conditions of
chemical ischemia (Micu et al., 2005, 2016). This finding is intriguing, as Hughes & Appel recently
demonstrated that axonal exocytosis sites are positioned under sheaths and post-synaptic assembly
proteins, including PSD-95, localizes and accumulates at these sites within the myelin sheath.
Additionally, researchers found that perturbation of Cadmlib, a synaptic adhesion molecule,

reduces sheath length in zebrafish (Hughes and Appel, 2019).
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Together, these findings suggest a highly localized synaptic connection within the myelin
sheath, leading to the hypothesis of the ‘axo-myelinic synapse’ originally proposed by Peter K.
Stys in 2011 (Stys, 2011). Briefly, the ‘axo-myelinic synapse’ hypothesis suggests that myelinated
axons release neurotransmitters in an activity-dependent manner. As an action potential travels
down the length of the axon, low-level glutamate release activates glutamate receptors located on
the inner myelin surface, triggering an influx in local calcium within the myelin sheath (Stys,
2011). Although the purpose of local calcium signaling is yet to be determined, it is hypothesized
that influxes in intracellular calcium lead to glycolysis and the production of pyruvate, which in
turn is transported back to neurons thereby providing a source of local energy for active axons
(Micu et al., 2017). Besides metabolic support, myelin contains several calcium sensitive proteins,
including calmodulin, phospholipases, and calpains, representing additional targets for local Ca2+
within the sheath (Micu et al., 2017). Despite this elegant putative mechanism of local signaling,
the requirement for vesicular release is heterogenous, as inhibition of release is required for

myelination in some axons, while others remain unaffected (Koudelka et al., 2016).

1.7 RNA profiling oligodendroglia - technical challenges and promising solutions

1.7.1 Challenges in capturing oligodendroglial RNA

Transcription and translation underscore cellular function, therefore understanding
gene expression profiles can provide insight to various physiological and cellular processes.
Ideally, profiling the in vivo transcriptional and translational state in any cell type helps inform our
understanding of cellular processes, however, oligodendroglia present particular challenges for
several reasons. Since oligodendroglia move through several developmental stages with distinct

functions (see section 1.1 & 1.2 for further discussion), separating the transcriptional and
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translational profile at each stage adds an additional layer of complexity. Oligodendroglial
morphology represents another technical challenge, as cells within each stage display a highly
branched morphology. Most cell isolation techniques typically fracture these cellular processes,
resulting in the loss of associated peripheral mRNA. Furthermore, the lipid-rich myelin itself
presents a technical challenge for isolating RNA in vivo. As myelin becomes established it also
becomes more difficult to physically separate, making it a challenge to isolate cell bodies housed
within white matter regions. Cell isolation techniques in older animals risk a lower RNA yield and
isolate more cortical cells than white matter cells, yet techniques in younger animals are unable to
capture transcriptional and translational information past early development. Additionally, when
considering the possibility of transcriptional and translational RNA processing, single RNA
isolation techniques are unable to both capture and separate the transcriptional and translational
state of the cell. Collectively, these limitations present technical barriers in capturing cell/stage

specific oligodendroglial transcriptional and translational states.

1.7.2 Cell isolation techniques

Despite the technical challenges in capturing in vivo oligodendroglial RNA, many groups
have been successful in capturing RNA from different stages of the oligodendrocyte lineage. Early
techniques took advantage of antibodies targeted against stage/cell specific antigens expressed at
the cell surface. Although aspects of in vivo cellular morphology and age limit the type of RNA
captured, both immunomagnetic separation and immunopanning led to major discoveries of
several important genes. An earlier study used immunopanning to study rat OPCs and assessed
their transcriptome via microarray during differentiation in vitro (Dugas et al., 2006). This study

identified several uncharacterized transmembrane, secreted, and cytoskeletal proteins, as well as
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dynamically regulated transcription factors. Following this, Cahoy et. al (Cahoy et al., 2008)
established a transcriptome database for all major neural cell types using a combination of
immunopanning and FACS to acutely purify different populations of cells from the developing
mouse brain, again using a microarray platform to assess gene expression at a genome-wide level.
This dataset led to the discovery of the role of the transcription factor, MYRF in CNS myelination
(Emery et al., 2009a). Combined with subsequent RNA-Seq databases cataloging splice variation
and the human neuro-transcriptome (Zhang et al., 2014a, 2015b), these datasets are used as a
springboard and reference throughout the field of neurobiology. From a disease perspective,
isolating a pure OPC population from human tissue using immunomagnetic separation allowed for
advancements in our understanding of OPC transplants as a treatment for hypomyelinating
diseases (Sim et al.,, 2011). Although many of these studies cannot assess transcription or
translation separately, depend exclusively on young animals, and may not capture peripheral
mRNA, they significantly impacted our understanding of RNA expression in not only

oligodendroglia, but neurobiology as a whole.

1.7.3 Single-cell and single-nuclei techniques

New advancements in cell isolation techniques, such as single-cell and single-nuclei
sorting (combined with approaches like fluorescence-activated cell sorting [FACS] or drop-seq)
offer attractive options to address many of the previously identified limitations. Although these
advancements result in more noise, require more complex bioinformatics, and may still be subject
to the loss of peripheral mRNA, they offer the ability to dissect gene expression at single-cell

resolution (Chen et al., 2019; Marques et al., 2016, 2019). Perlman et. al used single-cell isolation

to evaluate the developmental trajectory of OPCs in the human brain (Perlman et al., 2020). Other
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researchers applied these techniques in the context of disease and disorder to evaluate changes in
gene expression in oligodendroglia after morphine exposure (Avey et al., 2018), in experimental
models of multiple sclerosis (Falcdo et al., 2018) and in post-mortem human multiple sclerosis
tissue (Jakel et al., 2019; Schirmer et al., 2019).

A study published by Marques et al. serves as a useful example of how these techniques
may provide advancements in our understanding of oligodendroglial heterogeneity (Marques et
al., 2016). Although oligodendrocytes move through the three distinct stages of maturation (OPC
to newly formed oligodendrocyte to myelinating oligodendrocyte), the level of heterogeneity
within each stage remained unclear. Here, researchers sought to assess this by examining the
transcriptomes of 5,072 single cells expressing oligodendrocyte lineage makers across 10 brain
regions in both juvenile and adult mice. Surprisingly, Marques et al. reported thirteen distinct
oligodendroglial populations; twelve of these populations represented a continuum of OPC
progression towards mature oligodendrocytes, and one population of Pdgfra® cells, distinct from
OPCs, were found along blood vessels. Although this study does not assess the functional
relevance of the different oligodendroglial populations, it demonstrates how advancements in our

understanding of cellular transcriptomic may lead to new insights in cellular function.

1.7.4 Capturing and separating transcription from translation

Single-cell and single-nuclei techniques offer the previously described advantages,
however, both techniques are unable to capture and separate transcriptional and translational
processes within a given cell. It was once thought that mRNA abundance was a suitable proxy for
protein expression, however, several studies demonstrate that mRNA abundance may not

accurately predict protein levels due to the translational regulation of mRNA (Kislinger et al., 2006;
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Nagaraj et al., 2011; Roch et al., 2004; Tebaldi et al., 2012). Although proteomics may offer the
most direct way of measuring protein expression, the current challenges of independently
determining protein sequences and measuring low-abundance proteins present major technical
limitations (Ingolia et al., 2009). Therefore, capturing the translatome may serve as a useful link
between RNA transcription and protein production.

Theoretically, both polysome and ribosome profiling capture actively-translating mRNA.
Polysome profiling separates polysomes via sucrose gradient centrifugation and subsequently
isolates associated mRNAs (Jin and Xiao, 2017). Ribosome profiling uses the ribosomal footprint
of active ribosomes to protect regions of mRNA during the enzymatic digestion required to capture
mRNA fragments (Ingolia et al., 2009). The RNA captured from both techniques can be used for
RNA-seq to investigate global translation and each technique offers specific advantages and
disadvantages. While polysome profiling offers a more direct measurement of translational
activity, ribosome profiling captures positional information at the sub-codon level, making it more
suitable for revealing alternative translation initiation sites (Jin and Xiao, 2017).

A different approach to polysome purification uses immunopurification, rather than
sucrose gradient centrifugation, to isolate tagged-ribosomes and their associated mRNAs. The bac-
translating ribosome affinity purification (bac-TRAP) method (Heiman et al., 2008) uses bacterial
artificial chromosome (BAC) transgenic mice to express an eGFP-tagged ribosomal transgene in
specific cell populations. The RiboTag method (Sanz et al., 2009a) uses a Cre-lox system to
express an epitope tagged ribosomal subunit (RPL22%4) in cell-specific manner. Both systems use
antibody-coated magnetic beads to separate epitope-tagged ribosomes from fresh tissue and
predominately capture actively translating mRNA (Doyle et al., 2008; Heiman et al., 2008; Sanz

et al., 2009b). The RiboTag method offers two additional advantages over the bac-TRAP
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approach. This method drives the expression of the modified Rp/22 gene from the endogenous
locus resulting in efficient expression of the tagged allele at endogenous levels. Additionally, the
floxed mice allow researchers to combine the RiboTag system with pre-established Cre-expressing
mice, offering broader versatility. Both systems have been used in oligodendroglia (Voskuhl et al.,
2019), or specifically from OPCs or mature oligodendrocytes (Avey et al., 2018; Bellesi et al.,
2013; Dougherty et al., 2012; Doyle et al., 2008; Forbes et al., 2020; Reddy et al., 2017) to either
profile or compare the translatome in different states. A potential caveat to using the RiboTag
method is that the captured mRNA may represent actively-translated, stalled, or repressesed RNA,
however, studies suggest that the large majority of ribosome-bound mRNA represents
translationally active mRNA (Sanz et al., 2009b; Shigeoka et al., 2016).

In an interesting approach, Reddy et al. used the bacTRAP system to capture both
ribosome-bound mRNA, via immunopurification, and nuclear RNA, via FACS, from mature
oligodendrocytes. Researchers took advantage of ribosomal assembly in the nucleolus, which gave
bac-TRAP nuclei the GFP positive signal required for FACS (Reddy et al., 2017). This clever
combination of techniques allowed for the capturing and separation of both transcriptional and
translational information, but offers less versatility than Cre-lox systems. The isolation of nuclei
tagged in specific cell types, or INTACT, method offers an attractive solution to capturing both
genomic and transcriptional information in a cell-specific and versatile way (Deal and Henikoff,
2010). Originally used to capture transgenic plant nuclei (Deal and Henikoff, 2010) and eventually
applied to transgenic mice (Mo et al., 2015), the INTACT method uses a Cre-lox system to express
an eGFP-tagged nuclear envelope protein, SUN-1. Similar to the previous immunopurification
methods, INTACT uses antibody-coated magnetic beads to separate eGFP labeled nuclei from

freshly harvested tissues. Although INTACT has yet to be used in the oligodendrocyte lineage
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cells, it has been successfully used to capture nuclei from different populations of neurons (Mo et
al., 2015) and to isolate nuclei from fibrous tissues (Bhattacharyya et al., 2019). To date, no single
technique addresses the many challenges that oligodendroglia present in capturing in vivo cell and
state-specific transcriptional and translational RNA past development, however, different

combinations of techniques offer a promising path forward.

1.8 Summary

Chapter one provides an overview of the current understanding of oligodendrocyte function
and development, as well as factors that control and influence oligodendroglia. Over the last
several decades, oligodendrocytes progressed from static cells, important only for signal
propagation, to dynamic cells possibly capable of metabolic support and plasticity. Accordingly,
these major and recent advancements in our understanding of oligodendrocyte function leave key
mechanisms driving oligodendroglial biology unresolved. Several successful RNA profiling
studies led to novel findings that advanced our understanding of oligodendrocyte biology (see
section 1.7.1), yet the technical limitations of these studies leave several key areas of investigation
unaddressed. To date, no single study has collectively captured, separated, and compared the
transcriptional and translational states across the oligodendrocyte lineage.

Advancements in the ability to capture and separate transcriptional and translational states
across the oligodendrocyte lineage may be well-suited to answer questions regarding adaptive
myelination: How do extrinsic neuronal signals influence oligodendroglia to proliferate,
differentiate, and myelinate? Do OPCs and myelinating oligodendrocytes process this signal
differently? Given the ‘axo-myelinic’ hypothesis and the possible importance of local signaling
within the myelin sheath (see section 1.6.7), approaches that can capture mRNA in distal processes

may be of particular importance.
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The overall goal of this thesis is to study oligodendrocyte gene expression. Chapter three
describes our efforts comparing the transcriptome and translatome of oligodendrocyte progenitor
cells and mature oligodendrocytes in adult mice. Chapter four describes our efforts to study the
effect of increased neural activity on the mature oligodendrocyte transcriptome and translatome.
By taking advantage of the recent advancements in transcriptional and translational profiling
techniques, specifically the RiboTag and INTACT approaches, I hope to both capture and separate
the transcriptome and translatome across the oligodendroglial lineage to further understand the

oligodendrocyte response to activity and identify novel regulators of CNS myelination.
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Chapter 2: Materials and Methods
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Mouse husbandry and maintenance. All animal procedures were approved by the Institutional
Animal Care and Use Committee of Oregon Health and Science University. Animal experiments
were conducted in accordance with NIH Guide for the Care of Use of Laboratory Animals.
Animals were housed in a temperature and humidity-controlled facility with a 12-h light/dark
cycle. The Cre-inducible Rpl22-HA (“Ribotag”) line (Jax line 011029) was crossed with the NG2-
CreERT line (Jax line 008538) and the PLP-CreERT line (Jax line 005975) to generate the
NG2:RIBO or PLP1:RIBO lines, respectively. The same two CreERT lines were crossed to the
Cre-inducible Sun1-eGFP line (Jax 021039) to generate the NG2:NUC and PLP1:NUC lines. All
experiments used mice compound heterozygous for both the CreERT and the Rpl22-HA or Sunl-
eGFP allele. Tamoxifen (Sigma) was prepared in Corn Oil (Sigma) at 20 mg/ml. Between 18-22
weeks of age, NG2:NUC and NG2:RIBO lines were injected with 100 mg/kg tamoxifen
intraperitoneal injection (i.p.), every 24 hrs for 5 days and PLP1:NUC and PLP1:RIBO were

injected every 24 hours for 3 days.

Zebrafish husbandry and maintenance. Adult zebrafish were housed and maintained according
to institutional animal protocols. All zebrafish experiments were performed in compliance with
institutional animal protocols. Tg(mbp:EGFP-CAAX) has been previously described (Almeida et
al., 2011). Embryos were collected from pair-wise homozygous in-cross matings, injected at the
one-cell stage, and raised at 28.5°C in 10 mM HEPES-buffered E3 Embryo medium for all
experiments (Westerfield, 2000). All injected embryos were analyzed at 3-5 days post-fertilization

(dpf). Staging was performed using standard protocols (Kimmel et al., 1995).
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Immunohistochemistry. Mice were deeply anesthetized with 400 mg/kg ketamine (Vetone,
Idaho, USA) and 60mg/kg xylazine (Vetone, Idaho, USA) and then perfused transcardially with
phosphate buffered saline (PBS), followed by 4% paraformaldehyde/PBS. Brains were removed
and postfixed at 4° C for 2 hours, and cryopreserved in 30% sucrose/PBS, followed by embedding
in Tissue-Tek OCT compound (Sakura FineTek, Torrance, CA, USA). Brains were stored at -80°
C until cryosectioning. 10 pm coronal sections were collected onto Superfrost Plus slides (Menzel
Glaser, Braunschweig, Germany). Sections were incubated with a blocking/permeabilization
solution (PBS containing 0.3% Triton X-100 and 10% fetal calf serum) for 1 hour at room
temperature (RT). Sections were then incubated in the blocking/permeabilization solution with the
primary antibody overnight at RT. Sections were washed 3 times in PBS, then incubated in the
blocking/permeabilization solution with the secondary antibody (highly cross-absorbed Alexaflour
conjugated antibodies, Invitrogen) for one hour at RT. All primary antibodies were used at 1:1000
unless otherwise noted: a-NeuN (Millipore), a-IBA1 (Wako), a-ALDHIL1 (Abcam), CClI
monoclonal (Millipore), o-PDGFRa (1:200; R&D Systems), a-eGFP (Abcam), a-Fos

(Phosphosolutions), and a-HA (Cell Signaling).

Cell counting and analysis. To determine the recombination profile of the four mouse lines,
immunostained tissue was analyzed by counting the number of cells showing co-localization of
the tagged protein (HA for RiboTag or GFP for INTACT) and the cell type-specific marker.
Images of stained tissue were acquired using a Zeiss Axiolmager. An area of interest was drawn
over the image which included dorsal cortex and corpus callosum, corresponding to the area
dissected for RNA purifications (depicted in Chapter 3, Fig. 1C). Cell counts were subsequently

performed in FIJI/Image J by an investigator blinded to the staining conditions.
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RiboTag immunoprecipitation. NG2-RIBO and NG2-NUC mice were used to isolate tagged
oligodendroglial ribosome-bound RNA according to previously published protocols (Sanz et al.,
20093, 2019), with minor modifications. Briefly, a ~200 mg region of interest (depicted in Chapter
3, Fig. 1B) was dissected and placed into a dounce homogenizer and lysed in 2 ml lysis buffer (50
mM Tris, pH 7.5, 100 mM KCl, 12 mM MgCI2, 1% Nonidet P-40, 1 mM DTT, 200 U/mL Promega
RNasin, 1 mg/mL heparin, 100g /mL cycloheximide, Sigma protease inhibitor mixture). Following
lysis, the homogenate was centrifuged at 13,00 RPM at 4°C for 10 minutes. 75ul of the clarified
supernatant was reserved as the “input” sample. The remaining sample was incubated for 90
minutes at 4°C with 2 pg 3F10 anti-HA monoclonal (Roche) and then incubated for a further 90
minutes with 40 ul washed Protein G Dynabeads. Beads were washed three times in 50 mM Tris,
pH 7.5, 300 mM KCl, 12 mM MgCl2, 1% Nonidet P-40, 1 mM DTT, 100 g/mL cycloheximide.
RNA was purified from both the input and the beads using RNeasy Micro kit (Qiagen) according

to the manufacturer’s protocol.

INTACT immunoprecipitation. NG2:NUC and PLP1:NUC mice were used to isolate Sunl-
eGFP tagged oligodendroglial nuclei. A ~200 mg region of interest (depicted in Chapter 3, Fig.
1B) was dissected and placed into a dounce homogenizer with 5 ml of Homogenization Buffer
(HB, 0.25 M Sucrose, 25 mM KCI, 5 mM MgCI2, and 20 mM Tricine-KOH) supplemented with
EDTA-free Protease Inhibitor and RNAsin Plus. Dounce homogenization was performed (15
strokes pestle A, 10 min on ice, 15 strokes pestle B, 10 min on ice). 320 ul of 5% IPEGAL was
added followed by 5 additional strokes with pestle B. 5 ml of working solution was added (5

volumes of Optiprep [60% w/v iodixanol solution, Millipore Sigma]:1 volume of Diluent [Diluent:
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150 mM KCl, 30mM MgCI2, 120 mM Tricine-KOH]) and mixed gently. Homogenates were then
transferred to 30 ml Corex tubes. A sucrose gradient was formed by underlying the sample with
7.5 ml of 30% iodixanol solution (4.5 ml working solution, 3 ml HB) followed by 4 ml of 40%
iodixanol solution (3.2 ml working solution, 0.8 ml HB). Samples were centrifuged at 10,000 g
for 18 mins at 4°C. After samples finished spinning, ~1.5 ml of the sample band at 30-40%
iodixanol interface was collected. Collected samples were precleared for 15 mins at 4° C using 20
ul of washed Protein G Dynabeads. Samples were then placed on a magnetic separator to remove
magnetic beads, and the remaining sample was incubated with 5 pl anti-GFP antibody (Abcam),
60 pul of washed Protein G Dynabeads, 400 pul wash buffer (WB), and 1 pl RNAsin Plus for 20
min at 4° C. Samples were placed back on the magnetic separator, supernatant was removed and
reserved for input samples. The magnetic beads with bound nuclei were then passed through a 20
um filter and washed 3 times with WB. To elute bound RNA, buffer RLT with 1% BME (Qiagen,
cat # 79216) was added to the beads. RNA was purified from both the IP and input sample using

a RNeasy Micro kit (Qiagen) according to the manufacturer’s protocol.

RNA-sequencing and data analysis. The integrity of purified RNA samples was assessed via
Agilent TapeStation, with RIN values falling between 7.9-10. Sequencing libraries were generated
using the Clonetech SMARTer stranded RNA-Seq kit. Barcoded libraries were sequenced on the
[llumina HiSeq 2500 at the Oregon Health and Science University Massively Parallel Sequencing
Shared Resource (100 cycle single end sequencing, 4 samples per lane). Genome alignment, STAR
analysis, and DESeq differential expression analysis were performed using workflows on Basepair

(https://www.basepairtech.com). One sample (Immunoprecipitant from NG2:NUC) showed high

variance compared to the two additional biological replicates and was included in the initial cell-
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specificity analysis, but removed from all subsequent analyses. Volcano plots and PCA analysis
were generated using START: Shiny Transcriptome Analysis Resource Tool

(https://kcvi.shinyapps.io/START/) (Nelson et al., 2016). Heatmaps were generated using

GenePattern (https://cloud.genepattern.org/gp/pages/index.jsf). Gene Ontology analysis was

performed using Metascape (https://metascape.org/gp/index.html#/main/stepl). Gene biotype
analysis was performed using ShinyGo v0.51:Gene Ontology Enrichment Analysis + more

(http://bioinformatics.sdstate.edu/go51/). Visualizations for the gene biotype analyses and gene

expression boxplots were generated using Prism software.

sgRNA Design. gRNA target sequences were chosen from previously published datasets (Wu et

al., 2018) or designed using the CHOPCHOP (version 3) web tool (https://chopchop.cbu.uib.no/)

(Labun et al., 2016, 2019; Montague et al., 2014) or the CRISPR-Cas9 guide RNA design tool
from Integrated DNA Technologies (IDT)

(https://www.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN)).

sgRNA In Vitro Transcription. Templates for guide RNA production were generated by
annealing and elongation (Phusion Flash High-Fidelity Master Mix, Life Technologies) of a
forward primer containing a T7 promoter and guide sequence and a reverse primer encoding the
standard chimeric sgRNA scaffold (Varshney et al., 2015). Guide-specific primers for each gene
were combined for annealing and elongation. Oligonucleotides were obtained from Integrated
DNA Technologies (IDT). The DNA template was purified (QIAquick PCR Purification Kit,

Qiagen) and in vitro transcribed (MEGAshortscript™ T7 Transcription Kit, Invitrogen™). RNA
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was purified using RNA Clean and Concentrator-5 (Zymo Research) and stored at -80 °C until

use.

Cas9 Ribonucleoprotein (RNP) Preparation and Injection. Standard ribonucleoprotein (RNP)
preparation was followed as performed previously (Wu et al., 2018). Briefly, His-tagged Cas9
protein containing a nuclear localization sequence (Alt-R® S.p. Cas9 Nuclease V3) was obtained
from Integrated DNA Technologies (IDT). The protein was diluted to yield a 10 uM Cas9 solution
in 20 mM Tris-HCI, 600 mM KCIl, 20% glycerol and stored at -20 °C. The Cas9 solution was
mixed 1:1 with sgRNA (740 ng/uL for myrf control and 100-300 ng/uL for other genes) to generate
Cas9 RNP complexes. ~0.05% phenol red dye was added for visualization of injections.
Microinjection was performed by injecting 0.5-1 nL of the mixture into 1-cell stage embryos in

either the yolk or the cell cytoplasm.

Isolation of Genomic DNA and Analysis of Cas9 Editing. Embryos were lysed in 25 mM NaOH,
0.2 mM EDTA for 30 min at 95 °C and neutralized with an equal volume of 50 mM Tris-HCI pH
8.0. Efficient Cas9 editing was determined using a Cleaved Amplified Polymorphic Sequences
(CAPS) assay by comparing restriction enzyme fragmentation patterns between uninjected and
injected embryos at 3-5 dpf. PCR primers for amplification were selected from CHOPCHOP

(https://chopchop.cbu.uib.no) for each target sequence.

Image Acquisition and Analysis. Larvae were visualized at 3-5 dpfusing a Vertebrate Automated
Sorting Technology (VAST) Biolmager (Union Biometrica) coupled to a spinning disc confocal

microscope (SDCM) at 16X magnification (Carl Zeiss Microscopy), referred to as VAST-SDCM
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(Early et al., 2018). Images were then processed and analyzed as maximum intensity projections
(MIPs) using Fiji/Imagel]. Briefly, regions of interest (ROIs) were drawn over the dorsal and
ventral spinal cords in between the fourth and sixth body segment. Percent GFP was determined
using consistent thresholds and ROI sizes for each dataset to measure percent area of fluorescence.
Dorsal brightfield images were used to measure body length. All percent GFP and body length

data were visualized using Prism software.

Voluntary wheel running and EdU labeling. Male and female C57Bl/6J mice were used in this
investigation. Between the time of weaning and eight weeks of age, male and female animals were
housed with sex-paired littermates (3-5 mice per cage). Between eight and ten weeks of age,
animals were treated with EQU. EdU (Santa Cruz) was dissolved in the drinking water (0.3 mg/ml)
which was available to mice ad libitum and replaced every 3 days for 14 days. At day 15, male
and female cages were separated in to new cages of 3-4. Groups were kept either in standard
housing conditions or in cages with a fixed running wheel for 14 days and animals were sacrificed

at the end of the 14-day period.

Detection of EAU. For EdU labeling, fixed, cryosectioned (10 um) and slide mounted tissue was
washed in PBS and incubated in 0.8 % Triton X-100/PBS at 21°C for 20 min. Slides were washed
3X in 1X PBS, then processed following the manufacturer instructions using the Click-iT EdU
Alexa Flour-647 Imagining kit (Invitrogen). Slices were then washed and mounted with Prolong

Diamond Antifade with DAPI (Invitrogen).
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Viral & Clozapine injections. AVV2-hSyn-mCherry (University of North Carolina) or AAV2-
hSyn-hM3D-(Gq)-mCherry (Addgene) viruses were used as specified. Both viral titers were
4.8x10'? GC/ml. Injections were performed on P5 mice pups anesthetized on ice (~3-5 mins or
until the absence of a pinch reaction) and maintained under a cold pad throughout the procedure.
At the beginning of the procedure, litters were separated for the dams and placed into a separate
cage on top of a heated pad with bedding from the original cage. Pups were then individually
anesthetized as above and a small incision was made above each injection site (General
coordinates). Bilateral injections of 1ul was performed using a Hamilton syringe and needle
(syringe-cat. 13205, 30-gauge needle-cat. 7803-07) mounted on a micromanipulator. After the
injections, pups were gently placed on a heating pad and monitored during their recovery. Once
recovered, pups were placed in a separate cage with home bedding on top a heating pad. All pups
were injected and returned back to their home cage. Pups were closely monitored to ensure the
mothers acceptance and care of post-operative pups. Mice were allowed to recover for 35 days. A
Clozapine/saline solution (0.1 mg/kg) was intraperitoneally injected once into P40 mice expressing

AVV2-hSyn-mCherry or AAV2-hSyn-hM3D-(Gq)-mCherry.

Quantitative PCR analysis. All tissue for the qPCR analyses found in Chapter 3 and Chapter 4
were processed using methods described in the “RiboTag immunoprecipitation” and “INTACT
immunoprecipitation” method sections. The purified input RNA was used for the Fos expression
analysis described in Chapter 4, Fig. 2F. Both the purified input and immunoprecipitated RNA
was used for the cell-specific purification analysis described in Chapter 3 and 4. First-strand cDNA
synthesis was completed according to the manufacture protocols (Invitrogen). Relative expression

levels of Fos, Gapdh, Mog, Pdgfra, Mbp, Aifl, Gjal, Sytl, and Enpp6 were determined via
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TagMan Assays and probes (ThermoFisher). Gene expression was first normalized to the Gapdh

mRNA expression levels within the sample and data were analyzed using the 224t method.

Sham and iTBS stimulation. Low-intensity repetitive transcranial magnetic stimulation was
delivered as described in (Cullen et al., 2019). Briefly, a custom made 120 mT circular coil
specifically designed for rodent stimulation was used to deliver 600 pulses of intermittent theta
bursts for 192 seconds. The coil was positioned in line with the front ears (~Bregma -3.0) and
manually held over midline. Sham mice were treated similarly without the addition of current.

Sham and iTBS treatment were repeated daily for 7 days.
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Chapter 3: Transcriptional and translational profiling of oligodendrocyte

lineage cells
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Abstract

Understanding transcriptional and translational regulation provides insight into various
cellular processes in many cells, including oligodendrocytes. Here, we compare two separate
methods aimed at capturing either the transcriptome or translatome in both oligodendrocyte
progenitor cells (OPCs) and mature oligodendrocytes (mOLs). Capturing nuclear RNA using the
INTACT method and ribosome-bound RNA using the RiboTag method, we show both purification
methods enrich for RNA from the target cell types, but that the INTACT method offers greater
cell specificity. Additionally, we show that each method efficiently captures genes with high
changes in expression upon differentiation. In a comparison between the nuclear RNA and
ribosome-bound RNA within each stage of the lineage (within either OPC or mOL), we show that
despite the large overlap in expression profiles, subsets of RNA transcripts are highly
overrepresented in either the nuclear or ribosome-bound RNA. Gene ontology enrichment analysis
of the preferentially ribosome-bound RNAs reveal enrichment for synapse organization, signaling,
and structure in both OPCs and mOLs, suggesting synapse-related protein expression may hold
functional relevance throughout oligodendrocyte lineage. We disrupted the expression of a subset
of these synapse-related preferentially ribosome-bound genes in zebrafish and identify roles for
camk2a, tenm3, and sptbn2 in CNS myelination. These data indicate that each method captures
either transcriptional or translational information efficiently, and the comparison between the two

methods unexpectedly revealed a possible role for synapse-related proteins in myelination.

Introduction

Oligodendrocytes are central nervous system glial cells that ensheath neural axons allowing

for rapid and energy-efficient propagation of electrical signals. Oligodendrocytes progress through
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different developmental stages: the progenitor population, or oligodendrocyte progenitor cells
(OPCs), differentiate to form newly formed oligodendrocytes (NFO) until reaching their final stage
of maturity as myelinating oligodendrocytes (mOLs). As in all cell types, transcription and
translation underscore cellular function in these cells, therefore understanding gene expression
profiles provides insight to various physiological and cellular processes. Great inroads have been
made in understanding both the genetic programs and the neuronal/glial communications that
underpin this progression. Much of these advancements have been made through the
transcriptional profiling of oligodendroglial cells at different stages of differentiation, either
through the profiling of the lineage in culture (Dugas et al., 2006; Pol et al., 2017) or direct isolation
and profiling of OPCs or OLs from the developing mouse brain (Cahoy et al., 2008; Sohn et al.,
2006; Zhang et al., 2014a) via FACS or immunopanning. More recently, single-cell and single-
nuclei RNA-Seq studies have been applied to study oligodendroglial heterogeneity and
transcriptional changes in both mouse and human development and disease (Falcdo et al., 2018;
Jakel et al., 2019; Marques et al., 2016, 2019; Perlman et al., 2020; Schirmer et al., 2019). A key
challenge to these approaches is that dissociating viable single cells from neural tissue typically
becomes more difficult with age, especially for highly branched cells such as OPCs and OLs.
Although some studies have successfully profiled OPCs in the adult CNS (Spitzer et al., 2019),
many profiling experiments have been confined to developmental time-points due to this
challenge.

Ribosome affinity purification represents a powerful alternative to sorting whole cells from
tissue. Several groups have independently generated mouse lines to allow for the expression of

genetically tagged ribosomal subunits in specific cell types in the mouse (Doyle et al., 2008;

Heiman et al., 2008; Sanz et al., 2009a), allowing for selective immunopurification of ribosome-
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bound transcripts from targeted cells. This strategy offers several potential advantages over cell or
nuclei sorting techniques. Firstly, capturing ribosome-bound RNAs should provide a snapshot of
actively-translating RNAs, or the “translatome” of the cell. Secondly, ribosome affinity
purification techniques may have the additional advantage of capturing RNA localized in distal
processes that are typically lost in the aforementioned techniques relying on tissue dissociation.
This feature is especially beneficially for highly branched oligodendroglia, which are known to
traffic and translate transcripts such as Mbp within their distal processes (Ainger et al., 1993; Wake
et al., 2011). A potential disadvantage of this approach is the underrepresentation of non-coding
RNAs, including IncRNA and microRNAs, both of which have been shown to be functionally
important to oligodendrocytes (Emery and Lu, 2015; Katsel et al., 2019). Another alternative to
sorting whole cells is presented by the INTACT (Isolation of Nuclei Tagged in specific Cell Types)
method, pioneered in plants but more recently applied to mice (Deal and Henikoff, 2010; Mo et
al., 2015). Knock-in mouse strains have been generated to allow for the Cre-mediated expression
of an eGFP tagged nuclear envelope protein (Sunl-eGFP), allowing for immunopurification of
genetically labelled nuclei and associated nucleic acids (Tran et al., 2019). This approach bypasses
the concern of cellular fragility by directly targeting the relatively robust nuclei.

In this study we compare the use of the RiboTag ribosomal affinity purification and
INTACT nuclear purification methods to profile transcriptional and translational changes across
the oligodendrocyte lineage in vivo. We crossed RiboTag or INTACT floxed mice to either the
NG2-CreERT driver to target OPCs and their progeny or the PLP1-CreERT driver to target mOLs.
We isolated nuclear and ribosome-bound RNA in 18-22-week-old mice and used bulk RNA-Seq
to unbiasedly profile RNA expression at different stages of the oligodendroglial lineage. We found

that the genes showing the highest fold changes upon differentiation were similar between the
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INTACT and RiboTag profiles, indicating that the majority of differentiation-induced expression
changes can be captured by either profiling strategy. Additionally, we compared either nuclear
RNA to ribosome-bound RNA within each stage of the lineage. Although most genes show a
similar degree of expression using either technique, a subset of RNA transcripts are highly
overrepresented in either the nuclear or the ribosome-bound RNA. Gene ontology enrichment
analysis of the overrepresented ribosomal-bound RNA (putatively representing highly translated
transcripts) revealed enrichment for genes related to synaptic organization, signaling, and structure
in both OPCs and mOLs, indicating that many synaptic-related genes may still be translated and
functionally important throughout the oligodendrocyte lineage. Using a zebrafish in vivo
CRISPR/Cas9 approach to disrupt a subset of these preferentially ribosomal-bound synaptic genes,
we identify roles for camk2a, tenm3, and sptbn2 in CNS myelination. Overall, these results provide
transcriptional and translational information on oligodendroglia in vivo as well as identifying roles

for individual synapse related genes in CNS myelination.

Results

Generation of oligodendroglial-driven INTACT and RiboTag mouse lines for in vivo purification
of nuclear and ribosomal-bound RNA

To capture both the steady-state RNA (transcriptome) and translational information
(translatome) from OPCs and OLs, we used two separate genetic strategies, both of which use
affinity purification to isolate RNA from targeted cells in vivo. The first genetic strategy, INTACT,
uses a floxed mouse line that expresses a nuclear envelope tethered Sunl-eGFP fusion protein

upon recombination (Mo et al., 2015). The second strategy, RiboTag, uses a floxed mouse line

which expresses a HA-tagged RPL22 ribosomal subunit following recombination (Sanz et al.,
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2009a). Both lines allow for affinity purification of the tagged protein to isolate RNA from either

the whole intact nuclei (INTACT) or ribosomes in a cell specific manner. We crossed each of these
floxed lines to the NG2-CreERT2 (Zhu et al., 2011) mouse line and the PLP-CreERT2 (Doerflinger
et al., 2002) mouse line to allow for purification of RNAs from OPCs and their progeny, or mature
OLs, respectively. The crossed lines used in this study are hereby referred to as NG2:NUC (NG2-
CreERT2%; Sunl-eGFP"), NG2:RIBO (NG2-CreERT2*; Rpl22HA*) PLP1:NUC (PLP1-CreERT";
Sunl-eGFP"), and PLP1:RIBO (PLP1-CreERT"; RpI22HA*) (Fig. 1A). Young adult mice (18-22
weeks old) were treated with tamoxifen for either 5 days (NG2:NUC and NG2:RIBO lines), or 3
days (PLP1:NUC and PLP:RIBO lines). Tissue was harvested on the third day after the last
injection for either immunohistochemistry or RNA purification and subsequent RNA sequencing
(RNA-seq) (Fig. 1B).

In order to confirm that the NG2-CreERT2 and PLPI1-CreERT2 lines targeted
recombination to OPCs and mature oligodendrocytes, respectively, we assessed the recombination
pattern of the Sunl-eGFP and RPL22-HA alleles with each line using immunohistochemistry.
Immunostaining against either Sunl-eGFP (NUC) or RPL22-HA (RIBO) protein showed
expression in cells across both gray and white matter. In order to assess oligodendroglia specificity,
we used antibodies against well-known cell-specific targets (PDGFRa for OPCs, CC1 for mOLs,
NeuN for neurons, IBA1 for microglia, ALDHIL1 for astrocytes) and quantified the percentage
of recombined cells (Sun1-eGFP+ or RPL22-HA+) that were positive for markers of each cell type
(Fig. 1C-D, Fig. S3-A). In both the NG2:NUC and the NG2:RIBO lines, the majority of
recombined cells expressed PDGFRa (63.5 and 77.0%, respectively) or CC1+ (30.2 and 18.0%,
respectively), confirming that the NG2-CreERT driver predominantly drives recombination in

OPCs and any newly differentiated oligodendrocytes generated over the experimental time course.
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A small number of recombined cells were positive for markers of other lineages (NG2:NUC+ cells
being 1.43% NeuN+, 0.11 % IBA1, 1.80% Aldh1l1, 3.0 % undefined, and NUC:RIBO+ cells being
1.31% NeuN+, 0 % IBAT1, 2.03% ALDHILI and 1.69% undefined). Based on their morphology
and localization along blood vessels, these undefined cells were most likely pericytes, which are
known to express NG2 and labeled by NG2-Cre drivers (Attwell et al., 2015; Hill et al., 2014). In
both the PLP1:NUC and PLP1:RIBO lines, the overwhelming majority of recombined cells were
CC1+ (99.4, 98.9%, respectively), with low recombination across all other assessed cell types
(PLP1:NUC+ cells being 0.3% PDGFRa+, 1.9% NeuN+, 0% IBA1, 0% ALDHILI1, 0% other;
NUC:RIBO+ cells being 0% PDGFRa+, 2.0% NeuN+, 0 % IBA1, 1.9% ALDHILI1, 0% other).
Collectively, these data indicate NG2:NUC and NG2:RIBO recombines in mostly OPCs and some
(likely) pre-myelinating oligodendrocytes, while the PLP1:NUC and PLP2:RIBO recombines

predominately in mOLs.

Purification of nuclear and ribosomal-bound RNA from oligodendroglial cells using INTACT
and RiboTag methods

Having established that all four mouse lines label the OL lineage with relatively high
specificity, we isolated oligodendroglial RNA by immunopurifying either Sunl-eGFP tagged
nuclei (NUC lines) or HA-tagged ribosomes (RIBO lines) from a 5 mm brain section
encompassing both cortex and the underlying corpus callosum (Fig. 1B). We used RNA-Seq to
profile both the immunopurified (IP) RNA as well as the input, defined here as the flow-through
or unbound RNA, for three animals per group. Differential expression analysis comparing the IP
to the input for each line identified over-represented genes in the IP relative to the input samples

for each line (>2 fold-change with a padj<0.05), with 1,516 and 2,098 enriched genes identified
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for the NG2:NUC and NG2:RIBO lines, and 2,246 and 2,171 enriched genes identified for the
PLP1:NUC and PLP1:RIBO lines, respectively.

Consistent with successful enrichment of transcripts from OPCs, the genes enriched in the
IP from both the NG2:NUC and the NG2:RIBO lines included known OPC genes Cspg4 and
Pdgfra as well as markers for newly formed oligodendrocytes such as Enpp6 and Epcam. Enriched
genes in the IP of the PLP1:NUC and PLP1:RIBO lines included known markers for mOLs such
as Mbp and Plp1, as well as Enpp6, a gene expressed in both newly formed and mOLs (McKenzie
et al., 2014). To more thoroughly evaluate the level of enrichment or de-enrichment for transcripts
from different cell types, we utilized previous RNA-Seq databases (Cahoy et al., 2008; Zhang et
al., 2014b) to curate a list of 10 genes specific to each of the major CNS cell types (see Fig. S2 for
full list). For each line, we compared the expression of these markers in the purified RNA relative
to the input. Consistent with purification of RNA from OPCs and their recently-differentiated
progeny, the NG2:NUC and NG2:RIBO lines show an approximate 3-119 fold enrichment for
known markers of both OPCs and NFOs, with de-enrichment for all other cell types (neurons,
astrocytes,