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ABSTRACT 

Myelin is remodeled cell-autonomously by oligodendroglial macroautophagy 

Etan Aber 

 

Myelination of axons in the CNS by oligodendrocytes (OLs) is critical for the rapid and 

reliable conduction of action potentials down neuronal axons, as evidenced by the severe 

disabilities associated with myelin loss in multiple sclerosis and other diseases of myelin. The 

specification, differentiation, and maturation of OLs along with myelin formation by OLs have 

been thoroughly characterized. How myelin is turned over, however remains unclear.  

It is unsurprising that little is known about myelin turnover considering that for decades 

following their discovery, myelin and OLs were considered static elements in the adult nervous 

system. Recent evidence, however, shows that myelin in the CNS is actually plastic. Moreover, 

myelin remodeling in humans has been suggested to be mediated by mature OLs. As mature OLs 

have limited capacity to generate new myelin sheaths, we must ask whether mature OLs can 

remodel the myelin at preexisting myelin sheaths. One intriguing but unproven possibility is that 

myelin at individual internodes may be remodeled cell-autonomously by mature OLs to modulate 

neuronal circuit function. 

Macroautophagy (MA) is responsible for the lysosome-mediated elimination of cytosolic 

proteins, lipids, and organelles. MA achieves this by capturing cargo in bulk or selectively in a 

transient, multilamellar structure known as an autophagosome (AP).  In this study, we used a 

combination of in vivo and cellular approaches to test the hypothesis that MA in OLs may be 

important for myelin remodeling in the adult CNS. 



We establish that myelin of individual internodes is remodeled, and does so through the 

coordinated efforts of endocytosis and MA. We found that autophagy protein Atg7 is essential for 

myelin remodeling in vivo: loss of Atg7 in OLs leads to an age-dependent increase of myelin at 

the internode and the formation of aberrant myelin structures, most notably myelin outfoldings. In 

addition, we find that MA has the potential to occur throughout the mature OL, and examination 

of OLs in culture suggests that formation of a mature AP structure, the amphisome, is required to 

facilitate the efficient degradation of myelin-containing endocytic structures. Together, we 

propose that myelin is a dynamic structure that is regularly remodeled through the cooperative 

efforts of MA and endocytosis. These findings raise the possibility that myelin remodeling is 

involved in neural plasticity and the tuning of neural circuits.  
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Chapter 1.  

Oligodendrocyte Biology 

 

 

1.1 Introduction 

 

The functions of the CNS ranging from essential biological functions like breathing to 

higher order functions like thought and introspection are achieved by the coordinated efforts of 

highly specified cell types, including the well-studied neurons, and a lesser-studied broad class of 

cells known as glia. Glia make up the majority of the cells in the brain, but until recently they were 

understood to be passive supporting players of the CNS (Azevedo et al., 2009; Baumann and 

Pham-Dinh, 2001). In recent years, it has become increasingly clear that glia not only perform 

many other essential tasks, including facilitating the development, operation, and modification of 

neural circuitry, but are active players in these functions.  

There are several glial cell types that are identified by their morphology, location, and 

function. In mammals, glia include astrocytes, microglia, NG2 cells (also known as 

oligodendrocyte progenitor cells (OPCs)), and oligodendrocytes (OLs) (Zuchero and Barres, 

2015). OLs, and the related Schwann cells of the peripheral nervous system, ensure rapid and 
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reliable electrical neural communication (Zuchero and Barres, 2015). OLs and Schwann cells 

achieve this by ensheathing axons with a lipid-rich membrane called myelin, which decreases 

capacitance and increases resistance of the axonal membrane, thereby speeding up the conduction 

of action potentials (Castelfranco and Hartline, 2015) (Figure 1.1). Given that the conduction 

Figure 1.1 Morphology of the Myelin Sheath. Adapted from (Snaidero and Simons, 2014). 

A. Schematic of an oligodendrocyte with one myelin sheath wrapped around an axon and another unrolled myelin 

sheath. 

B. Schematic of a cross section of an axon. 

C. Electron micrograph of a cross section of an axon. 
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velocity of an unmyelinated axon is directly proportional to its diameter, myelin permits the 

maintenance of conduction velocity in larger animals without an untenable increase in axon 

diameter and energy expenditure, ultimately enabling rapid thought and action (Morell and 

Quarles, 1999). For example, an unmyelinated giant squid axon requires a diameter of about 500 

μm to conduct at a speed of 25 m/s, whereas a myelinated mammalian axon can achieve the same 

speed with a diameter of about 5 μm while using 5000 times less energy (Hursh, 1939; Morell and 

Quarles, 1999). To further enhance conduction velocity, OLs and neurons have co-evolved to form 

structures known as nodes of Ranvier , in which ion channels cluster between myelin sheaths (also 

known as internodes). 

 In addition to facilitating rapid and reliable conduction of action potentials, OLs are also 

necessary to maintain axonal integrity. Not only does the loss of myelin cause severe axonal 

pathology, but myelin lacking core proteins such as myelin proteolipid protein (PLP) or 2',3'-

cyclic-nucleotide 3'-phosphodiesterase (CNP), as well as insults to the myelin sheath, can lead to 

axonal degeneration as well (DeBoy et al., 2007; Edgar et al., 2009; Griffiths et al., 1998; Hoflich 

et al., 2016; Lappe-Siefke et al., 2003; Rasband et al., 2005). It is well established that OLs provide 

trophic support that is essential to axonal survival (Fruhbeis et al., 2013; Lappe-Siefke et al., 2003; 

Rasband et al., 2005; Wilkins et al., 2003), but recent studies indicate that OLs also actively 

provide axons with metabolic support (Funfschilling et al., 2012; Lee et al., 2012). Mature OLs 

use aerobic glycolysis, which generates lactate and pyruvate, as their primary energy source 

(Funfschilling et al., 2012). The lactate generated in OLs is then shuttled via the monocarboxylate 

transporter MCT1 on the myelin sheath to the underlying axon as an essential source of metabolic 

support (Lee et al., 2012). Channels of cytoplasm that run throughout the myelin sheath known as 



4 
 

intramyelinic cytoplasmic nanochannels have been suggested to be essential for this process 

(Lappe-Siefke et al., 2003; Snaidero et al., 2017).  

 

1.2 Oligodendrocyte Development 

 

1.2.1  Introduction 

Myelination of the CNS is a complex yet elegant process. It begins with the specification 

of OPCs, which proliferate, migrate and ultimately differentiate into oligodendrocytes. During 

differentiation and maturation, the cell extends many processes that sample the environment and 

interact with axons and—upon stabilization of the nascent myelin sheath—synthesize and traffic 

membrane to facilitate wrapping and compaction of the myelin sheath along with the establishment 

of axo-glial junctions. Perturbations in myelin development during fetal and early postnatal life 

cause a variety of leukodystrophies including Canavan, Krabbe, and Pelizaues-Merzbacher 

diseases, which can manifest in infancy with gradual loss of movement and delayed mental and 

motor development. In adults, damage to myelin disrupts proper neural function, as evidenced by 

traumatic CNS injuries and autoimmune diseases like multiple sclerosis. Moreover, white matter 

deficits are also found throughout a wide array of neurodevelopmental and neurodegenerative 

disorders (reviewed in (Fields, 2008)). 

 

1.2.2 Extrinsic cues driving OL differentiation 

In mice, generation of OLs begins with the specification of OPCs during late embryonic 

gestation, beginning at E12.5 in the ventral ventricular zone of the spinal cord (pMN domain), 

followed by a second wave from the dorsal Dbx1-expressing ventricular zone shortly thereafter 
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(Cai et al., 2005; Fogarty et al., 2005; Lu et al., 2002; Tekki-Kessaris et al., 2001; Vallstedt et al., 

2005; Warf et al., 1991) (Figure 1.2). In humans, OPCs first appear at about 45 days post-

conception (Hajihosseini et al., 1996). Within a few days of their appearance, OPCs proliferate 

and distribute themselves evenly throughout the gray and white matter of the developing spinal 

cord (Pringle and Richardson, 1993). About 80% of OPCs in the postnatal spinal cord of mice are 

ventrally derived, whereas the remaining 20% originate from the dorsal cord (Tripathi et al., 2011). 

OPCs are identified by their expression of platelet-derived growth factor alpha (PDGFα) and 

chondroitin sulfate proteoglycan 4, also known as neuron-glial antigen 2 (NG2) (Figure 1.3). These 

OPC markers are down-regulated during OPC differentiation, making these markers specific to 

this stage of the oligodendroglial lineage.  

OPC specification in the brain is quite similar to that in the developing spinal cord. In 

forebrain, OPCs are first produced from the ventral medial ganglionic eminence, but as 

development progresses they originate from the lateral and caudal ganglionic eminences as well 

as from the cortex (Kessaris et al., 2006). These highly proliferative OPCs—with a cell cycle time 

of just six hours in the embryo—migrate along the vasculature to populate the entire brain before 

Figure 1.2 The origins of oligodendrocytes in spinal cord. Adapted from (Fogarty et al., 2005). 

Starting at E12.5 in the mouse spinal cord, OPCs are generated from the pMN domain in the ventral ventricular 

zone. A few days later, another population emerges from radial glia in a dorsal Dbx1-expressing domain. 
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birth (Calver et al., 1998; Pringle et al., 1992; Tsai et al., 2016). Interestingly, unlike in spinal cord, 

only about 20% of OPCs in the corpus callosum are ventrally derived, whereas the remaining 80% 

originate dorsally (Tripathi et al., 2011). 

 PDGF is an important mitogen for OPCs that is produced by astrocytes and neurons to 

regulate OPC proliferation and survival (Noble et al., 1988; Raff et al., 1988; Richardson et al., 

1988). Another factor known to induce the proliferation of OPCs is neuronal activity, but whether 

this is mediated by PDGF or other mitogens remains unknown (Barres and Raff, 1993; Gibson et 

al., 2014). Alternatively, as OPCs receive synaptic input from neurons, it is possible that neuronal 

activity may regulate OPC proliferation and differentiation in this way (Bergles et al., 2000; De 

Biase et al., 2010; Kukley et al., 2007; Mangin et al., 2012; Ziskin et al., 2007). Interestingly, 

although OPC proliferation and survival are dependent upon axonal signaling, OPC specification 

and migration are not (Almeida and Lyons, 2016).  

Progression from an OPC through a premyelinating stage to a mature myelinating OL is 

controlled by a broad array of extrinsic and intrinsic cues, including growth factors, extracellular 

Figure 1.3 PDGFαR+ cells co-express NG2 protein and mRNA. Adapted from (Wilson et al., 2006). 

A. Immunostaining of frozen human tissue for PDGFαR (brown) and NG2 (blue) reveals a population of cells 

expressing both PDGFαR and NG2. 

B. In situ hybridization for NG2 mRNA (blue) and co-stained for PDGFαR (brown) identify cells that express 

NG2 mRNA and PDGFαR protein. 
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matrix composition, transcription factors, and histone modifications. These cues tightly regulate 

both the temporal and spatial properties of myelination during development throughout the CNS.  

Oligodendroglial specification is in part determined by the relative levels of Bone Morphogenic 

Protein (BMP), Sonic Hedgehog (Shh), and Wnt/β-catenin. In the developing spinal cord, the 

oligodendrocyte transcription factor 2 (Olig2)-expressing pMN domain first produces motor 

neurons and then switchs to generating OPCs (Cai et al., 2005). Olig2 eventually specifies the OL 

lineage as it is downregulated during neuronal differentiation.. This transition from motor neuron 

to OPC production is dependent on Shh levels, which are regulated by heparan sulfate distribution 

and the Notch signaling pathway (Dessaud et al., 2010; Kim et al., 2008; Park and Appel, 2003; 

Touahri et al., 2012): The inhibition of Notch signaling prevents OPC specification, and 

constitutive Notch signaling drives excess OPC formation (Kim et al., 2008; Park and Appel, 2003; 

Zaucker et al., 2013). This may be particularly relevant to cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL syndrome), which is 

caused by mutations in the human NOTCH3 gene (Ducros et al., 1996; Herve and Chabriat, 2010; 

Zaucker et al., 2013). In addition to OPC production, Notch signaling may contribute to OL 

differentiation as well (Hu et al., 2003; Wang et al., 1998). The transition to OL formation is also 

affected by Wnt and BMP, which inhibit OPC specification in the dorsal spinal cord (See and 

Grinspan, 2009).  

Similar to the spinal cord, Shh stimulates the generation of OPCs in the ventral forebrain 

through the induction of Olig1 and Olig2 expression (Nery et al., 2001; Tekki-Kessaris et al., 

2001). While Wnt signaling may inhibit OPC specification in the spinal cord, Wnt3 actually 

promotes oligodendroglial specification in the subependymal zone of the brain (Ortega et al., 

2013). In addition, epidermal growth factor (EGF) signaling also increases OPC generation 
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(Cantarella et al., 2008; Gonzalez-Perez and Alvarez-Buylla, 2011), along with fibroblast growth 

factor (FGF) signaling through FGF receptor (FGFR)-1 and -2, in possible cooperation with Shh 

signaling (Furusho et al., 2011). Although FGF signaling does not contribute to OPC proliferation, 

FGF signaling in vivo is also important for myelination and may regulate myelin sheath thickness 

(Furusho et al., 2012)..  

OL development is also affected by a variety of signals associated with the extracellular 

matrix (ECM) as well as cues secreted by blood vessels. For example, laminin is one of the most 

important ECM proteins that regulates the generation of OLs: Deletion of the α2-subunit of laminin 

in mice causes a significant reduction in OPC production in the subventricular zone, leading to 

reduced numbers of OPCs in the corpus callosum (Relucio et al., 2012). It has also been shown 

that the endothelial cells of blood vessels in the CNS can promote OPC specification; in culture, 

this was found to be mediated by the release of the chemokine CCL2/MCP1 (Chintawar et al., 

2009; Plane et al., 2010). 

 

1.2.3 Transcriptional regulation of OL differentiation. 

Although much is known about how environmental cues determine the regions of the CNS 

that will produce OLs, the regulation of OL specification is best understood in the context of 

transcription and epigenetic factors (Figure 1.4). Olig2 is a basic helix-loop-helix transcription 

factor expressed throughout the OL lineage, from OPCs to mature myelinating OLs. Olig2 is 

stimulated by ventrally-derived Shh in the spinal cord and is the most thoroughly characterized 

transcription factor involved in OL development (Lu et al., 2000; Takebayashi et al., 2000; Zhou 

et al., 2000). Loss of Olig2 during development suppresses OPC generation, whereas induction of 

Olig2 expression leads to increased OPC production in the CNS (Ligon et al., 2006; Lu et al., 
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2002; Maire et al., 2010).  OPC production is not completely eliminated in Olig2 knockout (KO) 

mice, presumably through compensation by Olig1, another basic helix-loop-helix transcription 

factor involved in OL development and maturation (Lu et al., 2002; Zhou and Anderson, 2002). 

Interestingly, Olig1 is not essential for OL specification or maturation during development, but is 

required for remyelination in the CNS (Arnett et al., 2004; Paes de Faria et al., 2014).  

In the subventricular zone, Olig2 opposes the neurogenic role of Pax6 to promote 

generation of OLs (Hack et al., 2005). It has also been shown that the inhibitory effects of BMP4 

on OL development are mediated by the interaction of Olig2 with the inhibitor of differentiation 

Figure 1.4 Factors regulating oligodendrocyte development. Adapted from (Bercury and Macklin, 2015). 

Oligodendrocyte differentiation is mediated by numerous extrinsic and intrinsic cues. For example, signaling from 

the extracellular matrix (subfigure) is critical in modulating the cytoskeletal reorganization during the transition 

from premyelinating to myelinating oligodendrocyte. Additionally, signal transduction through the Akt/mTOR 

pathway, which can be modified by PTEN, has been suggested to be involved in myelin formation. 
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(ID) family of helix-loop-helix transcriptional inhibitors (Samanta and Kessler, 2004). Due to its 

importance in OL lineage specification, it is unsurprising that Olig2 is required for direct 

reprogramming of mouse fibroblasts into OLs (Najm et al., 2013; Yang et al., 2013). 

Achaete-scute homolog 1 (Ascl1, also known as Mash1) is another basic helix-loop-helix 

transcription factor that regulates OL development. Loss of Ascl1 in mice decreases the production 

of OPCs in the brain and spinal cord early in development, but the OPC number recovers later 

possibly due to the expression of the similar Ascl3 and Ascl5 in the OL lineage during development 

(Parras et al., 2007; Sugimori et al., 2008).  In the postnatal brain, Ascl1 expression is limited to 

OPCs and neural progenitors in the subventricular zone (Nakatani et al., 2013). The inducible 

deletion of Ascl1 in the postnatal brain inhibits the generation of OLs and instead promotes the 

production of astrocytes, suggesting that Ascl1 may function as a genetic switch (Nakatani et al., 

2013). This function of Ascl1 is maintained throughout life, as the inhibition of oligodendrogenesis 

upon the loss of Ascl1 occurs during both developmental myelination as well as remyelination 

after injury (Nakatani et al., 2013).  

Many members of the Nkx and Sox families are also involved in OL development. For 

instance, the simultaneous elimination of both Nkx6.1 and Nkx6.2 prevents the production of OLs 

from the pMN domain, a restricted domain of the ventral ventricular zone of the spinal cord 

responsible for the generation of motor neurons and oligodendrocytes (Cai et al., 2005; Vallstedt 

et al., 2005). Although the loss of Sox9 in mice reduces OL and astrocyte production, double KO 

of Sox8 and Sox9 almost completely eliminates the generation of OLs, indicating a possible 

redundancy between Sox8 and Sox9 (Stolt et al., 2003; Stolt et al., 2005). Sox10, a marker 

commonly used to identify cells of the OL lineage, does not affect OL specification, but is required 

for terminal differentiation of the OL (Stolt et al., 2004). In OPCs, Sox5 and Sox6 counters the 
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actions of Sox 9 and Sox10 to prevent the expression of genes that would induce OL differentiation 

(Stolt et al., 2006). Similarly, Hes5-mediated inhibition of myelin gene transcription is mediated 

by its inhibitory effects on Sox10 and the aforementioned Ascl1 (Liu et al., 2006). In fact, Hes5 

likely acts downstream of the Notch signaling pathway (Rabadan et al., 2012). Interestingly, Olig1 

associates with Sox10 to drive transcription of myelin genes (Li et al., 2007). Similarly, after 

interacting with a transcriptional corepressor to block β-catenin signaling at the onset of OL 

differentiation, Tcf4 (also known as Tcf712) recruits Sox10 to drive myelin formation (Zhao et 

al., 2016).  It has been suggested that myelin regulatory factor (MRF)—another transcription factor 

important for the transcription of myelin genes and myelin formation—may cooperate with Sox10 

to facilitate CNS myelination (Bujalka et al., 2013; Emery et al., 2009). As expected, given the 

central role of Sox10 in oligodendrocyte differentiation, Sox10 is also necessary for direct lineage 

conversion of fibroblasts to the oligodendroglial lineage (Najm et al., 2013; Yang et al., 2013). 

Another transcription factor necessary for oligodendrocyte maturation and myelination is zinc 

finger protein 191 (Aaker et al., 2016; Howng et al., 2010). The transcription factor Yin-Yang 1 

(YY1) has been shown to promote oligodendrocyte differentiation by repressing transcriptional 

inhibitors of oligodendrocyte maturation (He et al., 2007a; He et al., 2007b).  

 

1.2.4 Other factors affecting OL differentiation. 

In recent years, it has been demonstrated that micro-RNAs (miRNAs) are important for 

both neural development and regulation of neural cell function. Unsurprisingly, miRNAs have 

been found to be involved in OL and myelin development, and there are sets of miRNAs that are 

expressed specifically by OLs (Jovicic et al., 2013; Lau et al., 2008). Studies showing that 

prevention of miRNA processing by OL-specific deletion of Dicer1 disturbs myelin development 
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emphasize the importance of miRNAs to OL development and maturation (Dugas et al., 2010; 

Zhao et al., 2010). For example, miR219 and miR338 downregulate repressive transcription 

factors, like Sox6 and Hes5, to promote OL differentiation and myelination (Dugas et al., 2010; 

Zhao et al., 2010). miR-7a has also been shown to be important for both OPC specification and 

proliferation (Zhao et al., 2012). Moreover, miR-23a has been shown to promote both OL 

differentiation and myelin synthesis, at least in part through its effects on the 

mTor/Akt/PTEN/PI3K pathway (Lin et al., 2013). Several papers have shown that mTor 

activation, constitutively active Akt, and conditional loss of PTEN all increase myelination in the 

CNS without altering the number of OLs, although unsurprisingly mTor activity is necessary for 

OL differentiation (Flores et al., 2008; Goebbels et al., 2010; Narayanan et al., 2009; Tyler et al., 

2009; Wahl et al., 2014). In addition to miRNAs, long, non-coding RNAs (lncRNAs) are also 

involved in OPC specification, oligodendrocyte differentiation, and myelin development as well 

(Dong et al., 2015; He et al., 2017a).  

Given the importance of transcriptional and translational regulation in OL specification, it 

is perhaps unsurprising that OL specification in the neonatal subventricular zone is also affected 

by the activity of histone deacetylases. For example, inhibition of histone deacetylases suppresses 

generation of oligodendrocytes and their progenitors in vitro (Foti et al., 2013; Siebzehnrubl et al., 

2007). This is likely in part caused by HDAC-mediated suppression of factors that normally inhibit 

OL differentiation, like Wnt/β-catenin signaling, Id4, and Tcf4 (He et al., 2007b; Ye et al., 2009). 

Along with histone deacetylation, histone methylation has also been implicated in OPC and 

oligodendrocyte specification: Overexpression of enhancer of zeste homolog 2—a protein 

involved in gene silencing through histone methylation and deacetylation—causes an increase in 
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oligodendrocyte number, while silencing of enhancer of zeste homolog 2 has the opposite effect 

(Sher et al., 2008).  

Far more OLs are produced during development than are necessary for proper myelination, 

and their survival is likely dependent upon levels of axon-derived trophic factors (Barres et al., 

1992; Barres et al., 1993). Even when excessive stimulation of OPCs by PDGF leads to increased 

numbers of oligodendrocytes during development, the excess oligodendrocytes die, leaving the 

appropriate number of myelinating oligodendrocytes (Calver et al., 1998). This correction in 

number of oligodendrocytes may be mediated by apoptosis secondary to myelination failure, as 

oligodendrocytes that do not myelinate axons will degenerate (Trapp et al., 1997).  

 

1.3 Myelin Formation  

 

1.3.1 The basics 

The differentiation of an OPC into an oligodendrocyte leads to an impressive change in 

morphology, beginning with the extension of many new cellular processes. Timelapse imaging 

using the zebrafish model system has demonstrated that these oligodendroglial processes scan the 

environment until they contact an axon (Baraban et al., 2018; Czopka et al., 2013; Hines et al., 

2015; Koudelka et al., 2016; Mensch et al., 2015). Interestingly, whereas some processes stabilize 

and form myelin sheaths, many processes retract shortly after contact with the axon. This retraction 

is often preceded by a high-amplitude, long-duration Ca2+ transient (Baraban et al., 2018). 

Although the exact determinants and mechanism of this retraction remains unknown, several 

molecules have been identified as repulsive guidance cues for myelination, including polysialic 

acid neural cell adhesion molecule (PSA-NCAM), class 3 semaphorins,  limbic system-associated 
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membrane protein (Lsamp), and junctional adhesion molecule (JAM2) (Charles et al., 2000; Piaton 

et al., 2011; Redmond et al., 2016; Sharma et al., 2015; Syed et al., 2011).  

After the nascent myelin sheath stabilizes on the axonal membrane, it rapidly grows around 

the axon to form the mature myelin sheath (Figure 1.5). The growth of the myelin sheath is 

mediated by growth of the leading edge (the distal end of the oligodendroglial process) around the 

axon along with lateral growth of the myelin membrane towards the future nodes of Ranvier 

(Snaidero et al., 2014). As the leading edge grows around the axon, it travels underneath the 

Figure 1.5 Schematic of Myelin Formation. Adapted from (Chang et al., 2016) 

An illustration of a myelin sheath at several stages of development. While the lower process of each 

oligodendrocyte shows a myelin sheath wrapping around an axon, the upper process of each oligodendrocyte is 

an unrolled version of the lower myelin sheath. The corresponding cross sections are found beside the axon. From 

left to right: A maturing oligodendrocyte extends a process to an unmyelinated portion of an axon. After making 

contact with the axon, the process begins wrapping around the axon and spreading its membrane. The growth 

zone/leading edge, in green, grows beneath the previously deposited layers of myelin. Simultaneously, the myelin 

membrane elongates longitudinally as well. Myelin compaction initiates in the outermost layer of the sheath and 

spreads toward the inner layers, maintaining uncompacted intramyelinic cytoplasmic nanochannels to facilitate 

transport between the cell body and the leading edge.  
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previously deposited membrane (Snaidero et al., 2014). Meanwhile, during the lateral growth of 

the myelin sheath (which occurs in a coiling helical pattern), membrane at the lateral loops is likely 

attached to the axon, perhaps by contactin associated protein 1 (Caspr, also known as paranodin), 

Contactin, and Neurofascin155 (Pedraza et al., 2009; Snaidero et al., 2014; Zonta et al., 2008). 

Once the lateral loops have reached their final position at the future paranode, oligodendroglial 

expression of ankyrin-G facilitates the stabilization of the paranodal junctions (Chang et al., 2014).  

As the leading edge of the growing myelin sheath extends beneath previously deposited 

membrane, force is required to disrupt the previously formed contact between myelin and axonal 

membrane. The driving force of myelin growth is likely largely driven by Arp2/3-dependent 

polymerization of the actin skeleton pushing the leading edge forward between the axonal and 

myelin membranes (Zuchero et al., 2015). The subsequent ADF/cofilin1-dependent disassembly 

of the actin cytoskeleton may facilitate the spreading of the myelin membrane across the axon and 

its subsequent stable adhesion (Nawaz et al., 2015). It has also been demonstrated that MBP is 

required for actin disassembly and may thereby induce myelin wrapping (Zuchero et al., 2015). 

Other proteins that may be involved in actin cytoskeleton-dependent myelin formation include 

neural Wiskott-Aldrich syndrome protein (N-WASP), Wiskott-Aldrich syndrome protein family 

verprolin homologous protein 1 (WAVE1, also known as Wiskott-Aldrich syndrome protein 

family member 1), cell division control protein 42 (cdc42), and Ras-related C3 botulinum toxin 

substrate 1 (Rac1) (Jin et al., 2011; Kim et al., 2006; Novak et al., 2011; Thurnherr et al., 2006).  

Most of the lipids that will be added to the growing myelin sheath are synthesized in the 

endoplasmic reticulum, where some myelin lipids are packaged with proteolipid protein (PLP) 

early in the secretory pathway and then trafficked to the myelin membrane through transcytotic 

transport (Baron et al., 2015; Simons et al., 2000). It has been suggested that vesicles of newly 
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synthesized myelin membrane and protein transport through intramyelinic cytoplasmic 

nanochannels and are delivered to the growing leading edge (Snaidero et al., 2014). These 

intramyelinic cytoplasmic nanochannels are found between layers of compacted myelin and 

connect the growing innermost layer of myelin with the major source of myelin membrane and 

protein biosynthesis, the oligodendroglial cell body. Interestingly, it was recently shown that 2’,3’-

cyclic nucleotide 3’-phosphodiesterase (CNP) directly associates with the actin cytoskeleton to 

maintain intramyelinic cytoplasmic channels, and loss of this function of CNP has been suggested 

to cause axonopathy and neurodegeneration (Lappe-Siefke et al., 2003; Snaidero et al., 2017).  

In addition to vesicular trafficking of myelin membrane and proteins to the leading edge, 

myelin components may be added at the outer layers of the sheath and freely diffuse throughout 

the developing myelin sheath (Gould, 1977; Gould and Dawson, 1976; Steshenko et al., 2016; 

Yurlova et al., 2011). Interestingly, myelin basic protein (MBP)—a major cytoplasmic component 

of myelin essential for myelin compaction—is transported by kinesins as mRNA in RNA granules 

from the cell body into the growing myelin sheath, where it is locally translated (Laursen et al., 

2011; Lyons et al., 2009; Readhead et al., 1987; Torvund-Jensen et al., 2014; Wake et al., 2011; 

White et al., 2008). As myelin compaction progresses from the proximal (outermost) layers of 

myelin distally (inwards), it is likely that MBP mRNA granules are translated at the outermost 

non-compact layer of myelin to prevent premature compaction at the growing leading edge 

(Snaidero et al., 2014). After local translation of the unstructured and positively charged MBP, 

MBP binds to the cytoplasmic leaflets of the lipid bilayer and polymerizes to drive clearance of 

cytoplasm and compaction of the myelin sheath (Aggarwal et al., 2013; Aggarwal et al., 2011; 

Boggs, 2006). Interestingly, the extracellular leaflets are held together by weaker interactions 
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(mediated by PLP) than those that hold the cytoplasmic leaflets together, perhaps to allow the 

membrane bilayers to slide along one another during myelin growth (Bakhti et al., 2013).  

Towards the end of myelin formation, anilin/septin filaments form a scaffold in the 

adaxonal inner loop of myelin that extends longitudinally along the axon (Patzig et al., 2016). 

Interestingly, the loss of myelin septins causes compact myelin to focally detach and form myelin 

outfoldings (also known as redundant myelin) (Patzig et al., 2016). These myelin outfoldings may 

serve a biological function during myelin development, but in the adult these outfoldings are 

generally considered pathological (Snaidero et al., 2014).  

The myelination process described above occurs in each myelin sheath of an 

oligodendrocyte, but most oligodendrocytes extend about thirty myelin sheaths, and some may 

even extend eighty or more (Chong et al., 2012; Young et al., 2013). Because of this, it has been 

estimated that an oligodendrocyte may synthesize 20x105 μm2 of myelin membrane, meaning that 

the oligodendrocyte is the most prolific membrane producer in the human body (Pfeiffer et al., 

1993). Amazingly, according to time-lapse imaging in zebrafish, this enormous amount of myelin 

in synthesized during a period of just five hours (Czopka et al., 2013). Interestingly, this rapid 

growth may be facilitated by Ca2+ activity: high-frequency Ca2+ transient activity in growing 

myelin sheaths predicts faster growth of the sheath (Baraban et al., 2018). 

 

1.3.2 The role of membrane trafficking in myelination 

Phosphatidylinositol (PtdIns) is a common membrane lipid that can be phosphorylated by 

lipid kinases and regulate diverse cellular functions and that has a profound role in vesicle 

trafficking. Dysregulation of PtdIns phosphorylation and resulting disruption of vesicle trafficking 

disrupts myelin formation. Mutations within human factor-induced gene 4 (FIG4), which is 
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required for the interconversion of phosphatidyl inositol 3-monophosphate (PI(3)P) and 

phosphatidyl inositol 3,5-bisphosphate (PI(3,5)P2), can cause a variety of neurological disorders 

including Charcot-Marie-Tooth type 4J, a severe demyelinating peripheral neuropathy (Chow et 

al., 2007; Nicholson et al., 2011). Loss of Fig4 in mice causes juvenile lethality secondary to 

hypomyelination and spongiform degeneration (Chow et al., 2007; Ferguson et al., 2009; Winters 

et al., 2011). A subsequent paper clarified that alterations in any element of the Fig4-PIKfyve-

VAC14 enzyme complex causes impairments in OL differentiation, intracellular trafficking of 

myelin proteins, and myelin formation in the CNS (Mironova et al., 2016). Similarly, conditional 

loss of the PtdIns kinase, vacuolar protein sorting 34 (Vps34), in Schwann cells causes severe 

hypomyelination in peripheral nerves by disturbing endosomal trafficking (Logan et al., 2017). 

Phosphatidyl inositol 3,4,5-triphosphate (PI(3,4,5)P3) signaling is also important for myelin 

formation: inactivation of phosphatase and tensin homolog (PTEN) during development increases 

the thickness of myelin sheaths (Goebbels et al., 2010). Moreover, inducible inactivation of PTEN 

in mature OLs of adult mice reinitiaties myelin growth leading to thicker myelin sheaths (Goebbels 

et al., 2010; Snaidero et al., 2014) 

In addition to PtdIns regulation, mutations within vacuolar protein sorting 11 (Vps11), 

members of the homotypic fusion and vacuole protein sorting (HOPS) tethering complex, essential 

for vesicle fusion to the lysosome, suffer from hypomyelination, developmental delay, and 

leukoencephalopathy (Edvardson et al., 2015; Zhang et al., 2016). Although the HOPS complex 

is involved in all forms of lysosome fusion, one study suggested that these defects were associated 

with dysfunction of autophagosome trafficking (Zhang et al., 2016).  

In order to form all of their myelin sheaths in a matter of hours (Czopka et al., 2013), OLs 

likely require a high rate of exocytic membrane addition. Soluble N-ethylmaleimide-sensitive 
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factor attachment protein receptor proteins (SNAREs) are required for vesicle fusion to the 

appropriate target membranes (Rothman, 1994). Docking and fusion of a vesicle with the 

appropriate target membrane is mediated by the specific recognition of v(esicle)-SNAREs with 

their corresponding t(arget)-SNAREs. Distinct SNAREs have been identified for certain 

trafficking routes: For example, the v-SNARE vesicle associated membrane protein 7 (VAMP7) 

binds to the t-SNARE syntaxin 3 to mediate trafficking to the apical membrane of polarized cells 

epithelial cells (Lafont et al., 1999). VAMP3 and VAMP7, along with their binding partners 

syntaxin 4 and syntaxin 3 respectively, have been identified in OLs (Feldmann et al., 2011; 

Feldmann et al., 2009; Madison et al., 1999). Loss of VAMP3 or VAMP7 function diminishes 

transport of the myelin protein PLP to the OL cell surface in culture (Feldmann et al., 2011). 

Although KO of VAMP3 in mice does not affect myelin formation, mutations in VAMP7 can 

reduce the levels of certain myelin proteins, including PLP (Feldmann et al., 2011).  

GTPases, known to be essential for membrane trafficking, may also be important for 

myelin formation (Pfeffer, 1994). Silencing of Rab3a, a GTPase involved in exocytosis, delayed 

myelin biogenesis in maturing OLs (Anitei et al., 2009). Moreover, Rab3A has been suggested to 

regulate SNAP-29-mediated membrane fusion during myelin formation (Schardt et al., 2009). 

Cdc42 and rac1, two GTPases of the Rho subfamily have also been shown to be important for 

proper myelination, although whether this is mediated by their roles in organizing the actin 

cytoskeleton, membrane trafficking, or one of their many other functions is unknown (Etienne-

Manneville and Hall, 2002; Hall, 1998; Jaffe and Hall, 2005; Nawaz et al., 2015; Thurnherr et al., 

2006; Zuchero et al., 2015). Interestingly, proteomic analysis of purified myelin identified 

regulators of intracellular vesicle transport including many Rab-GTPases, like Rab3A, along with 

cdc42 and Rac1 (Jahn et al., 2009). 
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1.3.3 Myelin Plasticity 

For decades following their discovery, myelin and OLs were considered static elements of 

the CNS (Kondiles and Horner, 2017), but recent evidence indicates that this is not the case. One 

compelling study shows that training individuals with no prior experience to juggle induces 

changes in their white matter suggestive of myelin growth (Scholz et al., 2009). Similarly, learning 

a new language can also induce changes in white matter architecture (Schlegel et al., 2012). Studies 

have shown that new myelin is continually generated, even in the nearly completely myelinated 

optic nerve (Dangata et al., 1996; Yeung et al., 2014; Young et al., 2013). Given these studies, it 

has been postulated that the discontinuous myelination along the length of many axons indicates 

areas available for additional myelination, perhaps as a mechanism for neural plasticity (Tomassy 

et al., 2014).  Should active myelin remodeling and formation occur, there are three primary 

mechanisms available to the adult CNS: the generation of new OLs, the extension of new myelin 

sheaths from preexisting OLs, and the remodeling of preexisting myelin sheaths.  

 

1.3.3.1 The generation of new OLs and myelin plasticity 

Many studies that have shown that OPCs continue to differentiate into new myelinating 

OLs in the adult CNS. For example, it has been shown in several studies through genetic fate 

mapping in mice that OPCs continuously differentiate into mature myelinating OLs especially in 

CNS white matter (Dimou et al., 2008; Kang et al., 2010; Psachoulia et al., 2009; Rivers et al., 

2008). However, it should be noted that these adult-born OLs have been shown to have different 

properties than those born during development; adult-born OLs extend more myelin sheaths, but 

these myelin sheaths are shorter in length (Young et al., 2013). There have also been several studies 
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showing that neuronal activity can drive oligodendrogenesis in adult mice. For example, OPC-

specific elimination of the transcription factor MRF, which is essential for OL maturation during 

development, in adult mice prevented mice from learning a complex motor skill (Emery et al., 

2009; McKenzie et al., 2014). Given that this loss did not affect myelination in the adult mice, 

these results suggest that skilled motor learning in mice requires the generation of new OLs and 

myelin (McKenzie et al., 2014). A subsequent study indicated that the production of new 

oligodendrocytes within several hours facilitates this skilled motor learning (Xiao et al., 2016). 

Blocking formation of new OLs in the adult mouse causes motor deficits and slowing of 

conduction in the corpus callosum (Schneider et al., 2016). It should be noted that although these 

studies demonstrate that the formation of new OLs contributes to rapid and long-lasting myelin 

plasticity in adult mice, they have not ruled out the possibilities of preexisting oligodendrocytes 

producing new myelin sheaths or that preexisting myelin sheaths are remodeled.  

Another study examined the effects of short-term optogenetic stimulation of the premotor 

cortex in awake, behaving mice (Gibson et al., 2014). This stimulation induced OPC proliferation, 

followed by oligodendrogenesis and thicker myelin sheaths. It was unclear to the authors however, 

whether the thicker myelin sheaths were derived from new or preexisting OLs. A critical 

observation derived from these studies is that the formation of new oligodendrocytes and thicker 

myelin sheaths led to an altered gait, suggesting that alterations in myelination can have behavioral 

consequences. Interestingly, voluntary running has been shown to induce OPC proliferation, 

oligodendrogenesis, and increased myelin formation in the cerebellum of a mouse model of ataxia, 

further highlighting the importance of activity on oligodendrogenesis in adult animals (Alvarez-

Saavedra et al., 2016). How oligodendrogenesis was evoked remains uncertain however, given 
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that it is unclear in the literature whether exercise alone is sufficient to increase oligodendrocyte 

formation (Simon et al., 2011; Xiao et al., 2016).  

 

1.3.3.2 The extension of new myelin sheaths and myelin plasticity 

To ask whether mature myelinating oligodendrocytes can form new myelin sheaths, several 

studies have examined post-mitotic oligodendrocytes that survived a demyelinating insult and 

found that they do not lay down new myelin sheaths (Crawford et al., 2016; Keirstead and 

Blakemore, 1997). Another study transplanted irradiated cells (to ablate all mitotic cells) into a 

demyelinated lesion and found that almost none of the transplanted oligodendrocytes were able to 

form myelin sheaths (Crang et al., 1998). Subsequent studies in zebrafish in vivo and in a murine 

coculture system showed that mature oligodendrocytes have very little capacity to form new 

myelin sheaths after a brief developmental window (Czopka et al., 2013; Watkins et al., 2008). 

However, it should be noted that one study demonstrated the capability of mature OLs in culture 

to retract and regenerate a damaged process after insult, and another suggested that constitutive 

activation of ERK1/2 in preexisting mature OLs allows them to form new myelin sheaths after a 

demyelinating insult (Jeffries et al., 2016; Makinodan et al., 2013). Thus, it appears that if mature 

oligodendrocytes can form new myelin sheaths, this capacity is extremely limited.  

 

1.3.3.3 Remodeling of preexisting myelin sheaths and myelin plasticity 

There is limited data regarding whether the thickness of preexisting myelin sheaths can be 

modulated. As mentioned above, optogenetic stimulation of premotor cortex in vivo increases 

myelin thickness of associated axons (although a contribution of newly formed oligodendrocytes 

to this phenotype cannot be excluded) (Gibson et al., 2014). In fact, there is some evidence that 
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mature OLs may be able to modulate the thickness of their myelin sheaths: As mentioned above, 

inducible inactivation of PTEN in mature OLs of adult mice leads to reinitiation of myelin growth 

and thicker myelin sheaths (Goebbels et al., 2010; Snaidero et al., 2014). Similarly, inducible 

activation of ERK1/2 in mature OLs of adult mice stimulates myelin growth and results in thicker 

myelin sheaths (Jeffries et al., 2016). Conversely, social isolation of adult mice leads to thinner 

myelin sheaths, along with behavioral and transcriptional changes in OLs (Liu et al., 2012), and  

sensory deprivation of the auditory system in adult mice causes a decrease in the thickness of 

myelin sheaths as well (Sinclair et al., 2017). Although a mechanism by which the thickness of a 

preexisting myelin sheath can be remodeled is unknown, evidence suggests that the thickness of 

preexisting myelin sheaths may be modulated in response to experience and activity.  

 

1.3.4 Myelin Turnover 

It was suggested more than half a century ago that myelin turnover is slower than that of 

most other components of the brain or other tissues (Davison and Dobbing, 1960; Waelsch et al., 

1940a; Waelsch et al., 1940b, 1941). It was subsequently determined that certain components of 

myelin membranes in the mouse and rat have half-lives that range from weeks to perhaps greater 

than one year (Fischer and Morell, 1974; Smith, 1968). More recent unbiased screens have 

confirmed that the half-life of myelin proteins is on average a few months (Savas et al., 2012; 

Toyama et al., 2013). How myelin is turned over, however, remains unknown.  

Theoretically, myelin could be turned over by replacement of entire oligodendrocytes, 

substitution of myelin sheaths, or remodeling of existing myelin sheaths. Replacement of OLs or 

myelin sheaths would theoretically be enormously inefficient: not only would it cause focal 

demyelination and possibly temporarily disrupt neurotransmission, it would also require an 



24 
 

incredible amount of energy expenditure anytime a component of the myelin sheath needed to be 

replaced. Moreover, neither of these two hypotheses can explain how different components of the 

myelin sheath are turned over at different rates (Fischer and Morell, 1974; Savas et al., 2012; 

Smith, 1968; Toyama et al., 2013). On the other hand, remodeling of the preexisting myelin sheath 

could certainly allow for differential turnover of myelin components. In addition, as mentioned 

above, there is limited evidence that mature OLs are capable of retracting myelin sheath or forming 

new ones (Crang et al., 1998; Crawford et al., 2016; Czopka et al., 2013; Jeffries et al., 2016; 

Keirstead and Blakemore, 1997; Makinodan et al., 2013; Watkins et al., 2008).  

Little is known about whether myelin within a sheath can be remodeled. A recent paper 

discovered that, in the aging brain, spheres of compact myelin can pinch off of myelin sheaths and 

be cleared by microglia (Safaiyan et al., 2016). Another possible mechanism for myelin turnover 

is suggested by data from the peripheral nervous system: During Wallerian degeneration, 

dedifferentiating Schwann cells employ a combination of macroautophagy and phagocytosis to 

degrade their myelin sheath (Brosius Lutz et al., 2017; Gomez-Sanchez et al., 2015; Jang et al., 

2016). Whether any of these mechanisms are employed by OLs under non-pathological conditions 

for homeostasis or in response to network inactivity remains unknown.  

A significant recent study has provided insight into the similarities and differences between 

humans and experimental model systems regarding oligodendrogenesis and myelin remodeling in 

adult white matter (Yeung et al., 2014). Taking advantage of the changes in atmospheric 14C levels 

over the past century due to the proliferation of nuclear bomb testing, the study was able to 

determine the age of myelin versus oligodendroglial nuclei in post-mortem human tissue. Carbon-

dating human oligodendroglial nuclei indicated that the cells were born almost exclusively in the 

first five years of life, with a turnover rate of about 0.3% annually thereafter. Of note, this is less 
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than 1/100th of the rate of oligodendrocyte turnover predicted by fate mapping in adolescent and 

adult transgenic mice (Rivers et al., 2008; Young et al., 2013; Zhu et al., 2011). In sharp contrast, 

however, carbon dating the myelin from the same brain samples indicated that the myelin was 

formed close to the time of death, indicating that the myelin sheath is continuously exchanged 

within months throughout life in humans. This is consistent with the aforementioned rodent data 

(Fischer and Morell, 1974; Savas et al., 2012; Smith, 1968; Toyama et al., 2013). Not only do 

these results suggest that oligodendrocyte turnover cannot be responsible for myelin turnover in 

humans, the study also demonstrates that oligodendrocyte turnover cannot account for the levels 

of white matter plasticity observed in response to activity and experience in humans (Bengtsson et 

al., 2005; Scholz et al., 2009; Yeung et al., 2014). Instead, the study proposes that myelin 

remodeling must be performed by mature OLs, and that mature OLs are responsible for myelin 

plasticity in the adult. 

 

1.3.5 Dynamic Myelination and Circuit Tuning 

As many CNS axons are myelinated for sub-maximal conduction velocity (and in fact, 

irregularly along their lengths), it is safe to assume that conduction velocity is not optimized to 

maximize speed, but rather to ensure that action potentials arrive at the appropriate time (Tomassy 

et al., 2014; Waxman, 1980). The importance of signal timing has been explored thoroughly in the 

auditory system (reviewed in (Seidl, 2014)): The auditory system processes microsecond 

differences in the arrival time of sounds between the two ears; consequently, it requires finely 

tuned signal timing. Interestingly, the temporal precision of the auditory system may be mediated 

in part by dynamic adjustment of myelin structure (Seidl et al., 2014; Stange-Marten et al., 2017). 

Moreover, recent evidence suggests that the thickness of myelin sheaths in the auditory system can 
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be modulated by experience even in the adult, just as myelination of the prefrontal cortex is 

modulated by social experience (Liu et al., 2012; Sinclair et al., 2017). Together, these studies 

emphasize the importance of precise signal timing and suggest that OLs may be able to modify 

myelin sheath morphology to optimize conduction velocities. These studies suggest that myelin 

remodeling may not be simply required to maintain the health of the myelin sheath, but may in 

fact be activity dependent and essential for neural circuit function. In fact, several studies have 

shown behavioral consequences that accompany activity-dependent changes in myelin structure 

(Gibson et al., 2014; Liu et al., 2012). Moreover, even small changes in g-ratio can significantly 

alter conduction velocity. It has been proposed that changes in conduction velocity—mediated by 

activity-dependent alterations in myelin structure—could have profound effects on neuronal 

network function (Pajevic et al., 2014).  Disruption of activity-dependent myelination and adaptive 

timing of action potentials likely contribute to many disorders involving asynchronous neuronal 

firing causes dysfunction, like epilepsy, schizophrenia, and dyslexia. 

 

1.3.6 Conclusion 

In summary, much is known about OPC specification, oligodendrocyte differentiation, and 

myelin formation by oligodendrocytes in the CNS. How myelin is turned over, however, remains 

unclear. In humans, myelin remodeling is likely mediated by mature oligodendrocytes. As mature 

oligodendrocytes have limited capacity to generate new myelin sheaths, we must ask whether 

mature oligodendrocytes can remodel the myelin at preexisting myelin sheaths. The significance 

of this question is underscored by the importance of myelin remodeling for neural function and 

activity-dependent myelin plasticity. 
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Chapter 2.  

Glial Macroautophagy 

 

 

2.1 Introduction 

 

Cells employ two systems to degrade cytosolic substrates: the proteasome and the 

lysosome. Whereas the proteasome rapidly turns over ubiquitinated proteins, the lysosome 

degrades a much wider array of cytosolic cargo, including proteins, lipids, and organelles 

(Ciechanover et al., 2000; Muller et al., 2012; Weissman et al., 2011). The import of cytosolic 

substrates into the lysosome is called autophagy. There are three primary mechanisms by which 

intracellular cargo can be delivered to the lysosome: microautophagy, chaperone-mediated 

autophagy, and macroautophagy (Yamamoto and Yue, 2014). In microautophagy, a pinocytosis-

like process that is primarily described in yeast, cargo is directly taken up by the lysosomal 

membrane (Yamamoto and Yue, 2014). Chaperone-mediated autophagy, largely described in 

mammals,  involves the recognition of substrates carrying a peptide motif similar to KFERQ by 
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hsc70, which traffics and directs cargo into the lysosome via LAMP2A (Yamamoto and Yue, 

2014). The most conserved autophagic pathway, however, is macroautophagy. Macroautophagy 

(MA) is responsible for the lysosome-mediated elimination of cytosolic proteins, lipids, and 

organelles, through packaging into a de novo synthesized, transient, multilamellar organelle 

known as an autophagosome (AP) (Figure 2.1). MA can act either as a non-selective response to 

cellular stress such as starvation to degrade bulk cytosol and its contents, or as a highly selective 

quality-control mechanism to degrade aggregated proteins or damaged organelles (Filimonenko et 

al., 2010). Non-selective and selective MA processes are regulated differently. For example, non-

selective MA occurs in a mammalian target of rapamycin (mTOR)-dependent manner, and 

Figure 2.1 Degradation of cargo by macroautophagy. Adapted from (Yamamoto and Yue, 2014). 

An illustration depicting the three steps of autophagosome (AP) formation: nucleation, expansion and maturation. 

MA proteins are attracted to the forming isolation membrane (IM) depending on the phosphorylation status of the 

Ulk1 complex. The Beclin1-Atg14L-Vps34 complex drives PI3P formation at the IM as well as surrounding 

membranse which draws effector proteins like WIPI-1 and -2. DFCP1 also shuttles from the Golgi to the PI3P-

rich IM. As the IM elongates around its cargo, the tetrameric Atg12-Atg5-Atg16L complex promotes the 

conjugation of LC3 onto PE of the growing AP membrane. Only LC3 remains on the complete AP. During 

maturation, the AP fuses with endosomes, multivesicular bodies (MVBs), and lysosomes to form amphisomes and 

autolysosomes, leading to degradation of the contents of the AP along with inner AP membrane.  
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requires only the core autophagic machinery, whereas selective MA can act in an mTOR-

independent manner, and also relies on the coordinated activity of adaptor proteins such as protein 

62/sequestesome-1 (p62/SQSTM1).  

 

2.2 MA, the basics 

 

Central to MA is the formation of the AP, and thus our current understanding of this process 

centers upon this. AP formation and completion occurs through a hierarchical assembly process 

driven by autophagy-related (Atg) proteins (reviewed in (Johnson et al., 2012)). Briefly, the 

isolation membrane and surrounding membranes are enriched with PI3P by a Class III PI3K 

complex comprised of Beclin1, Atg14L, and Vps34. This enrichment of PI3P attracts effector 

proteins such as DFCP1, WIPI-1, and WIPI-2, which defines the pre-autophagosomal structure.  

The elongation of the autophagosome membrane around its cargo is highly dependent on a 

ubiquitin-like conjugation process that relies upon the E1-like enzyme Atg7, E2-like enzyme Atg3, 

and the E3-like tetrameric Atg12-Atg5-Atg16L complex to promote the conjugation of the 

ubiquitin-like Atg8 and its orthologs (such as MAP1 light chain 3 (LC3)) to the phospholipid 

phosphatidylethanolamine (PE) within the growing autophagosome membrane. LC3 conjugation 

occurs on both sides of the growing AP membrane, leading to its presence on both the outer and 

inner AP membrane. After closure of the growing AP, via a yet unknown mechanism, the outer 

membrane of the autophagosome fuses with endosomes to form amphisomes then to lysosomes to 

form autolysosomes. Although mechanistically MA is highly conserved from yeast, the 

consolidation of cytosol-derived lysosomal cargoes with membrane-derived ones through 

amphisome formation, is unique to mammals (Klionsky et al., 2007). 
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Multiple studies have shown that MA is required for neural function and health (Hara et 

al., 2006; Komatsu et al., 2006; Liang et al., 2010). Elimination of MA via excision of the essential 

MA gene Atg7 in all neural cells (using the Cre-loxP system under the Nestin promoter) causes 

neural dysfunction, neurodegeneration, and early death, highlighting the importance of MA in 

maintaining proper neural function (Betz et al., 1996; Komatsu et al., 2006). Another paper 

published at the same time found comparable results upon the loss of Atg5 throughout the CNS as 

well (Hara et al., 2006). Subsequent genetic elimination of other core autophagy protein encoding 

genes yielded similar results, including deletion of Family Kinase-Interacting Protein Of 200 KDa/ 

Autophagy related protein 17 (FIP200/Atg17) (Liang et al., 2010). Whereas the significance of 

neural MA is often attributed to its role in neurons, it is often disregarded that the approaches used 

impair MA in another critical class of neural cells, namely glia. Unfortunately, however, our 

current understanding of MA in glia is fairly limited.  

 

2.3 MA in Astrocytes 

 

Astrocytes have many important roles in the CNS including regulating K+ buffering, 

neurotransmitter levels, energy levels, growth factor production, and the blood brain barrier. MA 

has been suggested to be important for astrocyte development (Wang et al., 2014). Studies of 

lysosomal storage disorders indicate that neuronal health may depend on MA in astrocytes (Di 

Malta et al., 2012). MA in astrocytes has also been suggested to be important for clearing a variety 

of aggregated proteins, including aggregated proteins in models of Alexander disease, amyotrophic 

lateral sclerosis, and Parkinson’s disease (Barmada et al., 2014; Gan et al., 2012; Janen et al., 2010; 

Tang et al., 2008; Zschocke et al., 2011). As astrocytes are essential energy regulators in the brain, 
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one intriguing yet heretofore unexplored possibility is the importance of MA in astrocytes for 

energy regulation in the brain. Several studies have shown that neurons depend upon astrocyte-

derived lactate to maintain activity for extended periods of time (Hu and Wilson, 1997; Pellerin 

and Magistretti, 1994; Rouach et al., 2008). It would be interesting to know whether MA is 

mobilized in astrocytes during periods of high neuronal activity or during starvation to maintain 

proper CNS function.  

 

2.4 MA in Microglia 

 

Microglia are the resident phagocytic immune cell of the CNS. MA may play a role in 

modulating microglial inflammation (He et al., 2017b; Su et al., 2016). Interestingly, microglia 

may be subject to autophagy-induced cell death following hypoxia or Toll-like receptor 2 

activation (Arroyo et al., 2013; Yang et al., 2014). It has also been suggested that MA in microglia 

plays a role in amyloid-β clearance in models of Alzheimer’s disease, and that this may occur in a 

beclin-1 dependent manner (Lucin et al., 2013; Shibuya et al., 2014). In addition, recent work has 

indicated that MA is important for microglia-mediated synaptic pruning during development (Kim 

et al., 2017).  It should be noted that all of these studies claim that MA is involved in clearing 

extracellular cargo. As MA is an intracellular process, it is more likely that these observations are 

mediated by LC3-associated phagocytosis (LAP), a process that has been thoroughly characterized 

in macrophages, which are close relatives of microglia (Martinez et al., 2011; Martinez et al., 2016; 

Martinez et al., 2015). LAP is a process wherein a subset of the MA machinery is recruited to 

pathogen-containing phagosomes to improve degradation of phagocytosed cargo (Figure 2.2) 

(Martinez et al., 2011; Martinez et al., 2015). For example, LAP is dependent upon Atg5, Atg7, 
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and Beclin1, whereas other autophagic proteins like ULK1, Atg14, and Ambra1 are dispensable 

for LAP (Martinez et al., 2011; Martinez et al., 2015). The association of LC3 directly to the 

phagosomal membrane has been shown to facilitate more efficient lysosome-mediated clearance 

of these phagosomes (Martinez et al., 2011; Martinez et al., 2016; Martinez et al., 2015). 

Interestingly, defects in LAP can cause a systemic lupus erythematosus (SLE)-like syndrome in 

mice and may contribute to SLE pathogenesis in humans (Martinez et al., 2016).  

 

2.5 MA in Schwann cells and Oligodendrocytes 

 

As little is known about MA in OLs, we will examine the literature regarding MA in OLs 

and Schwann cells together. We will infer from what has been learned about MA in Schwann cells 

Figure 2.2 Comparison of 

macroautophagy and LC3-

associated phagocytosis. Adapted 

from (Boyle and Randow, 2015). 

During nutrient starvation (as well as 

other cues), cells encapsulate 

portions of their cytoplasm into 

double-membrane APs (left). On the 

other hand, during infection (as well 

as other cues), phagocytic cells 

ingest extracellular microbes into 

single-membrane phagosomes 

(right). LC3 can be conjugated to 

phosphatidylethanolamine in either 

structure, which aids trafficking of 

the vesicles and fusion to the 

lysosome. 
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to OLs, while keeping in mind the caveats of extrapolating data between these cell types. Like 

many other cell types, MA has been implicated in the clearance of aggregated proteins by both 

Schwann cells and oligodendrocytes, in models of Charcot-Marie-Tooth disease and multiple 

systems atrophy respectively (Fortun et al., 2003; Nicks et al., 2014; Odagiri et al., 2012; Pukaβ et 

al., 2015; Rangaraju et al., 2010; Schwarz et al., 2012; Tanji et al., 2013). Interestingly, one study 

suggested that MA in Schwann cells may be involved in developmental pruning of axons (Song et 

al., 2008). Moreover, MA in Schwann cells has been suggested to be associated with axon 

regeneration in the peripheral nervous system (Mohseni, 2011). 

Several studies have proposed that MA may also play a role in myelin formation and 

degradation. One paper examined the role of MA in the Long-Evans shaker (les) rat, a 

dysmyelination mutant with a mutation in the gene that encodes myelin basic protein (Smith et al., 

2013). The authors discovered that there was an accumulation of autophagosomes in les 

oligodendrocytes by electron microscopy. They found in culture that induction of MA by glucose 

and serum starvation increased the survival of les oligodendrocytes and promoted an increase in 

membrane extensions. Moreover, in vivo, induction of MA through intermittent fasting increased 

myelin sheath thickness and the percentage of axons that were myelinated in les spinal cord. 

Although the authors proposed that MA may facilitate oligodendroglial survival and function, it is 

important to note that the effects of MA in les oligodendrocytes may have been mediated by 

reduced aggregate burden. Although the study notes an increase in myelination in control animals 

as well, starvation and intermittent fasting are non-specific inducers of MA with many off-target 

effects. Nonetheless, this study suggests that MA may facilitate myelin formation. In support of 

this, a recent study using whole exome sequencing of human patients indicated that a mutation in 
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Vps11 that causes leukoencephalopathy is associated with defects in MA (Zhang et al., 2016). This 

may also indicate that MA is important for myelin formation.  

Like the study of les rats, several papers have suggested that induction of MA may increase 

myelin formation by Schwann cells in mouse models of Charcot-Marie-Tooth (Madorsky et al., 

2009; Nicks et al., 2014; Rangaraju et al., 2010). For example, one study of Trembler J mice (a 

model of Charcot-Marie-Tooth 1A) found that induction of MA by intermittent fasting reduced 

PMP22 aggregate burden in mutant mice and increased myelination by Schwann cells (Madorsky 

et al., 2009). Interestingly, just as in the CNS in the aforementioned study of les rats, intermittent 

fasting increased myelin thickness in control sciatic nerves as well (Madorsky et al., 2009). 

Although a follow up study found that induction of MA through rapamycin treatment (mTor 

inhibition) increased myelin formation by Trembler J Schwann cells in culture, it did not 

significantly alter myelin formation by Schwann cells from control mice (Rangaraju et al., 2010). 

Induction of MA through mTor inhibition by treatment with rapamycin in vivo once again caused 

an increase in myelin thickness and percentage of fibers that were myelinated in Trembler J mice 

(Nicks et al., 2014). The data, however, was inconclusive regarding whether mTor inhibition alone 

increased myelination in control sciatic nerves (Nicks et al., 2014). Just like intermittent fasting, 

mTor inhibition has pleiotropic effects on cellular function and it is unclear what if any effects of 

mTor inhibition are truly mediated by induction of MA. 

As MA is known to degrade organelles and bulk cytosol, one study asked whether MA was 

necessary for the reduction of cytoplasm during Schwann cell development (Jang et al., 2015). 

Indeed, the authors found that abaxonal cytoplasm—which is normally lost during the 

development of myelinating Schwann cells—persisted into adulthood after conditional loss of 

Atg7 in Schwann cells.  
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Another study examined the role of MA in myelinating Schwann cells during Wallerian 

degeneration in the peripheral nervous system (when the part of the axon distal to an injury 

degenerates) (Gomez-Sanchez et al., 2015). During Wallerian degeneration, there was an increase 

in autophagosomes (by LC3 immunofluorescence) in dedifferentiating Schwann cells, and some 

of these autophagosomes appeared to contain myelin (by immunofluorescence and electron 

microscopy). Moreover, the authors demonstrated that pharmacological inhibition of MA (through 

disruption of membrane trafficking with 3-methyladenine and inhibition of lysosomal function 

with bafilomycin and ammonium chloride) and genetic inhibition of MA (through the conditional 

loss of Atg7) impaired myelin clearance by the dedifferentiating Schwann cells during Wallerian 

degeneration. These findings were confirmed by another laboratory shortly thereafter (Jang et al., 

2016). A recent study expanded on this work, first by confirming that the loss of MA in Schwann 

cells impairs myelin clearance during Wallerian degeneration (Brosius Lutz et al., 2017). The 

authors went on to show, however, that Schwann cells also employ TAM receptor-mediated 

phagocytosis to clear myelin debris during Wallerian degeneration (Brosius Lutz et al., 2017). 

Importantly, it remains unknown whether MA is necessary for myelin remodeling at baseline 

conditions in either Schwann cells or oligodendrocytes.  
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Chapter 3.  

Myelin Remodeling is Mediated by Oligodendroglial 

Macroautophagy 

 

 

 

3.1 Introduction 

 

Myelination of axons in the central nervous system (CNS) is critical for the rapid and 

reliable conduction of action potentials, as evidenced by the severe disabilities associated with 

myelin loss in multiple sclerosis and other demyelinating diseases. Much is known about OPC 

specification, oligodendrocyte (OL) differentiation, and myelin formation by OLs, but how myelin 

is turned over remains unclear.  

Decades following their discovery, myelin and OLs were considered static elements in the 

adult nervous system (Kondiles and Horner, 2017). However, recent evidence shows that myelin 

in the CNS is actually plastic (Baraban et al., 2016; Scholz et al., 2009; Zatorre et al., 2012), and 
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that, at least in humans, myelin remodeling is likely mediated by mature OLs (Yeung et al., 2014). 

As mature OLs have limited capacity to generate new myelin sheaths, we must ask whether mature 

OLs can remodel the myelin at preexisting myelin sheaths. One intriguing but unproven possibility 

is that myelin at individual internodes may be remodeled cell-autonomously by mature OLs to 

modulate neural circuit function. 

Macroautophagy (MA) is responsible for the lysosome-mediated elimination of cytosolic 

proteins, lipids, and organelles, by capturing cargo in a transient, multilamellar organelle known 

as an autophagosome (AP). MA can act either as a non-selective response to cellular stress such 

as starvation to degrade bulk cytosol, or as a highly selective quality-control mechanism to degrade 

aggregated proteins and damaged organelles (Yamamoto and Yue, 2014). Given that MA is the 

most versatile degradative pathway available to any cell, it has the potential to be able to degrade 

myelin, which is a mixture of the aggregation-prone, unstructured protein myelin basic protein 

(MBP), several transmembrane proteins and importantly, membrane. Data from Schwann cells—

the myelinating cells of the peripheral nervous system—suggests that during Wallerian 

differentiation, MA may contribute to myelin turnover (Brosius Lutz et al., 2017; Gomez-Sanchez 

et al., 2015; Jang et al., 2016). Taken together, we hypothesize that MA in OLs may be important 

for myelin remodeling in the adult CNS. 

 

3.2 Oligodendrocytes Express the Molecular Machinery of Macroautophagy  

 

To test whether OLs require MA to remodel individual myelin sheaths (also known as 

internodes), we first asked whether OLs express the molecular machinery necessary for MA. 

Although previously published RNA sequencing datasets indicate that OLs have the potential to 
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express MA proteins (Zhang et al., 2014), we examined when during OL maturation and where 

within the cell OLs express key MA-associated proteins. To do this, we used a cell-based approach 

by isolating oligodendrocyte precursor cells (OPCs) from postnatal day 6-8 mice and induced their 

differentiation into OLs using the method established by Barres and colleagues (Barres et al., 1992; 

Emery and Dugas, 2013) (Figure 3.1). Phalloidin staining reveals that over the 6-10 days of 

differentiation in vitro, OPCs undergo a stereotyped series of morphological changes as they 

differentiate, extending numerous cellular processes to form a branched morphology that 

subsequently flattens out into a large sheet of myelin akin to several unrolled myelin sheaths fused 

Figure 3.1. Maturation of OLs in vitro. OPCs are isolated from P6-8 mice then differentiated in vitro as described 

(Emery and Dugas, 2013). A. NG2+ (magenta) OPCs. B. OPCs mature through discrete stages over time as 

described phenotypically using immunofluorescence against phalloidin (white) and MBP (magenta). The number 

of days in vitro (DIV) during the differentiation protocol is indicated at the bottom of the image. 
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together (Figures 3.1A and B) 

(Zuchero et al., 2015). The presence 

of the marker neuron-glial antigen 2 

(NG2, also known as chondroitin 

sulfate proteoglycan 4) and MBP 

confirms the identity of OPCs and 

mature OLs, respectively (Figures 

3.1A and B).   

Next, to determine when and 

where MA is active in the cells, we 

probed for three different markers 

commonly used to monitor MA. 

These cultures were probed for 

markers of various aspects of MA: 

Autophagy protein 16 (Atg16), 

which is found at sites of AP 

Figure 3.2. Maturation of OLs in vitro 

reveals that the expression of 

different macroautophagy markers 

can be found throughout the different 

stages of OL differentiation. Staining 

in OPCs and immature stages of OL 

development against A. Atg16 (yellow), 

an indicator of early stages of 

autophagosome biogenesis, B. 

p62/SQSTM1 (cyan), an adaptor for 

cargoes destined for degradation by 

macroautophagy, and C. LC3 (green), a 

marker for autophagosome-membranes. 

Staining appears to intensify as the cells 

mature. Phalloidin is in white. 

Representative images from n = 100 

cells / 3 litters.  
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biogenesis; protein 62/Sequestesome-1 (p62/SQSTM1), a cargo adaptor protein; and microtubule-

associated protein 1A/1B-light chain 3 (LC3), which is covalently bound to AP membranes 

throughout their maturation (Figures 3.2 and 3.3). Throughout the course of differentiation, we 

found Atg16+, p62+, or LC3+ puncta expressed in the cell body as well as distal processes (Figure 

3.2). In mature OLs, all three markers continued to be expressed throughout the entire OL, from 

the cell body to the cytoplasmic channels dispersed throughout the myelin sheath (Figure 3.3). 

These data suggest that degradation by MA is not limited to the cell body of the OL, but 

autophagosome biogenesis and cargo capture can occur even in the most distal regions of the cell, 

surrounded by the myelin membrane.  

 

3.3 Vesicle Dynamics of Autophagosomes in OLs 

 

Figure 3.3. Immunofluorescence against different macroautophagy markers in mature OLs. Staining 

against Atg16 (yellow), p62/SQSTM1 (cyan), and LC3 (green) reveals a strong presence of these markers in the 

cell body of mature OLs, as well as a notable presence throughout the cell (inset). Phalloidin is in white. 

Representative images from n = 30 cells / 3 litters. 
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To gain a better understanding of where MA was occurring in the mature OL, we used live-

cell confocal microscopy of OLs immunoisolated from mice transgenically expressing GFP-

tagged LC3 (GFP-LC3) (Mizushima et al., 2004) in the presence of the fluorescent acidotropic 

probe Lysotracker to better understand the sub-cellular localization of autophagosome biogenesis, 

trafficking, and acidification (Figure 3.4). As we observed some regional heterogeneity in MA 

activity throughout the cytoplasmic channels, we devised nomenclature to clarify which regions 

within the cytoplasmic channels are of interest, as depicted in Figure 3.4A: arteries are the largest 

cytoplasmic channels, branches are small cytoplasmic channels that are found within the myelin 

sheath, edges are found at the edge of the cell, and bulbs are enlargements within the cytoplasmic 

channels, often found at the distal ends of arteries. Due to their location with respect to the myelin 

sheath, we believe that arteries may correspond to the outer loop and paranodal loop of the myelin 

sheath, that edges are this culture system’s equivalent of the inner loop, and that branches are 

related to intramyelinic cytoplasmic nanochannels (Snaidero et al., 2014; Snaidero et al., 2017).  

A total of 143 cells from 2 independent cultures were imaged for both GFP-LC3 and 

Lysotracker for at least 60 minutes. The appearance of de novo formed GFP-LC3+ puncta, their 

acidification and their disappearance were analyzed across 6 representative movies with a total of 

185 puncta and summarized in Figure 3.4B and C. As expected, most APs formed and acidified in 

the cell body of OLs; strikingly however, there were a considerable number of APs that both 

formed and acidified in the cytoplasmic channels within the myelin sheath, appearing at especially 

high frequency in bulbs and artery-branch intersections (Figure 3.4D). In addition, we found that 

the time until acidification of APs in OLs varied by subcellular region, and this correlated with 

distance from the cell body (Figures 3.4E and 3.4F). The movies revealed that most of the APs 
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Figure 3.4. Live cell imaging of primary, mature OLs derived from OPCs isolated from GFP-LC3 mice 

indicate autophagosome formation and maturation can occur throughout the cell. 

All live cell imaging was performed in collaboration with Tim Davies and Julie Canman. 

A. Regions of the OL. The mature OL is visually divided into discrete regions as indicated: cell body, artery, 

branch, artery/branch (A/B) intersection, bulb and edge. 

B. Summary of the movies analyzed. GFP-LC3 is monitored for autophagosome formation and Lysotracker Red 

for maturation and lysosome-fusion. Overlay in yellow. The formation of 185 GFP-LC3+ puncta were monitored 

throughout the cell, then analyzed for time through maturation. Structures that were only Lysotracker+ were not  

Continued on next page. 
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acidified where they formed (Figure 3.4C), with only about 20% traveling either towards or away 

from the cell body before acidification, whereas about 10% traveled towards the cell body after 

acidification (data not shown).  

Given the evidence of AP formation in the comparatively inert cytoplasmic channels of 

OLs, we asked whether potential membrane sources for the isolation membrane are present there. 

Although several membrane sources ranging from the plasma membrane (Ravikumar et al., 2010) 

to mitochondria (Hailey et al., 2010) have been proposed to donate membrane to the growing AP, 

membranes associated to the endoplasmic reticulum (ER) (Axe et al., 2008; Hamasaki et al., 2013; 

Hayashi-Nishino et al., 2009, 2010; Uemura et al., 2014) are the most likely source, especially in 

mammalian cells. We therefore performed immunofluorescence in mature OLs for the integral ER 

membrane protein calnexin. Immunofluorescence revealed calnexin staining throughout the OL 

even within small cytoplasmic channels (Figure 3.5). This corroborates previous findings also 

suggesting the presence of endoplasmic reticulum throughout the OL (Simpson et al., 1997). Taken 

together, our data indicates that autophagosome biogenesis and maturation can occur throughout 

the mature OL. 

Although the activity of a highly conserved degradation pathway that is known to maintain 

cellular homeostasis might be expected to occur in the cell body, why APs form and acidify in the 

myelin sheath, a part of the cell generally believed to be relatively inert was unclear.  Given the 

Figure 3.4, Continued from previous page. 

analyzed. Movies analyzed from n = 6 cells, N = 2 cultures were representative of the 143 cells from 2 independent 

cultures that were imaged.  

C. Selected frames from videos of puncta in OLs. GFP-LC3 in green, Lysotracker Red in red. Arrows indicate 

particle of interest. 

D. Summary of the location of autophagosome formation. Analyses of the movies indicate that LC3-positive 

structures can form and mature in all regions of the OL. The schematic representation (top) is quantified as 

frequency of autophagosome appearance corrected for area (bottom). 

E, F. Plot of time required for GFP-LC3 positive vesicles to acidify after formation. Analyses of all imaged 

GFP-LC3 vesicles that acidify summarized in B. E. Time to acidification in minutes versus region of cell. ABI, 

Artery-Branch intersection; Art, Artery; Br, Branch.  F. Time to acidify in minutes versus the relative distance 

from the cell body in μm. 
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degradative capacity of MA and that myelin is a tightly organized structure of membrane and 

proteins, we hypothesized that MA could degrade myelin associated proteins as cargo. One protein 

with strong potential is MBP, which is a natively highly unstructured protein that can homo-

mulitmerize (Boggs, 2006). Given that proteins like MBP have a high propensity towards 

aggregation, they are prime cargo for degradation by selective-autophagy, a form of MA that 

degrades cargos upon recognition by adaptor proteins such as p62/SQSTM1. To address this, we 

used confocal microscopy to determine whether MBP can colocalize with APs, as identified by 

LC3+ puncta. Under basal conditions, we detected colocalization of MBP with LC3 in discrete 

puncta in most cells, but within each cell it was a relatively infrequent event (Figure 3.6, left). 

Treatment with the mild lysosomal inhibitor leupeptin increased the prevalence of this event, 

which is typical of cargoes trafficked for degradation by MA (Figure 3.6, right). These data suggest 

that MA may be responsible for trafficking components of the myelin sheath to the lysosome for 

degradation. 

 

3.4 Loss of Macroautophagy in OLs In Vivo Does Not Affect the Development of OLs or 

Myelin 

 

Figure 3.5. The ER-associated, integral membrane protein calnexin is present throughout mature OLs, 

suggesting that a membrane source for autophagosome biogenesis is available. White arrows indicate the 

breadth of calnexin expression. Calnexin (cyan), MBP (magenta), and Dapi (blue). Representative images from n 

= 20 cells/2 cultures. 
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Having established that APs carrying the myelin-associated protein MBP are forming and 

acidifying in the cytoplasmic channels of cultured OLs, we decided to ask whether MA had any 

functional significance in OLs in vivo, either in myelin development or in myelin remodeling. To 

test this, we conditionally deleted Autophagy related-protein 7, Atg7, an E1-like ligase essential 

for LC3 conjugation in MA, in early OLs.  To do so, we bred mice carrying a conditional allele 

for Atg7 (Atg7fl/fl) (Komatsu et al., 2005) and Cre recombinase knocked into the 2',3'-cyclic-

nucleotide 3'-phosphodiesterase (CNP1) locus (CNPCre) (Lappe-Siefke et al., 2003) to create 

Atg7(CNP) conditional knockout (cKO) mice. CNP is expressed by early OLs at the start of 

myelination (Chandross et al., 1999), and CNPCre has been used across multiple studies to establish 

Figure 3.6. Co-localization of MBP in autophagosomes suggest that myelin associated proteins are degraded 

by macroautophagy. MBP (magenta) and endogenous LC3 (green) staining indicate that co-localization can 

occur throughout the cell. Leupeptin (Leu) treatment, which mildly impedes lysosome-function and leads to 

autophagosome accumulation, increases the autophagosome accumulation as shown by LC3 staining. 

Representative images from n = 90 cells/5 cultures. Scale bar is 25 µm. 
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the role of protein in developing and mature OLs (Emery et al., 2009; Hussien et al., 2015; Zuchero 

et al., 2015). As the heterozygous loss of CNP1 has been suggested to have a mild phenotype at 

19 months and older, we compared Atg7(CNP) cKO mice to Atg7(CNP) conditional heterozygous 

(cHet) littermates in all experiments to control for any such effects (Hagemeyer et al., 2012).  

Figure 3.7.  CNPCre-mediated inactivation of macroautophagy in vivo: Atg7(CNP) cKO mice. 

A. TdTomato expression pattern resulting from CNPCre mice crossed to the Ai9 reporter line. TdTomato (white) 

demonstrates clear expression in corpus callosum (cc), anterior commissure (ac), cortex (ctx) and cerebellum (cb). 

Little to no expression was detected in olfactory bulb (ob).  

B. Western blot of isolated white matter from spinal cord in Atg7(CNP) conditional heterozygous (cHet) mice and 

Atg7(CNP) conditional knockout (cKO) mice. Immunoblotting reveals a significant loss of Atg7. p62 levels are 

also higher in cKO white matter, consistent with an inactivation of macroautophagy.  

C. Co-immunofluorescence of CC1+ cells in anterior commissure (ac) and corpus callosum (cc) reveal p62-positive 

puncta in Atg7(CNP) cKO tissue. P62 (cyan), CC1 (magenta), and dapi (blue).  

D. Number of littermate genotypes born across 60 litters. Atg7(CNP) cHet (Het) and Atg7(CNP) cKO mice are 

born in numbers comparable to each other. 

E. Survival plot of Atg7(CNP) cHet and cKO mice through 2 months of age reveals no difference in survival 

despite the loss of macroautophagy in OLs.  
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We first confirmed that CNPCre drives recombination in white matter tracts, such as the 

corpus callosum and anterior commissure, by crossing CNPCre with the conditional fluorescent 

reporter Gt(ROSA)26Sortm9(CAG-tdTomato)Hze (Ai9) (Madisen et al., 2010), such that any cell in which 

recombination had occurred would express the red fluorescent protein variant TdTomato (Figure 

3.7A). Consistent with these results, immunoblotting of protein in microdissected CNS white 

matter from Atg7(CNP) cHet and cKO littermates confirmed the loss of Atg7 in cKO tissue. 

Consistent with the loss of MA in this tissue, immunoblotting against p62 revealed that it was 

accumulating (Figures 3.7B). Immunofluoresence against p62 in brains from Atg7(CNP) cHet and 

cKO revealed that this accumulation was specifically found in cells expressing CC1, a marker of 

mature OLs, in both the anterior commissure and corpus callosum (Figure 3.7C).   

Given the importance of MA as a cellular process, and its prevalence through the stages of 

OL maturation revealed in vitro (Figures 3.2 and 3.3), it is possible that the loss of MA in CNP-

positive cells would lead to a failure of myelination in the Atg7(CNP) cKO mice leading to death 

before the mice reached maturity. To account for the possibility of developmental failure in these 

mice, we compared the birth and survival rates of Atg7(CNP) cKO mice with that of Atg7(CNP) 

cHet mice and found that both were born and reached maturity at similar rates (Figures 3.7D and 

3.7E), strongly suggesting that myelination may be proceeding normally. To explore further 

whether Atg7(CNP) cKO mice were indeed grossly normal at two months of age, we assessed 

spontaneous exploratory and locomotor behavior using the open field test, in which mice explore 

a novel environment for one hour. In both male and female mice, there was no difference across 

all genotypes in the total distance traveled or number of rearing events during that hour (Figure 

3.8). Importantly, no difference was observed between CNPCre-carrying mice and Atg7fl/fl 

littermates, indicating that the presence of the CNPCre did not grossly impact the mice at this age. 
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These results corroborated our impression that home cage behavior of 2 mo Atg7(CNP) cKO mice 

is no different than that of Atg7(CNP) cHet mice (not shown).  

To assess more directly how the loss of MA might affect myelination, we first examined  

two fundamental parameters in OL development: OPC number and OL number.  The number of 

OPCs and OLs were quantified in corpus callosum of Atg7(CNP) cHet and cKO mice at two 

months of age. OPCs were identified by the presence of NG2, and OLs by the presence of 

oligodendroctye transcription factor 2 (Olig2) and positivity for staining with the antibody CC1, 

Figure 3.8. CNPCre-mediated inactivation of macroautophagy in vivo leads to no noticeable behavioral 

phenotype in the first two months of life. 

Open Field analyses indicate that spontaneous locomotor behavior is normal in Atg7(CNP) cKO mice at 2 months 

of age (mo). Total distance traveled and rearing behavior of Atg7fl/fl, Atg7(CNP) cHet and Atg7 cKO male (A) 

and female (B) mice over one hour. The inclusion of Atg7fl/fl mice reveal that the introduction of CNPCre has no 

impact on the behaviors performed.  

A. Male mice. ANOVA reveals no significant difference between ‘genotype’ and ‘total distance traveled (F(2,24) 

= 1.018; p = 0.377) or between ‘genotype’ and ‘rearing’ (F(2,24) = 0.332; p = 0.721).) n=9 mice per genotype. 

B. Female mice. ANOVA reveals no significant difference between ‘genotype’ and ‘total distance travelled (F(2,24) 

= 2.684, p = 0.089) or between ‘genotype’ and ‘rearing’ (F(2,24) = 3.076, p = 0.065).) n=9 mice per genotype. 
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which has recently been found to identify the RNA binding protein Quaking 7 (Bin et al., 2016). 

We found no significant difference in either cell number across genotype (Figures 3.9A and 3.9B), 

indicating that the capacity for and ability to differentiate into mature OLs were unaffected by the 

loss of MA.  

Next, to determine whether myelin formation occurred normally in these mice, we directly 

examined their myelin sheaths using transmission electron microscopy (EM). Given the 

heterogeneity of myelination in the corpus callosum, we examined the optic nerve, which is more 

uniformly myelinated. We found no measureable differences in either myelin sheath thickness, as 

measured by g-ratio, or periodicity in Atg7(CNP) cHet and Atg7(CNP) cKO optic nerve, 

Figure 3.9. CNPCre-mediated inactivation of autophagy in vivo leads to no noticeable changes in myelin 

during the first two months of life. 

A, B. Quantification of NG2+ cells (A) and CC1+/Olig2+ cells (B) reveal no significant difference across 

genotype. Statistics: Student 2-tailed, unpaired t-test reveals no significant difference in NG2+ cell number (p = 

0.603) or CC1+/Olig2+ cell number (p = 0.874) between cHet and cKO mice. n = 3 brains/genotype. Bar chart 

plots mean ± St. Dev. Individual data points are plotted. 

C-E. G-ratio analysis of EM images of optic nerve from 2-month-old (2 mo) Atg7 cHet (I) and cKO (J) mice 

reveal no significant difference in myelination. The myelin g-ratio of 225 axons/3 brains/genotype are plotted as 

a scatterplot (E).  

F. Periodicity of myelin is unaffected in Atg7 cKO optic nerve. Statistics: Student 2-tailed, unpaired t-test 

reveals no significant difference between genotype (p = 0.291). n = 45 axons/3 brains/genotype. Bar chart plots 

mean ± St. Dev. Individual data points are plotted. 
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indicating that myelin formation was unimpeded despite the loss of MA (Figures 3.9C-F). This is 

consistent with previous studies that conditionally inactivated MA throughout the CNS using 

NestinCre, all of which survived to adulthood without any reported deficits in myelination 

(Komatsu et al. 2006, Hara et al. 2006, Liang et al. 2010).  

 

3.5 Loss of Macroautophagy in OLs In Vivo Leads to an Age-Dependent Increase in 

Myelin Thickness and Aberrant Myelin Outfoldings  

 

Despite the normal development of OLs and CNS myelin in these animals, there was a 

variable penetrance of premature lethality that onset in adult Atg7(CNP) cKO mice (Figure 3.10A). 

Further in-cage observations of the mice revealed the late onset of tremor and motor disturbances 

(not shown). This unusual phenomenon of adult-onset deficits in a mouse with an OL-specific 

mutation further motivated us to test the hypothesis that MA was important for either myelin 

maintenance or remodeling in adult mice. To examine the myelin sheath, we performed EM-based 

studies of myelination of optic nerve. Although at two months of age, myelin structure was normal 

in Atg7(CNP) cKO mice, at 9 and 16 months of age it appeared as if myelin thickness of the optic 

nerve of Atg7(CNP) cKO mice was increasing over time (Figures 3.10B-D). Given the changes 

observed in optic nerve, we next examined corpus callosum from 16 mo Atg7(CNP) cKO mice, 

which revealed abnormally thick myelin secondary to a failure of myelin remodeling as well 

(Figure 3.10E). This suggests that OLs continuously remodel their myelin sheaths; OLs are 

regularly adding new myelin to their sheaths while continuously removing an equivalent amount 

of myelin. Without the degradative capacity of MA in OLs however, this delicate balance is 

disrupted, leading to the observed increase in myelin at the internode. These changes may have a 
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profound effect on CNS function, as conduction velocity is quite sensitive to even small changes 

in the thickness of the myelin sheath relative to axon caliber (Smith and Koles, 1970). It should be 

noted that although myelin remodeling was disrupted secondary to the loss of MA in OLs, the 

periodicity of the myelin was no different between Atg7(CNP) cHet and cKO mice (Figure 3.11A). 

In addition to increased myelin thickness, we also discovered many abnormal myelin 

structures in the optic nerve and corpus callosum of Atg7(CNP) cKO mice at older ages, most 

notably redundant myelin (also known as myelin outfoldings) and myelin whorls (Figures 3.10F 

and 11B). These aberrant myelin structures reinforce the hypothesis that the loss of MA in OLs 

precludes the proper remodeling of myelin in vivo, as its absence causes the OL to fail to properly 

regulate myelin size and structure at the internode.  

Beyond OLs, CNPCre also expresses in the myelinating cells of the peripheral nervous 

system, the Schwann cell (SC) (Chandross et al., 1999). A recent series of studies indicated that 

the loss of MA in SCs has no impact on their ability to form myelin (Gomez-Sanchez et al., 2015; 

Jang et al., 2016; Jang et al., 2015). Given the importance of MA for myelin remodeling in adult 

OLs of the central nervous system, we examined SCs in 16 mo sciatic nerves from Atg7(CNP) 

cHet and cKO mice. Consistent with previous findings, we observed no alteration in myelin 

thickness or structure in the peripheral nervous system of the Atg7(CNP) cKO mice (Figure 

Figure 3.10. Adult Atg7(CNP) cKO mice reveal a requirement for macroautophagy to maintain myelin 

size and structure in the adult.  

A. Survival plot of Atg7(CNP) cHet and cKO mice starting from 2 mo. Atg7(CNP) cKO mice demonstrate 

premature lethality in adulthood starting from around 6 mo.  

B-D. Analysis of myelin g-ratio of optic nerve across several ages suggests increasing myelin thickness over 

time. B. Probability of finding myelin g-ratio greater than 0.6 of 225 axons examined at 2, 9, and 16 mo of Atg7 

cHet and cKO optic nerves. C, D. Ultrastructural images of cHet and cKO optic nerves, and respective myelin g-

ratio analyses from 9 mo (C) and 16 mo (D) mice. n = 3 brains/genotype. 

E. Ultrastructural analysis of 16 mo corpus callosum reveals a dramatic difference between cHet and cKO 

myelin g-ratio. N = 3 brains/genotype. 

F. Redundant myelin and abnormal myelin structures in 16 mo cKO corpus callosum (top) and optic nerve 

(bottom). 
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3.11C). These data indicate a fundamental difference in how OLs and SCs rely on MA, suggesting 

several possibilities, including that myelin remodeling in SC occurs in a MA-independent manner, 

that SC myelin is not remodeled, or the loss of MA has been compensated for in SCs.  

 

3.6 Cytoplasmic and membranous components of myelin accumulate upon the loss of MA 

 

To gain further insight into the mechanism through which MA impacts myelin turnover, 

we turned to MA-incompetent OLs in culture. To ensure that Cre-mediated recombination had 

occurred in the cells we studied, we took advantage of the Ai9 reporter line and monitored for the 

expression of TdTomato. Given that the Rosa26 locus and Atg7 are both on chromosome 6, we 

crossed CNP-Cre::Ai9 mice with mice expressing the conditional allele for Atg5 (Atg5fl/fl). Atg5 

Figure 3.11. Atg7(CNP) cKO 

mice demonstrate an accumu-

lation of myelin, suggestive of 

diminished myelin remodeling, 

at 9 and 16 mo. 

A. Myelin periodicity was 

measured for myelin in the corpus 

callosum at 16 mo, as described 

for Figure 3L. Bars represent 

mean±St. Dev. Individual data 

points are also plotted. Unpaired, 

two-tailed Student t-test reveal no 

significant difference between 

Atg7(CNP) cHet (cHet) or cKO 

mice (p = 0.714; n=45 myelinated 

axons / genotype; n=3 brains / 

genotype. 

B. Ultrastructural image from 

corpus callosum of 16 mo cHet 

mice.   

C. Myelination by Schwann cells 

is unaffected in Atg7 cKO mice. 

Sciatic nerve from 16 mo Atg7 

cHet and Atg7 cKO mice. 
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is an essential component of the E3-like ligase required for autophagosome biogenesis, and loss 

of Atg7 and Atg5 in the CNS cause comparable phenotypes (Geng and Klionsky, 2008; Hara et al., 

2006; Komatsu et al., 2006). 

Isolation of OPCs and their subsequent differentiation to OLs revealed that CNPCre 

expression can be active as early as the OPC stage (Figure 3.12A), and the loss of Atg5 has no 

noticeable impact on OL differentiation, consistent with the in vivo findings in Atg7(CNP) cKO 

mice (Figures 3.12B and C). Immunoblotting of detergent soluble lysates generated from these 

cultures confirmed the loss of Atg5 expression and of the corresponding Atg12-5 conjugate, 

leading to the loss of the faster running LC3 form II, indicative of a loss of conjugation of LC3 to 

AP membranes (Figure 3.12D). Moreover, immunoblotting of the detergent insoluble pool 

revealed an accumulation of MBP in Atg5(CNP) cKO cultures, suggestive that the protein was 

accumulating and aggregating. Higher exposures of the blot of MBP shows that it smears to higher 

molecular weights, also suggesting aggregation. Co-immunofluorescence for p62 and MBP in OLs 

confirmed these findings: Not only did it reveal the typical accumulation of punctate p62 structures 

that have been reported upon the loss of Atg5 or 7 (Komatsu et al., 2007), but many of the p62+ 

puncta in the cytoplasmic channels of Atg5(CNP) cKO OLs were also positive for MBP, which 

was also accumulating throughout the cell (Figure 3.12E). These data strongly suggest that MBP 

can be degraded by MA in a p62-dependent manner.  

We next examined the status of integral membrane protein components of myelin, 

specifically MOG and PLP, upon the loss of MA (Figures 3.13A and B).  Unexpectedly, but 

consistent with the myelin phenotype we observed in aging Atg7(CNP) cKO mice, 

immunofluorescence revealed an increased accumulation of structures that were positive for MOG 

and PLP in the Atg5(CNP) cKO OLs. Accumulation of these proteins was found throughout the  
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Figure 3.12. OL cultures from Atg5(CNP) cKO mice. 

A-C. Primary OL cultures derived from P6-8 Atg5(CNP) cKO mice express Td-Tomato. To monitor CNP-Cre 

activity, Atg5fl/fl mice were crossed to the Ai9 TdTomato expressing reporter line. Given that the Rosa26 locus 

and Atg7 locus are on the same chromosone, Atg5fl/fl mice had to be used.  A. TdTomato expression is present 

across the stages of OL maturation in culture. TdTomato (white), Phalloidin (yellow). B. To confirm OPC stage, 

cells were also stained for the presence of NG2, and checked for the presence of TdTomato. More than half, but 

not all OPCs expressed TdTomato. C. Similarly, mature OL stage was confirmed by staining with MBP. 

D. Western Blot analysis of 1% Tx-100-soluble and -insoluble lysates from cultured Atg5(CNP) cHet and cKO 

cells. Immunoblotting for Atg5 reveals loss of Atg5 and Atg12-5 conjugate, as well as diminished conversion of 

cytosolic LC3 (LC3 I) to membrane bound LC3 (LC3 II). Probing the detergent insoluble pellet indicates greater 

accumulation of MBP suggesting that it is aggregating. High exposure of MBP shows that MBP is not only 

accumulating, but laddering, further suggestive of aggregation. Representative blot from n = 3 independent 

cultures/genotype. 

E. Co-immunofluorescence of p62 and MBP in Atg5 cKO OLs. Accumulation of p62 (cyan) can be detected 

throughout the OL. Co-staining for MBP (magenta) reveals that regions of p62 accumulation also have high MBP, 

suggesting that aggregates of MBP are recognized by p62 (shown in inset). Images shown are maximum 

projections from a confocal z-stack. Representative images from n = 60 cells/3 independent cultures/genotype. 



56 
 

cell, including within the cytoplasmic channels, similar to MBP (Figure 3.12E). These data 

indicate that disruption of MA leads to an accumulation of membrane components as well.  

Figure 3.13. Myelin associated proteins are eliminated by autophagy. 

A, B. Immunofluorescence of myelin associated integral membrane proteins in Atg5 cKO OLs. Staining for MOG 

(A) and PLP (B) reveal that both proteins accumulate in Atg5 cKO OLs. Areas of interest are shown in higher 

magnification. Images shown are maximum projections from a confocal z-stack. Representative images from n = 

60 cells/3 independent cultures/genotype. 

C-E. Fractionation of adult brain homogenates reveal that myelin associated proteins can be found in the 

autophagic vacuole (AV) fraction. C. Fractionation protocol as adapted from Stromhaug et al., 1998 for autophagic 

vacuoles, which collectively encompasses autophagosomes, as well as more mature structures that have fused into 

the endolysosomal system. Fractionation of the postnuclear supernatant (PNS, S1) across a step gradient of 

nycodenz (nyc) segregates S1 into 3 fractions (F1, F2, F3) and a mitochondrial pellet. F1 represents the cytosol 

(Cyto), F2 the light membrane (LM) fraction, and F3 a mixed fraction of autophagic vacuoles and ER (AV/ER). 

Further fractionation across a Percoll gradient segregates F3 into fractions F4 and F5. The dense-most fraction, F5 

enriches for AVs. D. Immunoblotting of PNS, Cyto and AV fractions reveal that presence of MBP, MOG and 

MAG in the AV fraction. E. Fraction F2 generates the light membrane (LM) fraction, in which cholesterol and 

sphingolipid enriched membranes fractionate. Probing for myelin proteins PLP and MAG demonstrate that myelin 

proteins enrich in this light fraction.  Fractions from n = 5 brains/preparation. N = 3 independent preparations. 
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Like all integral membrane proteins, the integral membrane proteins of the myelin sheath 

would be expected to be degraded through the endolysosomal system, and previous studies have 

suggested this as well (Notterpek et al., 1997; Winterstein et al., 2008).  Although MA directly 

encapsulates cytosolic cargoes upon AP formation, during the course of maturation, it can fuse 

into the endolysosomal system to form an intermediate structure known as the amphisome (Berg 

et al., 1998; Fengsrud et al., 2000; Gordon and Seglen, 1988; Stromhaug and Seglen, 1993). This 

stepwise maturation step has been suggested to enhance the efficiency of lysosomal-degradation 

(Filimonenko et al., 2007; Kochl et al., 2006; Razi et al., 2009). To first confirm if myelin proteins 

can be found in amphisomes in vivo, we used an established protocol involving differential and 

density gradient centrifugations to enrich for autophagosomes, amphisomes, and autolysosomes, 

which are collectively known as autophagic vacuoles (AVs) (Stromhaug et al., 1998). Wildtype 

adult brains were homogenized then fractionated, and the PNS, cytosol, AV and light membrane 

(LM) fractions were probed for the presence of myelin proteins (Figures 3.13C-E). As expected, 

the LM fraction, which enriches for sterol and sphingolipid membranes, enriched for myelin 

proteins (Figure 3.13E). Nonetheless, the far denser AV fraction, identified by the presence of LC3 

form II, also contained the myelin proteins MBP, MOG, and MAG under basal conditions. This in 

vivo data suggests that integral membrane myelin proteins are found in AVs, leading to our 

hypothesis that the turnover of integral membrane myelin associated proteins traffic through an 

amphisome to be degraded by the lysosome.  

 

3.7 Amphisome formation is required for the turnover of myelin associated proteins in 

mature OLs. 
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To test our hypothesis, we first confirmed that integral membrane proteins such as MOG 

are continuously internalized from the cell surface in Atg5(CNP) cKO OLs. To do so, we labeled 

the OL cell surface overnight with mCLING, a fluorescently-labeled fixable probe that efficiently 

labels the plasma membrane (Revelo et al., 2014), and then probed for MOG.  MOG+ structures 

in the cell body of both Atg5(CNP) cHet and cKO OLs were also mCLING+, suggesting that 

membrane from the cell surface was incorporated into these MOG+ structures (Figure 3.14A). 

These structures were found throughout the cell, indicating that this event is not limited to the cell 

body. Moreover, the loss of MA did not impede this event, therefore implying that the 

accumulation of MOG and PLP in the cKO cells is due to continuous internalization of these 

Figure 3.14. Myelin associated integral membrane proteins such as MOG are internalized by an endocytic 

process, as revealed by mCLING. 

A. Endocytosis of MOG as revealed by overnight exposure to the surface membrane dye, mCLING. 

Examination of Atg5 cHet and cKO OL cultures revealed similar co-localization of MOG (magenta) and 

mCLING (cyan). Images shown are maximum projections from a confocal z-stack. Representative images from 

n = 60 cells/3 independent cultures/genotype. 

B. Co-staining of mCLING, MOG and MBP reveal that cytosolic and integral-membrane myelin-associated 

proteins can be found together. Triple immunofluorescence revealed that although MOG (magenta) and MBP 

(blue) can both be found to simultaneously co-localize with mCLING (cyan), MOG-mCLING localization can 

also occur in the absence of MBP. Dashed-line boxes highlight MOG-mCLING localization events, whereas 

solid line boxes indicate sites of triple co-localization. Images shown are maximum projections from a confocal 

z-stack.  Representative images from n = 40 cells/2 independent cultures/genotype. 
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proteins but slowed degradation. Co-immunofluorescence of MBP and MOG also revealed that 

some MOG+ mCLING+ structures also co-localize with MBP (Figure 3.14B). This partial co-

localization is derived from two possibilities: at times, MBP remained associated to the membrane 

during MOG internalization, or that MBP-positive APs once internalized begin to fuse with the 

MOG-positive endosome. To explore the latter possibility, we determined if mCLING+ structures 

co-localized with endogenous LC3 (Figure 3.15A). This staining revealed that a subset of 

mCLING+ structures co-localized with LC3, strongly suggesting that these structures meet. 

Consistent with this observation, MOG was also found in LC3-positive vesicles (Figures 3.15B). 

Taken together, this evidence suggests that myelin associated proteins that are both cytosolic and 

transmembrane in origin enter the MA pathway for degradation.  

Figure 3.15. Myelin associated integral membrane proteins such as MOG ultimately traffic to an 

autophagosome compartment, as indicated by co-localization to endogenous LC3, consistent with 

amphisome formation. 

A. mCLING-positive vesicles co-localize with endogenous LC3 (yellow). Overlay is in magenta. Images shown 

are maximum projections from a confocal z-stack. Representative images from n = 40 cells/2 independent 

cultures/genotype. 

B. MOG can be found in LC3-positive vesicles, suggestive that integral membrane myelin-associated proteins 

can be found in autophagic vacuoles. Images shown are maximum projections from a confocal z-stack. 

Representative images from n = 40 cells/2 independent cultures/ genotype. 
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Taken together, the confocal microscopy data suggests that MBP becomes encapsulated in 

APs in a selective manner, and that endocytosis of membrane components meet these APs to form 

amphisomes. Although co-localization studies permit us to infer these events, we aimed to gain 

better resolution by turning to EM. EM permits us to use other determinants to establish parameters 

of MA, by determining if the structures are multilamellar, and of selective MA, by determining if 

the APs are packaged devoid of bulk cytosol and are electron dense. To slow lysosomal-

degradation to accumulate these structures, all cells were treated with leupeptin. We identified 

double membrane structures filled with electron dense material but devoid of bulk cytosol, which 

are indicative of cargoes captured into APs by selective autophagy (Figure 3.16A). Within the 

electron dense material we could identify also membrane-like materials suggesting a mixed cargo, 

rather than a solid aggregate as previously described (Filimonenko et al., 2010). In addition, there 

were more complex structures that resembled double membrane structures that appeared to have 

fused with single membrane vesicles filled with myelin-like membranes (Figure 3.16B), 

suggestive of amphisomes (Figures 3.14 and 3.15). Finally, we also identified unilamellar 

structures filled with electron dense material and membranous structures, suggestive of the 

autolysosome (Figure 3.16C). Interestingly, some of the membranous structures identified in 

autophagosomes, amphisomes, and autolysosomes contained alternating thick and thin lines, 

which are suggestive of the major dense and intraperiod lines of the myelin sheath. In sum, these 

data indicate that components of myelin, including the membrane itself, can rely upon the MA 

pathway for degradation through consolidation of the MA and endocytic pathways during AP 

maturation. Put into the context of our findings in vivo, these data indicate that mature OLs in the 

adult brain rely upon this consolidation to efficiently degrade portions of the myelin sheath during 

remodeling events. 
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Figure 3.16. Myelin turnover in mature OLs occurs through a coordination of autophagy and endocytosis. 

A-C. Ultrastructural analyses of mature OLs in culture treated with leupeptin reveal different autophagic vacuoles. 

Cells were treated with Leu overnight to accumulate structures. A. Autophagosomes. Large (>1 micron) double 

membrane structures filled with electron dense material, but devoid of bulk cytosol are suggestive of 

autophagosomes captured via selective autophagy. B. Amphisomes. Double membrane structures appear to fuse 

with single membrane vesicles filled with myelin-like membranes. C. Autolysosomes. Unilamellar structures filled 

with electron dense material and membranes resembling myelin. D. Possible exosomes found near to or possibly 

fusing with the plasma membrane. 
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3.8 The potential presence of myelin containing exosome-like structures 

 

In addition to observing APs, amphisomes, and autolysosomes, we also identified 

multivesicular body (MVB)-like structures close to the plasma membrane. Although preliminary, 

these structures are suggestive of exosomes, which have been suggested to be tightly linked to MA 

(Baixauli et al., 2014). Simons and colleagues have shown that in the aging brain, microglia can 

phagocytose extracellular myelin whorls, suggesting that microglia may play some role in 

eliminating myelin (Safaiyan et al., 2016). The mechanism through which this occurs is unclear. 

Based on these data, I would speculate that OLs may release exosomes containing myelin 

components, and these contents are engulfed by microglia. In fact, cultured OLs have been shown 

to secrete exosomes containing myelin proteins (Krämer-Albers et al., 2007). Studies examining 

lysosomal homeostasis suggests that lysosomes may also directly fuse with the plasma membrane 

for self-repair (Medina D  et al., 2011; Settembre et al., 2013). Studies examining the content of 

the supernatant of cultured cells as well as microscopy based studies examining exosomes might 

shed further insight into this phenomenon.  

 

3.9 Conclusion 

 

In this study, we asked whether the myelin of individual internodes is remodeled. Using 

both cellular and in vivo techniques, we determined that LC3+ structures forming within the 

cytoplasmic channels of the OL are responsible for the lysosome-mediated degradation of myelin. 

Moreover, we demonstrated that myelin remodeling occurs in vivo in a MA-dependent manner. 

Specifically, we found that the loss of Atg7 in OLs led to an age-dependent increase in myelin 
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thickness alongside abnormal myelin structures like myelin outfoldings. Subsequent studies of 

Atg5-deficient OLs indicated that amphisome formation is required for the efficient clearance of 

myelin-containing endocytic structures. Therefore, we propose that myelin is a dynamic structure 

that is regularly remodeled through cooperation between MA and endocytosis.  
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Chapter 4 

General Discussion 

 

4.1 Macroautophagy in Myelinating Glia 

 

In this study, we used a combination of in vivo and cellular approaches to establish that the 

myelin of individual internodes is remodeled, and to elucidate the molecular mechanisms thereof. 

We found that LC3-positive structures form throughout the cytoplasmic channels of the OL and 

are responsible for lysosome-mediated elimination of myelin. Further, we show that the Atg 

conjugation system is necessary for myelin remodeling in vivo. Specifically, the loss of Atg7 in 

OLs led to a failure of myelin remodeling, as evidenced by an age-dependent increase of myelin 

at the internode and the formation of aberrant myelin structures, most notably redundant myelin. 

Moreover, our examination of the loss of MA in OLs in culture suggested that the formation of a 

mature AP structure, the amphisome, is necessary for the efficient degradation of myelin-

containing endocytic structures. Together, we propose that myelin is a dynamic structure that is 

regularly remodeled through the cooperative effort of macroautophagy and endocytosis. 

 

4.2 Macroautophagy in Myelinating Glia 
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Prior to this work, knowledge regarding MA in OLs was rather limited and based on 

indirect evidence. A leukoencephalopathy due to a mutation in Vps11 was shown to associate with 

autophagic defects; however, given that Vps11 is part of the CORVET complex necessary for 

fusion to the lysosome, it is difficult to discern if the disorder is due to changes in MA exclusively, 

or lysosome function overall (Zhang et al., 2016). The loss of endo-lysosomal function during 

development versus adulthood could lead to profound differences. Rather than genetic 

observations, however, modifications in mTOR activity have been more often used to monitor the 

impact of MA in OLs. For example, the protective effects of intermittent fasting in the Long-Evans 

shaker rat, a dysmyelinating mutant, was suggested to be due to induction of MA upon mTOR 

inhibition in OLs (Smith et al., 2013). Although mTOR inhibition does induce a non-selective 

form of MA, given the importance of mTOR in cellular growth, nutritional status, and other 

essential cellular functions including transcription, translation, and cellular proliferation, other 

factors could be at play. The complexity of mTOR is highlighted by several papers that have found 

that rather than being protective, mTor inhibition in OLs leads to impaired OL and myelin 

development (Lebrun-Julien et al., 2014; Tyler et al., 2009; Wahl et al., 2014). These apparent 

differences could be due to cell autonomous as well as non-autonomous events: if mTOR 

inhibition disturbs the ability of OLs to interact with axons, OL and myelin development could be 

indirectly affected. Given our findings achieved by targeted disruption of MA in OLs, we can 

conclude that mTOR-dependent events other than MA are important for OL and myelin 

development.  

Recently, a series of studies examining the relationship between myelination and MA has 

been published using Schwann cells (SCs): one found that MA is involved in the reduction of 
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cytoplasm during Schwann cell maturation and several others indicated that a combination of MA 

and phagocytosis is involved in myelin clearance during SC de-differentiation after nerve crush 

injury (Brosius Lutz et al., 2017; Gomez-Sanchez et al., 2015; Jang et al., 2016; Jang et al., 2015). 

Although our cell based data suggested an increase in the presence of autophagic proteins during 

OL maturation, we did not observe clear changes in cytoplasmic clearance upon the loss of MA, 

neither in vivo or in the Atg5(CNP) cKO-derived cultures, suggesting that if MA does play a role 

in cytoplasmic clearance during OL differentiation, its loss is efficiently replaced by other cellular 

pathways. Given that CNPCre also expresses in SCs, we were able to confirm that the loss of Atg7 

in SCs has no gross impact on myelination in the PNS, even at 16 months of age at which time 

myelination in the CNS is grossly disrupted. Similar to SCs, we find that MA can be used by OLs 

to degrade myelin, but for OLs, there is no apparent need for a stressor to evoke this event. OLs 

are postmitotic and persist for the duration of the organism’s lifespan whereas SCs divide and can 

be replaced, and thus it is unsurprising that OLs are much more dependent on cell-autonomous 

degradative processes like MA to remodel their myelin (Asbury, 1967; Pellegrino and Spencer, 

1985; Yeung et al., 2014).  

Besides the lifespan difference between these cells, differences between the structure of 

SCs and OLs may further explain the differential requirements for myelin remodeling in these cell 

types. SCs and OLs vastly differ in the amount of myelin per cell. For example, the number of 

myelin sheaths produced by each cell type, one per SC, up to eighty per OL, may explain the 

increased sensitivity of OLs to impairments in myelin degradation (Young et al., 2013). 

Additionally, the difference in distance between the myelin sheath and cell body could be another 

factor: Whereas the myelin sheath is connected directly to the cell body in SCs, each myelin sheath 

of an OLs is connected to the cell body through a long and slender process, making the myelin 
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sheath a distant and self-contained compartment. In light of our data implicating the importance 

of amphisome formation to drive myelin turnover, this might explain why endocytosis and MA 

must tightly collaborate to ensure efficient lysosomal degradation. As such, OLs may have adapted 

MA to enhance myelin formation either due to the enormous amount of myelin it must remodel or 

the distance between the cell body and the remodeling myelin sheath. 

One question regarding this process is how might membrane from compact myelin be 

internalized. We postulate that local depolymerization of MBP would allow for “unzippering” of 

the myelin sheath and allow for endocytosis and MA to occur. In fact, it has recently been 

postulated that post-translational modifications of MBP may facilitate a loss of myelin compaction 

(Vassall et al., 2015). Further studies are required to determine, however, the signals that drive de-

compaction of myelin and its subsequent degradation through endocytosis and MA.  

 

4.3 Membrane Trafficking and Myelin Formation 

 

Several studies have implicated disruptions in membrane trafficking to have a profound 

impact on myelination (Chow et al., 2007; Ferguson et al., 2009; Winters et al., 2011), from OL 

differentiation, intracellular trafficking of myelin proteins, and myelin formation in the CNS 

(Mironova et al., 2016) (Edvardson et al., 2015; Goebbels et al., 2010; Zhang et al., 2016). Studies 

examining the levels of one key phospholipid, phosphatidylinositol 3-monophosphate (PI3P) 

during oligodendroglial development have raised the question of whether disruption of MA may 

contribute to hypomyelination. Our examination of MA in cultured OLs indicates that MA is active 

throughout OL maturation, but together with our in vivo studies, indicate that MA is apparently 

dispensable during the first two months of life in mice when the vast majority of OL development 
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occurs.  Our study indicates that although myelin formation may require endocytosis and other 

vesicle trafficking events, MA is not one of them. One possibility suggested by our culture studies 

however, is that the loss of macroautophagy in OLs may cause a mild delay in myelin formation 

during development that is corrected before adulthood. Alternatively, in contrast to the clear 

presence of CNPCre activity in many OPCs in our culture system, in vivo, this recombination might 

occur late enough in the oligodendroglial lineage that the necessity for MA is missed in the 

Atg7(CNP) cKO mice. Indeed, a recent study suggests that reporter lines using the Rosa26 locus, 

such as the Ai9 reporter, might be more available for Cre-mediated deletion by CNPCre, thereby 

overestimating its activity (Tognatta et al., 2017). In fact, studies suggest that CNP1 activity may 

begin as early as OPC specification (Chandross et al., 1999). Although crosses with lines 

expressing Cre at the NG2 stage might help to clarify these issues, disruption of MA in early 

lineage cells using lines such as NG2Cre might give rise to phenotypes that are far more complex 

to decipher due to their impact on other cell types, such as astrocytes. 

 

4.4 Amphisome Formation vs. LC3-associated Endocytosis 

 

Our data suggests that both endocytosis and MA are important for myelin maintenance and 

remodeling in the adult, as endocytic structures containing myelin protein require the presence of 

Atg5 or Atg7 for efficient lysosome-mediated degradation. There are two possible events that 

could explain this fascinating phenomenon: amphisomes and LC3-associated endosomes. It is well 

established that endosomes and APs can fuse to form amphisomes before merging with a lysosome 

for degradation (Gordon and Seglen, 1988). In fact, it has been long known that APs and 

endosomes fuse in specialized subcellular compartments of the CNS before degradation 
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(Hollenbeck, 1993). Instead of being a passive intermediary structure, it is possible that 

amphisome formation is necessary to enhance lysosomal fusion for both endosomal and 

autophagic pathways, especially in highly compartmentalized cells such as the mature OL. In that 

case, the lack of amphisome formation would preclude efficient clearance of and therefore cause 

accumulation of non-degraded structures. This accurately predicts what we observed in the cells 

derived from Atg5(CNP) cKO mice. Given that studies indicate that local synthesis can occur in 

the distal tip of the myelin sheath, efficient local degradation occurring throughout each individual 

sheath makes sense (Laursen et al., 2011; Lyons et al., 2009; Torvund-Jensen et al., 2014; Wake 

et al., 2011; White et al., 2008).  

Alternatively, there is growing evidence that the lipidation of LC3 is not exclusive to AP 

membranes, and can conjugate to other vesicles. Although the reason for this lipidation event is 

uncertain, it has been postulated that membrane-bound LC3 might enhance vesicle targeting to the 

lysosome (Martinez et al., 2015). Although the majority of and the strongest evidence for this has 

been established with phagosomes, through a pathway known as LC3-Associated Phagocytosis 

(LAP), this phenomenon has been suggested for other macroendocytic structures as well to lead to 

LC3-associated endocytosis (LAE) (Florey et al., 2011; Florey and Overholtzer, 2012; Martinez 

et al., 2011; Martinez et al., 2016; Martinez et al., 2015). Loss of Atg5 and 7 is effective at 

inhibiting MA because it prevents the conjugation of the Atg8 family of proteins, one of which is 

LC3. By virtue of this function, it is difficult to rule out if we’ve equally affected LAE. Unlike 

LAP, which has been rigorously established (Martinez et al., 2011; Martinez et al., 2016; Martinez 

et al., 2015), the paucity of evidence for LC3 conjugation to endosomal membrane outside of 

phagocytes makes it difficult to test directly. Nonetheless, our cell based work strongly suggests 

that both cytoplasmic and integral membrane protein components of myelin can be found in the 
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same structure, and given that it is well known that AP fusion to endosomes occurs in highly 

specialized subcellular compartments of the CNS, we believe that our data reflects the importance 

of amphisome formation in the myelin sheath of OLs. More mechanistic insight into LAE must be 

gained to determine if it is contributing to myelin turnover in any way.  

A significant question raised by our observations is why endocytosed myelin-associated 

proteins and membranes need to traffic through the amphisome to be degraded efficiently. One 

possible explanation derives from the extraordinary amount of myelin that a given OL must 

maintain. As OLs can extend up to eighty myelin sheaths and must maintain 20x105 μm2 of myelin 

membrane, it may be very taxing on the endolysosomal system to be constantly remodeling this 

enormous volume of myelin (Pfeiffer et al., 1993; Young et al., 2013). As such, these highly 

specialized OLs may have become increasingly reliant on the cooperative actions of endocytosis 

with MA to enhance their capacity for myelin remodeling. Alternatively, the OL’s highly polarized 

morphology may be responsible for this specialization. The myelin sheath is in fact quite distant 

from its parent cell body and is only connected to it through a rather narrow cellular process. 

Because of this, it would theoretically be more efficient to combine all cargo destined for 

degradation and fuse them to lysosomes within the myelin sheath. Interestingly, our data supports 

this latter hypothesis; we found that LC3+ structures that formed within the cytoplasmic channels 

of OLs always acidified within them as well (e.g. APs that formed in cytoplasmic channels never 

trafficked into the cell body before acidifying).  

Another significant question raised by this work is how might amphisome formation be 

increasing the efficiency of myelin turnover.  One possible means by which amphisome formation 

could increase the rate of degradation would be by facilitating fusion to the lysosome. Although 

studies suggest that the role of membrane conjugation of the Atg8 family of proteins such as LC3 
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to the AP membrane is to promote membrane growth, a recent series of studies have shown that 

these same proteins might also facilitate the fusion of LC3-positive APs and amphisomes to the 

lysosome (McEwan et al., 2015; Nguyen et al., 2016; Wang et al., 2015). As proteins such as LC3 

are found on the inner and outer autophagosomal membrane, they would also be available to 

facilitate lysosomal fusion on the amphisomal membrane. This would be consistent with the LC3-

associated phagocytosis literature that indicates that the association of LC3 to the phagosomal 

membrane facilitates the fusion of phagosomes to lysosomes (Martinez et al., 2015). Moreover, 

induction of macroautophagy in ESCRT mutants, in which there is accumulation of endosomes 

secondary to failure of endosome maturation, facilitates the clearance of endosomes (Djeddi et al., 

2012). This suggests that fusion of autophagosomes and endosomes to form amphisomes in these 

mutants enables lysosome-mediated degradation of endocytic cargo. The hypothesis that 

amphisomes fuse with lysosomes more efficiently than endosomes could be tested in vitro using 

purified endosomes, amphisomes, and lysosomes (Berg et al., 1998; de Araujo et al., 2015). 

Another reason amphisome formation could be necessary is if the vesicles containing endocytosed 

myelin are fundamentally different from canonical endosomes. Because myelin protein and lipid 

composition are strikingly different from those of typical plasma membrane, it is possible that 

certain proteins necessary for endosome maturation may be unable to associate with the membrane 

of endocytosed myelin (Alberts et al., 2002). If this is the case, then amphisome formation would 

be necessary to facilitate efficient maturation and fusion to the lysosome of endocytosed myelin. 

The rather unusual appearance of internalized myelin in our electron micrographs gives further 

credence to this theory.  

 

4.5 Myelin Degradation and Remodeling 
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Not much is known about how myelin is degraded in the CNS, nor whether it is even 

remodeled. It is known that myelin is stable and has one of the longest half-lives of any structure 

in the CNS (Fischer and Morell, 1974; Savas et al., 2012; Toyama et al., 2013). Moreover, it is 

well established that activated microglia engulf myelin debris (Baumann and Pham-Dinh, 2001), 

and new work has shown that microglia can engulf myelin in the aging animal as well (Safaiyan 

et al., 2016). On the other hand, recent studies in mice have suggested that generation of new OLs 

is necessary for formation of new myelin (Gibson et al., 2014; Young et al., 2013), and the clear 

implication of this work—consistent with decades of data from models of demyelination—is that 

OL loss is necessary for myelin degradation. This however would pose an unnecessary burden on 

neurological function, as it would cause temporary focal demyelination of segments of axons, 

leading to inefficient signal propagation and reliability. A recent study, however, indicates that 

this is not the case: myelin turnover occurs at a much faster rate than OL turnover in human white 

matter, suggesting that myelin remodeling is independent of OL turnover (Yeung et al., 2014). In 

conjunction with our data emphasizing the importance of cell-autonomous MA for myelin 

remodeling, we can conclude that myelin turnover may be mainly carried out cell-autonomously 

by mature OLs in a macroautophagy-dependent manner.  

Several interesting follow-up experiments come to mind. One question that these 

experiments raise is whether MA-dependent remodeling is necessary for all components of the 

myelin sheath or whether it is specific to certain components of the myelin sheath. To test this, one 

could revisit previous study designs by radioactively labeling myelin and comparing the half-lives 

of components of the myelin sheath in Atg7(CNP) cHet and cKO mice (Fischer and Morell, 1974; 

Savas et al., 2012; Smith, 1968; Toyama et al., 2013).  



73 
 

Our study established that myelin within individual myelin sheaths is regularly remodeled 

in a MA-dependent manner. It does not however, determine the relative contribution of OL 

replacement, myelin sheath replacement, and remodeling within a myelin sheath to total myelin 

remodeling in the CNS. To determine this, I propose crossing three mouse lines together to create 

mice that express PLP1-CreERT2 (an inducible Cre that causes recombination in mature OLs 

(Leone et al., 2003)), a GFP tagged myelin protein (fictional protein MyPr-GFP) that can be 

inducibly turned off (a floxed version of the MyPr-GFP allele), and an inducibly activated 

TdTomato tagged myelin protein (stop-flox MyPr-TdTomato). (Clearly the colors were selected 

arbitrarily and any fluorescent tags that have easily segregated excitation and emission spectra 

would work). Using this system, induction of Cre recombination with tamoxifen would stop the 

expression of MyPr-GFP and induce the expression MyPr-TdTomato. As such, myelin sheaths 

formed after tamoxifen treatment would be TdTomato+ GFP-, myelin sheaths formed before 

tamoxifen treatment in which myelin remodeling had not occurred would be TdTomato- GFP+, 

and myelin sheaths formed before tamoxifen treatment in which myelin remodeling had occurred 

would be TdTomato+ GFP+. Moreover, the relative levels of GFP and TdTomato within 

TdTomato+ GFP+ myelin sheaths would suggest the degree to which the myelin sheath had been 

remodeled.  

Using in vivo time-lapse imaging in these mice will provide a lot of valuable information 

about myelin remodeling. For example, by observing the relative rate at which GFP fluorescence 

decreases and TdTomato fluorescence increases at different GFP+ myelin sheaths, we can 

determine whether there is heterogeneity in the rate at which myelin sheaths are remodeled or 

whether myelin remodeling occurs at a fixed rate across myelin sheaths. The latter would suggest 

that myelin remodeling may be a homeostatic function that is not activity dependent (as one would 
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expect variability in the level of activity in the underlying axons), at least in the region of the CNS 

that was examined under the experimental conditions (e.g. without an inciting incident). This 

system would also allow for the identification of newly formed sheaths and whether these new 

sheaths intercalate between previously existing sheaths, replace older myelin sheaths, or myelinate 

previously bare axons. Moreover, if newly formed myelin sheaths replace older myelin sheaths, it 

would be interesting to know whether sheaths that are replaced had been remodeling at the same 

rate as other sheaths, or if poorly remodeled sheaths are replaced more frequently. One could also 

examine the myelin sheaths of these mice in post-mortem tissue to study the regions of the CNS 

not easily accessible for time-lapse imaging, but this data lacking a temporal component would 

not be able to answer as many questions. 

It would also be interesting to cross these mice with mice expressing the conditional allele 

for Atg7 and then ask which of the aforementioned processes are dependent upon macroautophagy. 

One intriguing possibility is that—in addition to being important for remodeling of existing myelin 

sheaths—macroautophagy may be necessary for retraction of myelin sheaths. It is known that 

mature myelin sheaths can be retracted, but how the cell is able to clear such an enormous amount 

of membrane and protein as that found in an entire myelin sheath remains a mystery (Czopka et 

al., 2013). Whether macroautophagy, a major intracellular bulk degradative process that is 

necessary for amphisome formation, is necessary for myelin sheath retraction could be easily 

answered in this model as well. Although this could also be answered with time lapse imaging of 

any fluorescently tagged protein expressed in Atg7(CNP) cHet and cKO) mice, performing these 

experiments with conditional expression of MyPr-GFP and MyPr-TdTomato would allow us to 

learn what the downstream effects of a failure to retract a myelin sheath would be on myelin 

remodeling.  
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A recently developed technique, spectral confocal reflectance microscopy (SCoRe), 

mitigates the need for these genetically complex mice (Schain et al., 2014). SCoRe micrsocopy 

allows for label-free in vivo imaging of myelinated axons. Using this technique, one can 

theoretically observe formation and retraction of myelin sheaths, along with changes in thickness 

and length of myelin sheaths. As such, this may be a particularly powerful tool for studying myelin 

remodeling both in control and Atg7(CNP) cKO mice. In fact, we have recently started a 

collaboration with the Grutzendler lab to pursue these experiments. 

 

4.6 Activity-Dependent Myelin Remodeling 

 

Over the past decade, a preponderance of evidence has shown that white matter is 

remodeled in response to experience, both in humans and in mice (reviewed in (Baraban et al., 

2016; Zatorre et al., 2012)). Most of these studies have shown that learning, stimulation, or activity 

can drive an increase in myelination, which has been assumed to be from an increase in 

oligodendrogenesis. One recent study, however, challenged this assumption and showed that OL 

generation and turnover cannot account for the changes in myelin volume in response to experience 

in humans and concludes that myelin remodeling in white matter must be mediated by mature OLs 

(Yeung et al., 2014). In fact, there is some evidence that mature OLs may modulate the thickness 

of their myelin sheaths, as inducible activation of ERK1/2 or inactivation of PTEN in mature OLs 

of adult mice leads to reinitiation of myelin growth and thicker myelin sheaths (Goebbels et al., 

2010; Jeffries et al., 2016; Snaidero et al., 2014). This induction of myelin growth in mature OLs 

can lead to increased myelin thickness along with redundant myelin, just as we observed in 

Atg7(CNP) cKO brains (Goebbels et al., 2010; Snaidero et al., 2014). This shared phenotype is 
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likely because in both cases the delicate balance between myelin growth and degradation is altered, 

leading to excessive growth of the myelin sheath and a disruption in myelin remodeling.  

Increases in myelin thickness may be stimulated by neuronal activity; optogenetic 

stimulation of neurons in vivo leads to thicker myelin sheaths around associated axons (Gibson et 

al., 2014). It has not been determined, however, to what extent this is caused by newly synthesized 

myelin sheaths as opposed to remodeling of preexisting myelin sheaths. By crossing the PLPCreERT2 

MyPr-GFPON MyPr-TdTomatoOFF mice with Thy1::ChR2 mice, one can directly visually examine 

myelin remodeling in response to neuronal activity. By doing this, one can determine to what 

extent neuronal activity induces formation of new myelin sheaths and to what extent preexisting 

myelin sheaths are remodeled in response to electrical activity of the underlying neurons. 

Just as mature OLs can be induced to produce thicker myelin sheaths, so too can myelin 

thickness be decreased. Social isolation of adult mice leads to thinner myelin sheaths, along with 

transcriptional changes in OLs (Liu et al., 2012), and sensory deprivation of the auditory system 

in adult mice yields thinner myelin sheaths as well (Sinclair et al., 2017). The stability of the OL 

population throughout adulthood suggests that the thinner myelin sheaths in the aforementioned 

studies are likely due to a thinning of preexisting myelin sheaths of mature OLs (Yeung et al., 

2014). Our study suggests a possible mechanism for this activity-dependent thinning of myelin 

sheaths in which low neuronal activity raises the rate of macroautophagy-dependent myelin 

turnover relative to myelin synthesis to remodel and thin the myelin sheath.  

To test whether MA is necessary for activity-dependent thinning of myelin sheaths, one 

would need to decrease neuronal firing and test if any subsequent decrease in myelin thickness is 

macroautophagy-dependent. First to verify that decreased neuronal activity causes a decrease in 

myelin thickness, one can use an inhibitory DREADD (Designed Receptor Exclusively Activated 
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by Designer Drug) like hM4Di that is delivered to a subset of cortical neurons by electroporation 

or viral delivery along with a tag (like GFP) (Roth, 2016). By activating the DREADD with its 

corresponding drug, one can silence a subset of cortical neurons and then examine them to 

determine if myelination of their axons is decreased. Alternatively, this experiment could be 

performed with halorhodopsin as well (Zhang et al., 2007). Assuming that the previous experiment 

establishes that loss of neuronal activity causes a decrease in myelin thickness, one can then repeat 

the experiment in Atg7(CNP) cHet and cKO mice to determine whether this effect is 

macroautophagy-dependent. Alternatively, one could also simply socially isolate or earplug 

Atg7(CNP) cHet and cKO mice to determine whether the previously reported thinning of myelin 

sheaths in those cases requires macroautophagy (Liu et al., 2012; Sinclair et al., 2017). However, 

as social isolation and earplugging would be expected to have pleiotropic effects on their respective 

neuronal circuits, these experiments are not ideal. 

 

4.7 Circuit Tuning 

 

As many CNS axons are myelinated for sub-maximal conduction velocity (and in fact, 

irregularly along their lengths), it is safe to assume that conduction velocity is not optimized to 

maximize speed, but rather to ensure that action potentials arrive at the appropriate time (Tomassy 

et al., 2014; Waxman, 1980). The importance of signal timing has been explored thoroughly in the 

auditory system (reviewed in (Seidl, 2014)): The auditory system processes microsecond 

differences in the arrival time of sounds between the two ears; consequently, it requires finely 

tuned signal timing. Interestingly, the temporal precision of the auditory system is mediated in part 

by carefully calibrated myelination (Stange-Marten et al., 2017). Moreover, recent evidence 
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suggests that the thickness of myelin sheaths in the auditory system can be modulated by 

experience even in the adult, just as myelination of the prefrontal cortex is modulated by social 

experience (Liu et al., 2012; Sinclair et al., 2017). Together, these studies emphasize the 

importance of precise signal timing and suggest that OLs may be able to modify myelin sheath 

morphology to optimize conduction velocities. In conjunction with our data demonstrating that 

myelin is remodeled throughout life, these studies suggest that remodeling may not be simply 

required to maintain the health of the myelin sheath, but may in fact be activity-dependent and 

essential for neural circuit function. In fact, several studies have shown behavioral consequences 

that accompany activity-dependent changes in myelin structure (Gibson et al., 2014; Liu et al., 

2012). Moreover, even small changes in g-ratio can significantly alter conduction velocity. It has 

been proposed that changes in conduction velocity—mediated by activity-dependent alterations in 

myelin structure—could have profound effects on neuronal network function (Pajevic et al., 2014).  

Disruption of activity-dependent myelination and adaptive timing of action potentials likely 

contribute to many disorders in which asynchronous neuronal firing causes dysfunction, like 

epilepsy, schizophrenia, and dyslexia. 

Knowing all of this, the natural next question to ask is whether the loss of myelin 

remodeling in Atg7(CNP) cKO mice causes any measurable effects on neural circuitry or 

behavioral outcomes. For all the experiments listed below, it should be noted that a significant 

confound exists due to one difference between mice and humans: the rate of OL turnover in mice 

is exponentially larger than that in humans (Yeung et al., 2014). Because of this, it is possible that 

the effects of macroautophagy-dependent myelin remodeling will be masked by changes in OL 

number. 
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A simple way to test whether the loss of myelin remodeling in Atg7(CNP) cKO mice has 

behavioral significance would be to replicate studies that have indicated that myelin remodeling 

has effects on neural circuitry and behavior. For example, as social isolation of adult mice has been 

shown to cause alterations in the social interaction test, one can repeat this experiment in 

Atg7(CNP) cHet and cKO mice to determine whether these effects are mediated by 

macroautophagy-dependent myelin remodeling (Liu et al., 2012). Similarly, as earplugging can 

cause thinning of myelin sheaths as well as elevated auditory thresholds, reduced firing rates, and 

slower conduction speed, these same measures can be evaluated in Atg7(CNP) cHet and cKO mice 

after earplugging (Sinclair et al., 2017). It’s also possible that macroautophagy-dependent myelin 

remodeling may be required for sound localization, as the temporal precision required for sound 

localization by the auditory system is mediated in part by carefully calibrated myelination (Stange-

Marten et al., 2017). To test this, one could simply test whether Atg7(CNP) cKO show deficits in 

a task that requires fine discrimination in sound localization when compared to Atg7(CNP) cHet 

mice.  

It is also possible that macroautophagy-dependent myelin remodeling is necessary for 

forgetting or reversal learning. It was previously shown that myelin formation occurs during and 

is required for motor skill learning (McKenzie et al., 2014; Scholz et al., 2009); is myelin 

remodeling also required for forgetting motor skills? One way to test this would be to train mice 

to run on a complex wheel with irregularly spaced rungs and then ask several months later if the 

loss of macroautophagy in OLs precludes the mice from forgetting how to run properly on this 

wheel (this is, of course, assuming that mice forget how to run on this complex wheel if they are 

not exposed to it for an extended period of time). Alternatively, macroautophagy-dependent 

myelin remodeling may be required for modification of or reversal of previous learning. For 
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example, conditional loss of macroautophagy in OLs may prevent learning how to run on a second 

wheel with a different pattern of irregularly spaced rungs. To test whether reversal learning 

requires macroautophagy-dependent myelin remodeling, one can compare the performance of 

Atg7(CNP) cHet and cKO mice in a reversal learning task in the T maze. For example, the mice 

are trained that a reward can be found in the left-hand arm of the maze, and then the reward is 

switched to the right-hand arm of the maze. If Atg7(CNP) cKO mice required significantly more 

trials to learn that the location of the reward had changed, then one could conclude that 

macroautophagy-dependent myelin remodeling may be necessary for reversal learning. 

 These findings may have considerable effects on our understanding of neural function. 

Clearly, we must revise how we think about the nervous system’s ability to adapt to the 

environment: that preexisting myelin sheaths can be actively remodeled and affect neural circuitry 

adds a whole new layer of complexity to the system. Moreover, our models of the central nervous 

system in silica need to be updated to reflect the added complexities of activity-dependent myelin 

remodeling. 

 

4.8 Modeling Mature OLs in Culture 

 

One question that confounds all studies of cells in culture is how accurately do they model 

the biology of cells in vivo. This question holds extra significance in studies of OLs in culture, as 

OLs isolated from the rich extracellular milieu of the CNS cannot perform their classic function 

of wrapping axons with myelin sheaths. Nonetheless, these cultures do reflect many features of 

OL biology in vivo. For example, during OL differentiation and maturation, developing OLs 

extend many processes to sample the environment in vivo before formation of the flat myelin 
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sheath (Baraban et al., 2018; Czopka et al., 2013; Hines et al., 2015; Koudelka et al., 2016; Mensch 

et al., 2015). Similarly, in culture it has been shown that during differentiation OLs will extend 

processes that sample the environment and then form a flat (albeit unrolled) myelin sheath 

(Zuchero et al., 2015). 

 As mentioned before, we identified several subcellular structures in cultured OLs that we 

believe to correspond to the subcellular structures of the OL in vivo. We found structures in culture 

that were reminiscent of the inner loop (edge), outer loop and paranodal loop (artery), and 

intramyelinic cytoplasmic nanochannel (branch). The most striking element of our live imaging 

was the marked heterogeneity of AP biogenesis in these subcellular structures, which corresponds 

with our hypothesis that MA in the myelin sheath mediates myelin remodeling. It is not surprising 

that AP biogenesis is rare in the branches of these OLs; intramyelinic cytoplasmic nanochannels 

are believed to be transient structures involved in trafficking membrane to the growing leading 

edge, so there is little purpose for MA-mediated myelin remodeling within them (Snaidero et al., 

2014). As newly deposited myelin is found beside the inner loop, this myelin would have the 

lowest need to be remodeled, and as such, it is logical for autophagosome biogenesis to be rare in 

the edge of our cultured OLs. On the other hand, AP biogenesis occurred frequently at artery-

branch intersections. This makes perfect sense as it ensures that myelin synthesis and degradation 

are tightly linked. At artery-branch intersections, the site at which myelin compaction is disrupted 

to allow for autophagosome biogenesis and myelin turnover is also used to facilitate trafficking of 

membrane to the growing leading edge. It would be interesting to repeat some of the experiments 

reported here in a co-culture system of OLs with neurons to ensure that our results can be replicated 

in a three-dimensional culture system in which myelin sheaths are wrapped around axons. It should 

be noted, however, that many of these results would be much harder to capture when the OL is not 
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resting on a flat plane. Moreover, though our in vivo results complement our findings in culture, 

these experiments could also give better spatial understanding of how the degradation occurs.  

 

4.9 Age-Dependent Decline of Atg7(CNP) cKO Mice 

Another significant question raised by this work is why do these mice exhibit an age-

dependent motor phenotype and premature lethality. Possible explanations include (1) that the loss 

of macroautophagy in OLs models the neurodegenerative disease multiple systems atrophy, (2) 

that there is off target Cre-mediated recombination in neurons, and (3) that increased myelin 

thickness or poor myelin quality secondary to a failure in myelin remodeling induces 

neurodegeneration.  

 

4.9.1 Modeling multiple systems atrophy? 

For a discussion of how the loss of macroautophagy may be a model for the 

neurodegenerative disease multiple systems atrophy, see Appendix I.  

 

4.9.2 Cre-mediated recombination in neurons? 

To test whether the motor phenotype and premature lethality could be caused by off-target 

Cre-mediated recombination in neurons of Atg7(CNP) cKO mice, one could perform dual 

fluorescent in situ hybridization for a neuronal marker and for Atg7 mRNA. It should be noted 

that examining whether the TdTomato reporter is expressed in neurons would be insufficient as 

CNP Cre-mediated recombination, like all Cre-mediated recombination, changes with the locus of 

the target gene (Tognatta et al., 2017). Because CNP is known to be expressed in the spleen and 
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to a lesser extent in liver, lung, and thymus, the motor phenotype and premature lethality may be 

mediated by the loss of macroautophagy in one these organs as well (Chandross et al., 1999).  

A major limitation of the Cre-loxP system in general is that it is very difficult to design a 

Cre that is specific to a particular cell type. There are two major reasons for this: (1) that Cre-

mediated recombination affects any cell in which Cre is even briefly expressed along with all of 

its progeny, and (2) our limited ability to identify promoters that are completely specific to the cell 

type of interest (for example, a recent study identified six different types of mature OL (Marques 

et al., 2016); however, it would be evolutionarily inefficient to have a separate promoter for each 

cell type generated, so this is very unlikely to actually exist). Drosophila geneticists use a more 

effective system for conditional expression and silencing of genes, known as the UAS-Gal4 system 

(Brand and Perrimon, 1993). The system has two parts: a yeast transcription activator protein 

called Gal4, and the Upstream Activation Sequence (UAS), an enhancer to which Gal4 specifically 

binds. By driving Gal4 expression under a specific promoter, a gene of interest that is inserted into 

the genome with a UAS will be expressed specifically in cells in which GAL4 is expressed. For 

example, if one crosses UAS-GFP flies with Yes1-Gal4 (Yes1 is a fictional promoter), GFP will 

only be expressed in Yes1+ cells. Recent extensions to this system have made the UAS-Gal4 

system even more powerful, by adding Gal80—a Gal4 inhibitor—and split Gal4, in which Gal4’s 

DNA binding domain (DBD) and transcription activation (AD) are expressed under separate 

promoters (Fujimoto et al., 2011; Luan et al., 2006; Suster et al., 2004). In this case, flies with 

UAS-GFP, Yes1-DBD, Yes2-AD, and No1-Gal80 would only express GFP in Yes1+ Yes2+ No1- 

cells, thereby allowing for fine-tuned control of cell type expression.  

So how can mouse genetics become more powerful like those of Drosophila? One way to 

dissect out more specific cell types using mouse genetics would be to simply combine some of the 
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currently available techniques such as Cre-loxP, FLP-FRT, and the tetracycline regulatable system 

(Gossen and Bujard, 1992; Schlake and Bode, 1994). For example, mice with Yes1-Cre, Yes2-

flox stop FLP, and FRT Atg7 would conditionally delete Atg7 only in Yes1+ Yes2+ cells. To be 

used at scale, such combinatorial approaches would require an extraordinary number of mouse 

lines to be generated to satisfy all possible combinations (especially when you factor in negative 

regulation as well). Certainly, this is not the most efficient system possible. A more ideal system 

would involve only one recombinase that would be susceptible to modifiers that would facilitate 

or prevent transcription: in other words, a system with conditional activation or repression of the 

recombinase in which combinatorial targeting determines the cell type of interest. For example, if 

one could design a plasmid that drives tamoxifen expression under a promoter of interest, such a 

system would be feasible with the CreERT system, in which a modified Cre recombinase only 

translocates to the nucleus in the presence of tamoxifen (Brocard et al., 1997; Hayashi and 

McMahon, 2002). In this case, a mouse with Yes1-CreERT, Yes2-tamoxifen, and a floxed allele 

of Atg7 would have conditional loss of Atg7 specifically in Yes1+ Yes2+ cells. 

 

4.9.3 Failure to remodel myelin causes neurodegeneration? 

It is possible that increased myelin thickness or poor-quality myelin may cause the reported 

phenotype of Atg7(CNP) cKO mice. It is well known that alterations in myelin composition (e.g. 

the loss of certain myelin proteins like PLP and CNP) can cause axonopathy and 

neurodegeneration (Edgar et al., 2009; Griffiths et al., 1998; Lappe-Siefke et al., 2003; Rasband et 

al., 2005). As mentioned above conditional activation of PTEN in OLs, which leads to unregulated 

growth of the myelin sheath, increases myelin thickness and the formation of aberrant myelin 

structures like redundant myelin (Goebbels et al., 2010). Interestingly, the conditional activation 
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of PTEN also causes neuroinflammation in white matter, formation of axonal spheroids, and 

premature lethality. Considering that this paper and our data both cause an imbalance of myelin 

growth to myelin degradation, it is possible that there is a shared mechanism causing axonopathy 

and premature lethality. Two possible causes include: (1) poorly remodeled myelin may fail to 

provide the underlying axon with needed trophic or metabolic support, or (2) as myelin g-ratio is 

optimized for the spatial constraints of the CNS, it is possible that the axonopathy is secondary to 

excessive compression of axons (Chomiak and Hu, 2009). 

 

4.10 Conclusion 

Myelination of axons by OLs in the central nervous system is critical for the rapid and 

reliable conduction of action potentials, as evidenced by the severe disabilities associated with 

myelin loss in multiple sclerosis and other demyelinating diseases. Much is known about OL 

development and myelin formation by OLs. How myelin is turned over, however, remains unclear. 

In humans, myelin remodeling is likely mediated by mature OLs. As mature OLs have limited 

capacity to generate new myelin sheaths, we must ask whether mature OLs can remodel the myelin 

at preexisting myelin sheaths. The significance of this question is underscored by the importance 

of myelin remodeling for neural function and activity-dependent myelin plasticity. 

Macroautophagy (MA) is responsible for the lysosome-mediated elimination of cytosolic 

proteins, lipids, and organelles, through packaging into a de novo synthesized, transient, 

multilamellar organelle known as an autophagosome (AP). MA can act either as a non-selective 

response to cellular stress such as starvation to degrade bulk cytosol and its contents, or as a highly 

selective quality-control mechanism to degrade aggregated proteins or damaged organelles. There 

is evidence that Schwann cells—the myelinating cells of the peripheral nervous system—utilize 
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macroautophagy to degrade myelin while dedifferentiating in response to systemic stress. It was 

unknown, however, whether MA is necessary for myelin remodeling at baseline conditions in 

either Schwann cells or OLs. 

In this study we used a combination of in vivo and cellular approaches to establish that the 

myelin of individual internodes is remodeled and to elucidate the molecular mechanisms thereof. 

We found that LC3-positive structures form throughout the cytoplasmic channels of the OL and 

are responsible for lysosome-mediated elimination of myelin. Further, we show that the Atg 

conjugation system is necessary for myelin remodeling in vivo. Specifically, the loss of Atg7 in 

OLs led to a failure of myelin remodeling, as evidenced by an age-dependent accumulation of 

myelin at the internode and the formation of aberrant myelin structures, most notably redundant 

myelin. Moreover, our examination of the loss of macroautophagy in OLs in culture suggested that 

amphisome formation is necessary for the efficient degradation of myelin-containing endocytic 

structures. Together, we propose that myelin is a dynamic structure that is regularly remodeled 

through the combined efforts of macroautophagy and endocytosis. 
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Chapter 5.  

Materials and Methods 

 

 

 

5.1 Animals 

Mice: All animals and procedures complied with the Guide for Care and Use of Laboratory 

Animals and were approved by the IACUC committee at Columbia University. Mice were 

maintained in a 12h/12h light/dark cycle in a temperature and humidity controlled environment, 

with ad libitum access to food and water. Previously created CNP-Cre (Lappe-Siefke et al., 2003), 

Atg7-floxed (Komatsu et al., 2005), Atg5-floxed (Hara et al., 2006), GFP-LC3 (Mizushima et al., 

2004), and TdTomato-reporter (Madisen et al., 2010) mouse lines were maintained by breeding 

with C57BL/6 mice. All experiments with mice were performed blindly without knowledge of 

their genotype. We observed no sexual dimorphism of myelination in Atg7(CNP)cKO mice, so 

males and females were pooled for analysis. 
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5.2 Genotyping 

DNA extraction: A tissue sample was obtained at weaning by ear punch and lysed overnight at 

55˚C in buffer containing 10mM tris HCl pH 8.0, 5 mM EDTA, 0.1% SDS, and 200 mM NaCl 

with 0.5 mg/mL proteinase K. DNA was extracted in phenol/chloroform/isoamyl alcohol (Fisher 

Scientific) and centrifuged at 14,000 rpm for 5 minutes using an Eppendorf 5417R benchtop 

centrifuge. DNA was precipitated from the aqueous layer using 100% EtOH and spun at 14,000 

rpm for 5 minutes to obtain a pellet. The ethanol was decanted, and the pellet was washed in 70% 

EtOH and spun at 14,000 rpm for 10 minutes. The ethanol was decanted, and the pellet was air-

dried and resuspended in 10 mM tris HCl pH 8.0 at a concentration of 50-200 ng/µL. 

Polymerase Chain Reaction: PCRs to detect genes of interest were performed with 50-200 ng of 

DNA using Illustra PureTaq Ready-To-Go PCR Beads (GE Healthcare) in an Eppendorf AG 

22331 Hamburg Mastercycler. Primers are described in Table 5.1. Cycling conditions for all PCRs 

were 1 cycle at 94oC for 2 minutes; 35 cycles at 94oC for 30 seconds, 60oC for 30 seconds, and 

72oC for 1 minute; and 1 cycle at 72oC for 5 min.  

Table 5.1: Primers for PCR. 

Gene Primers 

Atg7 flox 1: CAT CTT GTA GCA CCT GCT GAC CTG G 
2: CCA CTG GCC CAT CAG TGA GCA TG 
3: GCG GAT CCT CGT ATA ATG TAT GCT AT 

Atg5 flox 1: GAA TAT GAA GGC ACA CCC CTG AAA TG 
2: GTA CTG CAT AAT GGT TTA ACT CTT GC 
3: ACA ACG TCG AGC ACA GCT GCG CAA GG 
4: CAG GGA ATG GTG TCT CCC AC 

CNP-Cre E3 sense: GCC TTC AAA CTG TCC ATC TC 
E3 antisense: CCC AGC CCT TTT ATT ACC AC 
Puro3: CAT AGC CTG AAG AAC GAG A 

GFP-LC3 1: ATA ACT TGC TGG CCT TTC CAC T 
2: CGG GCC ATT TAC CGT AAG TTA T 
3: GCA GCT CAT TGC TGT TCC TCA A 

B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J: 
WT Fwd: AAG GGA GCT GCA GTG GAG TA 
WT Rev: CCG AAA ATC TGT GGG AAG TC 
TG Fwd: CTG TTC CTG TAC GGC ATG G 
TG Rev: GGC ATT AAA GCA GCG TAT CC 
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5.3 Behavioral Testing 

 At least one week before starting behavioral testing, experimental mice were relocated to 

a reverse-cycle core facility with the lights off between 10 AM and 10 PM, so that experiments 

could be performed during the dark hours (i.e. the mice’s active hours). 

 

Open Field Testing: Atg7(CNP) cKO mice and littermate controls were placed inside an open field 

arena (43.2 cm x 43.2 cm x 30.5 cm) for one hour at two months of age. Measurements of distance 

traveled and number of rearings were recorded and measured using equipment and software from 

Med Associates. Number of droppings was quantified by hand. 

 

Balance Beam: Mice were trained to cross a 12 mm wide, 80 cm long, 60 cm high metal beam. 

On training day, mice were exposed to the beam at least three times and gently encouraged across 

by the experimenter as necessary. On testing day, mice were videotaped across three trials, with 

resting periods between trials ranging from thirty seconds to three minutes. To determine the 

amount of time required for each mouse to cross the beam, videos were analyzed using custom 

MATLAB software, generously provided by Dr. Leora Fox. Any trial in which the mouse failed 

to cross the beam within twenty seconds (either due to falls or slow speed) was scored as twenty 

seconds. Only the two fastest trials for each mouse were included in the analysis.  

 

Gait Analysis: Mice were made to walk a 40-cm runway after their forepaws were painted with 

red paint and their hindpaws were painted in blue. All paints used were non-toxic watercolor 
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paints. 3 tandem sets of footprints were selected and measured for stride length, forepaw base, 

hindpaw base, and stride overlap.   

 

5.4 Post-mortem Analyses 

Immunohistochemistry: Mice were deeply anesthetized with isoflurane and transcardially perfused 

with 0.9% saline followed by 4% paraformaldehyde (PFA). Brains and spinal cords were 

dissected, fixed in 4% PFA for 1 hour at room temperature and then 4OC overnight, cryoprotected 

in 30% sucrose in phosphate buffer at 4OC, snap-frozen in powdered dry ice, embedded in O.C.T. 

Compound (Fisher), and stored at -80oC.  Free-floating brain cryosections (30 or 50 μm) were cut 

on a cryostat and stored at 4oC in phosphate buffer containing 0.02% sodium azide. 12 μm spinal 

cord cryosections were mounted directly onto slides.  For antigen retrieval, sections were placed 

at 80oC in 10mM sodium citrate (pH=9.0). Sections were permeabilized with 0.4% Triton and 

blocked with 10% BSA in PBS, and then incubated in primary antibody diluted in PBS 0.01% 

Triton-X 100 overnight at 4OC (when staining for NG2, sections were left in primary antibody for 

three nights) (see Table 5.2 for a list of antibodies). Sections were subsequently incubated in Alexa 

Fluor conjugated secondary antibodies (Life Technologies) diluted in 0.01% Triton-X 100 PBS 

for 1 hr at room temperature, stained with Hoechst (Invitrogen) for ten minutes, mounted onto 

glass slides, and coverslipped using Prolong Gold antifade reagent (Life Technologies). 

 

Cell Counting: Every eighth serially-cut coronal brain sections were used for all cell counting. 

Matching sections from 1.10 mm to -0.82 mm Bregma were used to count NG2+ and Olig2+, CC1+ 

cells in the corpus callosum. Unbiased counts were obtained using NIH ImageJ. For NG2+ cells, 

pericytes were excluded based on their morphology.  
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Electron Microscopy: Transmission electron microscopy was performed in conjunction with the 

Electron Microscope Facility at Columbia University Medical Center. Briefly, mice were deeply 

anesthetized with isoflurane and transcardially perfused with 0.9% saline followed by 2.5% 

glutaraldehyde, 2% PFA in 0.1 M sodium cacodylate buffer (pH = 7.2). Optic nerves, corpus 

callosi, and sciatic nerves were dissected, post-fixed in 2.5% glutaraldehyde, 2% PFA in 0.1 M 

sodium cacodylate buffer for 1 hour at room temperature and then 4OC at least overnight. Tissue 

was then postfixed with 1% OsO4 also in Cacodylate buffer for one hour. After dehydration tissue 

was embedded in Lx-112 (Ladd Research Industries, Inc.).   

A similar procedure was employed for cultured oligodendrocytes. Cells were fixed with 2.5% 

glutaraldehyde in 0.1M Sorenson’s buffer (PH 7.2) for at least one hour.  Cells were then postfixed 

with 1% OsO4 also in Sorenson’s buffer for one hour.  After dehydration cells were embedded in 

a mixture of Lx-112 (Ladd Research Industries, Inc.) and Embed-812 (EMS, Fortwashington, PA).  

For both tissue and cells, thin sections were cut on the PT-XL ultramicrotome at 60nm thick.  The 

sections were stained with uranyl acetate and lead citrate and examined under a JEOL JEM-1200 

EXII electron microscope.  Images were captured with an ORCA-HR digital camera (Hamamatsu) 

and recorded with an AMT Image Capture Engine. 

All imaging and analysis were conducted blinded to the experimental condition. For measuring g-

ratios, 75 axons per animal were scored. For measuring percent axons myelinated in the corpus 

callosum, approximately 250 axons per animal were scored. Morphological features were 

identified manually, and NIH ImageJ was used to measure dimensions of interest. 
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Fresh-frozen tissue preparation for lysis: Mice were deeply anesthetized with isoflurane and 

decapitated. Brains were removed and placed into 1 mL Eppendorf tubes. Samples were flash-

frozen on powdered dry ice and stored at -80˚C until processing. 

 

Preparation of tissue lysates from frozen tissue: Brains were placed in a glass dounce homogenizer 

with an equal volume of 1x PBS containing Halt protease inhibitor cocktail (ThermoFisher) and 

disaggregated with 20 pumps of the pestle. The suspension was transferred to a tube and an equal 

volume of detergent (2% Triton-X-100 in PBS) was added. After 30 minutes on ice, samples were 

spun in an Eppendorf 5417R centrifuge at 2,000 g for 5 minutes at 4oC. The supernatant (S1) was 

transferred to another tube for use in future experiments.  

 

Isolation of Autophagic Vacuoles: Nycodenz cell fractionation methods were performed as 

previously described (Filimonenko et al., 2010). Briefly, mice were deeply anesthetized with 

isoflurane and decapitated. Brains were removed, mechanically disrupted, and fractionated using 

a discontinuos Nycodenz gradient (Stromhaug et al., 1998). Isolated fractions were then examined 

by immunoblotting 

 

5.5 Cell Culture 

Purification of Cells: OPCs were purified from enzymatically dissociated P6-8 C57BL/6 or 

transgenic mouse cortices by immunopanning and grown in serum-free defined medium, as 

described previously with minor modifications (Emery and Dugas, 2013). Briefly, tissue was diced 

and digested in papain (Worthington) at 37OC for 90 min and then gently dissociated. Dissociated 

cortices were sequentially immunopanned on BSL1 (Vector Laboratories) and then O4 antibody-
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coated plates to select for O4+ OPCs. After rinsing nonadherent cells away, purified OPCs were 

removed from the final panning plate with trypsin and transferred to poly-D-lysine coated tissue 

culture dishes. 

 

Primary Cultures: All cells were cultured at 37OC under 5% CO2 in serum-free defined media 

containing DMEM, transferrin (100 μg/ml), bovine serum albumin (100μg/ml), putrescine (16 

μg/ml) , progesterone (60 ng/ml), sodium selenite (40 ng/ml), N-acetyl-L-cysteine (5 μg/ml), d-

biotin (10 ng/ml), forskolin (4.2 μg/ml), insulin (5 μg/ml) (all from Sigma), glutamine (2 mM), 

sodium pyruvate (1 mM), B27 (2%), penicillin–streptomycin (100 U/ml) (all from Invitrogen), 

Trace Elements B (1x, Cellgro), and LIF (20 ng/ml, Chemicon). Proliferation medium also 

contained OPC mitogens PDGF-AA (20 ng/ml) and NT-3 (1 ng/ml) (both from PeproTech), while 

differentiation medium contained triiodothyronine (40 ng/ml, Sigma) without OPC mitogens. For 

experiments in which only mature OLs were examined (and not any intervening stages of 

differentiation), the differentiation medium was modified by using DMEM/F12 base media 

(Invitrogen) and a higher dose of insulin (25 μg/ml) to maximize OL survival.  

 

Immunocytochemistry: After the appropriate number of days of differentiation, cells were fixed 

immediately or treated with either leupeptin (Sigma) for two hours or mCLING (Synaptic 

Systems) overnight through a half media change before fixation. Cells were fixed for 10 min with 

4% paraformaldehyde, permeabilized in 0.01% Triton-X 100 in PBS, blocked in 10% BSA in PBS 

and stained with primary antibodies diluted in 0.01% Triton-X 100 in PBS overnight at 4°C or for 

1 hour at room temperature (see Table 5.2 for a list of antibodies). Alexa Fluor conjugated 

secondary antibodies (Life Technologies) were diluted in 0.01% Triton-X 100 PBS, incubated with 
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coverslips for 1 hr at room temperature, and mounted with Prolong Gold antifade reagent with 

DAPI (Life Technologies) onto glass slides. 

 

Live-cell Imaging of OLs: OPCs were plated on PDL-coated glass bottom imaging dishes (35mm, 

MatTek) and differentiated for 10-11 days as above. Prior to imaging, cells were incubated for 60 

minutes at 37°C in DMEM with LysoTracker Red DND-99 (75 nM, Invitrogen), then washed once 

with and imaged in warm Hibernate A media (Invitrogen) to reduce phototoxicity. Cells were 

imaged using a spinning disc confocal unit (CSU-10; Yokogawa Electric Corporation) with 

Borealis (Spectral Applied Research) on an inverted microscope (Ti; Nikon) with a charge-coupled 

device camera (Orca-R2; Hamamatsu Photonics). Z-sectioning was done with a Piezo-driven 

motorized stage (Applied Scientific Instrumentation), and focus was maintained using Perfect 

Focus (Nikon) before each Z-series acquisition. An acousto-optic tunable filter was used to select 

the excitation light of two 100 mW lasers for excitation at 491 and 561 nm for eGFP and 

LysoTracker, respectively (Spectral Applied Research), and a filter wheel was used for emission 

wavelength selection (Sutter Instruments). The system was controlled by MetaMorph software 

(Molecular Devices). Temperature was maintained at 37 using an air stream stage incubator 

(Nevtek). 4 × 0.75 μm Z-sections were acquired every 60 sec for at least 60 minutes using a 60× 

1.4 N.A. oil immersion PlanApochromat objective lens, with 2 × 2 binning.  

ImageJ (Schneider et al., 2012) was used for all data analysis. Maximum intensity projections of 

GFP-LC3 and LysoTracker were generated for each frame.  To remove static features, we 

subtracted a minimum projection of all the time points from each frame.  Identification of puncta 

and area measurements was performed by hand using ImageJ. Image analyses were performed on 

still images by tracing and measuring puncta and cell contours using ImageJ. 
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5.6 Other 

Fluorescence Microscopy: A Leica SP5 confocal microscope was used to image both fixed OL 

cultures and fixed brain sections. When necessary, confocal z-stacks were taken every 0.45 μm.  

 

Immunoblotting: Whole cell lysates and tissue lysates from freshly frozen dissected brain were 

generated using 1% Triton-X 100 in PBS containing Halt protease inhibitor cocktail 

(ThermoFisher). All samples were cleared by centrifugation at 2,000 g for 5 min at 4°C. Cell 

lysates were subjected to an additional centrifugation step of 21,000 g for 10 minutes, the pellet of 

which was resuspended in 8 M Urea in PBS with 1% Triton-X 100 and protease inhibitor. Protein 

concentration was determined using the DC Protein Assay (Bio-rad Laboratories [Hercules, CA]) 

and equal amounts of protein (1-20 μg) were prepared and loaded onto 4–12% Bis-Tris and blotted 

to PVDF membranes as described by the manufacturer’s recommendations (Life Technologies). 

PVDF membranes were blocked in 3% BSA in PBS containing 1% Tween-20. Antibodies were 

incubated overnight at 4°C (see Table 5.2 for a list of antibodies). The appropriate HRP-conjugated 

secondary antibodies (ThermoFisher Scientific) were diluted in 1% BSA PBS and a 

chemiluminescent reaction (West Dura SuperSignal, ThermoFisher Scientific) was detected by the 

Versadoc Imaging System (Bio-rad). 

 

Quantification and Statistical Analysis: Statistical analyses were performed using Statview 5.0 

(SAS Institute). Statistical significance was accepted at p < 0.05. Normally distributed data were 

subject to student t-test or, for multiple comparisons, analysis of variance (ANOVA). Complete F-

statistics and calculated p-values are also available in the figure legends. Power analyses for  
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Table 5.2 Antibody information. 

 

Antibody Source Identifier 

Rat anti-MBP Bio-Rad/Abd 
Serotec 

MCA409S  

Mouse anti-MBP Covance SM-199P 

Mouse anti-APC [CC1] abcam ab16794 

Rabbit anti-Olig2 Millipore AB9610 

Rabbit anti-NG2 Millipore AB5320 

Rabbit anti-PLP abcam Ab28486 

Rabbit anti-MAG (D4G3) Cell Signaling 
Technology 

9043 

Goat anti-MOG abcam Ab115597 

Rabbit ant-BIII-tubulin Covance PRB-435P 

Rabbit anti-Atg7 (D12B11) Cell Signaling 
Technology 

8558 

Rabbit anti-Atg5 Cell Signaling 
Technology 

12994 

Rabbit anti-Vinculin Invitrogen 700062 

Rabbit anti-LC3A/B abcam Ab58610 

Rabbit anti-LC3B Abcam Ab48394 

Rabbit anti-Atg16 ProSci Inc. 4425 

Guinea pig anti-p62 Progen GP62C 

Rabbit anti-Calnexin Stressgen SPA-860 

Rabbit anti-α Synuclein Millipore 04-1053 

Rabbit anti-α+β Synuclein abcam ab51252 

Rabbit anti-GFAP Dako Z0334 

Rabbit anti-Iba1 Wako 019-19741 

Rat anti-CD68 abcam ab53444 

 

behavioral studies were performed to achieve a power of 0.8 with a confidence of 0.95 using 

G*Power 3.1 (Faul et al., 2009). Effect sizes were based upon pilot studies, previously published, 

or unpublished materials. n-values are indicative of biological replicates and no data were excluded 

from analyses. 

 

Image preparation: All images were prepared using NIH ImageJ, Adobe Photoshop CS5, and 

Adobe Illustrator CS5.  
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APPENDIX I. 

Atg7(CNP) cKO mice as a possible model for Multiple 

Systems Atrophy 

 

I.1 Introduction 

 

Multiple systems atrophy (MSA) is a rare, rapidly progressive neurodegenerative disease 

that presents clinically with either parkinsonism or cerebellar ataxia, autonomic features, weight 

loss, neuronal loss and demyelination. The pathological hallmark of this disorder is the appearance 

of α-synuclein (α-syn)-positive glial cytoplasmic inclusions (GCIs) in oligodendrocytes (OLs) 

along with astrogliosis (Papapetropoulos et al., 2007; Ubhi et al., 2011). Transgenic models of 

MSA have been created by heterologously overexpressing α-syn, but the levels of overexpression 

supersede endogenous levels, namely because it is unclear if α-syn is endogenously expressed in 

mature OLs. The etiology of this disease remains uncertain (Shults et al., 2005; Stefanova and 

Wenning, 2015). 

Intriguingly, many of the key features of this disease are recapitulated upon the conditional 

loss of macroautophagy (MA) in the central nervous system (CNS), which causes a rapidly 

progressing and debilitating phenotype characterized by cerebellar ataxia, astrogliosis, runting, 

axonal degeneration, and early death (Hara et al., 2006; Komatsu et al., 2006). However, the overt 

loss of MA gene function in humans, such as that of ATG5, leads to a neurodevelopmental disorder 

that does not resemble MSA (Kim et al., 2016). Nonetheless, considering that the pathological 

hallmark of MSA is synuclein aggregation in OLs, one cannot help but wonder whether 
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dysfunction of MA in OLs may contribute to the pathogenesis of the disease. This hypothesis is 

consistent with data from post-mortem samples suggesting that MA may be dysfunctional in the 

OLs of MSA patients (Odagiri et al., 2012; Schwarz et al., 2012; Tanji et al., 2013). Moreover, 

since α-syn has been proposed to impair MA by affecting AP formation and turnover (Tanik et al., 

2013; Winslow et al., 2010), these data support a model in which high levels of α-syn in OLs 

impair MA, which in turn drives the disease.  

But what causes the abnormally high levels of α-syn in OLs of MSA patients? Three 

possible causes have been proposed: abnormally high expression of α-syn, decreased degradation 

of endogenous α-syn within OLs, or cell-to-cell transmission of α-syn from neurons into OLs (Asi 

et al., 2014; Miller et al., 2005; Reyes et al., 2014; Ubhi et al., 2011). On the one hand, it is still a 

matter of debate if mature OLs express α-syn and how much α-syn is expressed in the OLs of MSA 

patients (Asi et al., 2014; Djelloul et al., 2015; Miller et al., 2005). It has also been shown that OLs 

are able to take up α-syn from the extracellular milieu (Reyes et al., 2014). On the other hand, 

studies suggest that α-syn is a substrate of MA (Friedman et al., 2012; Spencer et al., 2009; Webb 

et al., 2003; Yu et al., 2009), and that MA is impaired in MSA (Odagiri et al., 2012; Schwarz et 

al., 2012; Tanji et al., 2013). The appearance of GCIs may therefore be indicative of a disruption 

in protein homeostasis in these highly specialized cells, rather than be the causative element of the 

disease. Although OL toxicity is observed in mice overexpressing α-syn in an OL-specific manner 

(Kahle et al., 2002; Shults et al., 2005; Yazawa et al., 2005), given the levels of α-syn 

overexpression achieved, whether these models reflect what is occurring in disease is in question 

(Shults et al., 2005; Stefanova and Wenning, 2015). To gain a better understanding of the 

contribution of MA dysfunction in MSA pathogenesis, we therefore disrupted MA specifically in 

OLs to determine if this is sufficient to replicate the cardinal symptoms of the disease.  
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I.2. The Atg7(CNP) cKO mice demonstrate a progressive motor decline 

 

To create our model, we conditionally deleted Atg7, an E1-like ligase essential for LC3 

lipidation to the growing autophagosome (AP) membrane, an essential step to initiate MA (Geng 

and Klionsky, 2008; Komatsu et al., 2005). Cre-mediated deletion in OLs was achieved using a 

mouse strain in which Cre recombinase is knocked-into the 2',3'-cyclic-nucleotide 3'-

phosphodiesterase (CNP1) locus (CNPCre) (Lappe-Siefke et al., 2003). CNP1 expression begins 

early in the OL lineage, and thus the resulting Atg7(CNP) cKO mice is predicted to demonstrate a 

conditional loss of MA at this time. Given the design of the model, the expression of CNPCre leads 

to a heterozygous loss of CNP1 expression. This has been suggested to lead to mild 

neuroinflammation beginning at 19 months of age, and possible depressive-like symptoms at 24 

months age, but no perturbations in motor function (Hagemeyer et al., 2012). To control for these 

effects, we compared Atg7(CNP) cKO mice with littermates conditionally heterozygous for Atg7 

(Atg7(CNP) cHet) in all experiments.  

The loss of MA in OLs did not demonstrate a developmental phenotype in OL maturation 

and overt mouse behavior, as described in detail in Chapter 3 (Figures 3.7-9). Nonetheless, as 

shown in Chapter 3 Figure 3.10A, we found that Atg7(CNP) cKO mice demonstrate an adult onset 

premature lethality that begins at 6 months of age. Monitoring of home cage behavior of these 

mice revealed a dramatic, age-dependent decline in motor function along with the presence of a 

notable tremor. To quantify this behavior, we performed gait analysis, which revealed an abnormal 

gait in Atg7(CNP) cKO mice that appeared to worsen with age in female mice (Figure AI.1). In 

addition to a shorter stride length, stride overlap was diminished, and forepaw and hindpaw base  
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were increased in Atg7(CNP) cKO mice. Together, these indicate that Atg7(CNP) cKO mice may 

have an ataxic gait. Motor dysfunction in Atg7(CNP) cKO mice was further confirmed using the 

balance beam test, which probes the time required for the mice to cross a narrow beam. We used 

a 12 mm wide beam for this task. In both male and female Atg7(CNP) cKO mice, there was an 

age-dependent decline in ability to cross the balance beam not observed in Atg7(CNP) cHet mice 

(Figure AI.2A). In addition, Atg7(CNP) cKO mice exhibited limb clasping during the tail 

suspension test, a phenotype suggestive of neurological impairment and perhaps 

neurodegeneration (DiFiglia et al., 2007; Lalonde and Strazielle, 2011) (Figure AI.2B). Despite 

the obvious deficits in motor function in these mice, there was no difference in exploratory 

behavior in the open field test between Atg7(CNP) cHet and cKO littermates (Figure AI.2C), 

indicating that locomotor behavior was largely normal. Rearing behaviors, however, were 

impacted, first in female Atg7(CNP) cKOs, then seemingly in both sexes by 16 mo (Figure AI.2D).  

Figure I-1. Gait is altered in Atg7(CNP) cKO mice. 

A.  Representative tracks from 9-month-old Atg7 cHet and cKO mice. Forelimbs are in red, and hindlimbs are in 

blue.  

B.  Stride length, or distance between consecutive steps with the same foot, was measured at 2, 5, 9, and 12 

months of age (mo). Repeated Measures-ANOVA (RM-ANOVA) reveals a significant difference for 

‘genotype,’ but not ‘age’ or an interaction between ‘age’ and ‘genotype’ in both male and female mice. Male 

mice: ‘genotype’: F(1,44) = 40.587, p < 0.0001; ‘age’: F(3, 44) = 2.1744, p = 0.1046; ‘interaction’: F(3,44) = 

0.218, p = 0.8836. Female mice: ‘genotype’: F(1,67) = 46.607, p < 0.0001; ‘age’: F(3, 67) = 2.700, p = 0.0526; 

‘interaction’: F(3,67) = 1.977, p = 0.1257. 

C.  Stride overlap, or distance between the fore and hindpaw’s pawprint at the same location, was measured at 2, 

5, 9, and 12 mo and normalized to stride length to account for the difference reported above. In male mice, RM-

ANOVA revealed a significant difference in ‘genotype’ (F(1,44) = 11.203, p = 0.0017), but not ‘age’ (F(3,44) = 

0.111, p = 0.9532) or interaction between ‘genotype’ and ‘age’ (F(3,44) = 0.268, p = 0.8483). In female mice, 

RM-ANOVA revealed a significant difference in ‘genotype’ (F(1,67) = 31.845, p < 0.0001), ‘age’ (F(3,67) = 

3.781, p = 0.0144), and interaction between ‘genotype’ and ‘age’ (F(3,67) = 2.870, p = 0.0428). 

D.  Forepaw Base, or distance between each of the forepaws at a given stride, was measured at 2, 5, 9, and 12 

mo and normalized to stride length to account for the difference reported above. In male mice, RM-ANOVA 

revealed a significant difference in ‘genotype’ (F(1,44) = 12.289, p = 0.0011), but not ‘age’ (F(3,44) = 0.926, p 

= 0.4363) or interaction between ‘genotype’ and ‘age’ (F(3,44) = 0.253, p = 0.8588). In female mice, RM-

ANOVA revealed a significant difference in ‘genotype’ (F(1,67) = 22.617, p < 0.0001), but not ‘age’ (F(3,67) = 

2.045, p = 0.1159), and interaction between ‘genotype’ and ‘age’ (F(3,67) = 2.405, p = 0.0750). 

E.  Hindpaw Base, or distance between each of the hindpaws at a given stride, was measured at 2, 5, 9, and 12 

mo and normalized to stride length to account for the difference reported above. In male mice, RM-ANOVA 

revealed a significant difference in ‘genotype’ (F(1,44) = 8.830, p = 0.0048), but not ‘age’ (F(3,44) = 0.635, p = 

0.5966) or interaction between ‘genotype’ and ‘age’ (F(3,44) = 1.181, p = 0.3278). In female mice, RM-

ANOVA revealed a significant difference in ‘genotype’ (F(1,67) = 27.284, p < 0.0001) and ‘age’ (F(3,67) = 

2.857, p = 0.0435), but not interaction between ‘genotype’ and ‘age’ (F(3,67) = 1.259, p = 0.2957). 
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Figure I-2. Motor deficits in Atg7(CNP) cKO mice. 

A.  Time to cross a narrow balance beam was measured at 2, 7, and 12 months of age (mo). Falling off the beam 

or crossing the beam in greater than 20 seconds was measured as 20 seconds.  In male mice, RM-ANOVA 

revealed a significant difference in ‘genotype’ (F(1,32) = 46.784, p < 0.0001), ‘age’ (F(2, 32) = 19.685, p < 

0.0001), and interaction between ‘genotype’ and ‘age’ (F(2,32) = 5.255, p = 0.0106). In female mice, RM-

ANOVA revealed a significant difference in ‘genotype’ (F(1,38) = 29.067, p < 0.0001), ‘age’ (F(2,38) = 8.375, 

p = 0.0010), and interaction between ‘genotype’ and ‘age’ (F(2,38) = 3.971, p = 0.0271). 

Continued on next page. 
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In summary, in addition to an early loss of life, the loss of MA in OLs leads to an age-dependent 

motor decline, causing tremors and ataxia. These deficits are reminiscent of the motor dysfunction 

observed in MSA patients, who can suffer from parkinsonism (MSA-P) or cerebellar ataxia (MSA-

C).  

 

I.2. The Atg7(CNP) cKO mice demonstrate autonomic dysfunction 

 

In addition to motor dysfunction, patients with MSA frequently suffer from weight loss 

and autonomic dysfunction (Papapetropoulos et al., 2007; Ubhi et al., 2011). Weighing mice 

beginning at 3 weeks of age revealed that both male and female Atg7(CNP) cKO mice weighed 

significantly less than Atg7(CNP) cHet mice at all ages, but particularly in adulthood (Figure 

AI.3A). Atg7(CNP) cKO mice also showed signs of autonomic dysfunction: Atg7(CNP) cKO 

mice struggled to breed and, on the rare occasions that they did, produced significantly smaller 

litters (Figure AI.3B). As another test of autonomic function, we measured the defecation rate of 

Atg7(CNP) cKO mice. Interestingly, the mice produced more droppings per hour than their 

littermate controls, suggesting the presence of gastrointestinal dysfunction (Figure AI.3C). 

Anecdotally, Atg7(CNP) cKO mice at end stage were frequently found to suffer from  

Figure I-2. Continued from previous page 

B.  At 16 months of age, Atg7(CNP) cKO mice consistently demonstrated limb clasping during the tail 

suspension test. 

C.  Open Field analyses of habituated mice indicate that spontaneous locomotor behavior is normal in 

Atg7(CNP) cKO mice at all ages, as measured by total distance traveled over one hour.  In male mice, RM-

ANOVA revealed a significant difference by ‘age’ (F(4,83) = 7.661, p < 0.0001), but not ‘genotype’ (F(1, 83) = 

0.201, p = 0.6549) and interaction between ‘genotype’ and ‘age’ (F(4,83) = 1.244, p = 0.2988). In female mice, 

RM-ANOVA revealed no significant difference in ‘genotype’ (F(1,83) = 1.300, p = 0.2569), ‘age’ (F(4,83) = 

0.385, p = 0.8189), and interaction between ‘genotype’ and ‘age’ (F(4,83) = 0.699, p = 0.5943). 

D.  Number of rears during one hour of open field analysis. In male mice, RM-ANOVA revealed a significant 

difference by ‘age’ (F(4,83) = 32.275, p < 0.0001), but not ‘genotype’ (F(1, 83) = 2.711, p = 0.1034) and 

interaction between ‘genotype’ and ‘age’ (F(4,83) = 0.989, p = 0.4180). In female mice, RM-ANOVA revealed 

a significant difference in ‘genotype’ (F(1,83) = 29.369, p < 0.001) and ‘age’ (F(4,83) = 18.837, p < 0.001), but 

not interaction between ‘genotype’ and ‘age’ (F(4,83) = 0.697, p = 0.5955). 



146 
 

  

Figure I-3. Atg7(CNP) cKO mice demonstrate autonomic deficits. 

A. Body weight was measured at weaning and at 2, 5, 8, 12, and 16 months of age (mo). In male mice, RM-

ANOVA revealed a significant difference in ‘genotype’ (F(1,103) = 164.357, p < 0.0001), ‘age’ (F(5, 103) = 

80.979, p < 0.0001), and interaction between ‘genotype’ and ‘age’ (F(5,103) = 10.664, p < 0.0001). In female 

mice, RM-ANOVA revealed a significant difference in ‘genotype’ (F(1,110) = 115.15, p < 0.0001), ‘age’ 

(F(5,110) = 51.678, p < 0.0001), and interaction between ‘genotype’ and ‘age’ (F(5,110) = 5.059, p = 0.0003). 

B. Droppings produced during one hour in the open field chamber was measured at 2, 5, 8, 12, and 16 mo. In  

Continued on next page  
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priapism/penile prolapse and were often found to have urinary retention after being sacrificed. 

Taken together, we can conclude that the loss of MA in OLs causes deficits in weight and 

autonomic function. 

 

I.3. Atg7(CNP) cKO mice demonstrate the neuropathological indicators of MSA. 

 

We also examined the neuropathology of Atg7(CNP) cKO brains to determine whether the loss of 

MA in OLs replicates the neuropathological findings in post-mortem brains from MSA patients. 

We first asked whether Atg7(CNP) cKO brains demonstrate the neuropathological hallmark of 

MSA: α-syn positive glial cytoplasmic inclusions (GCIs) in OLs. Immunohistochemistry against 

α-syn in 5-month-old brains revealed punctate structures peppering the white matter tracts of 

Atg7(CNP) cKO brains, that were confirmed to be perinuclear (Figures AI.4A and AI.4B). Given 

that there are no neuronal nuclei in white matter, these structures likely signify GCIs, but going 

forward, we would like to confirm that α-syn is accumulating in OLs by triple-labeling tissue with 

α-syn, Olig2, and CC1, as OLs are Olig2+ CC1+ cells. We would also like to confirm the presence 

of GCI’s in OLs by electron microscopy (EM). Immunohistochemistry against protein 

62/sequestesome 1 (p62/SQSTM1) revealed not only that p62 accumulated in an age-dependent 

manner in a variety of white matter tracts in Atg7(CNP) cKO mice, consistent with its role as an 

Figure I-3. Continued from next page 

male mice, RM-ANOVA revealed a significant difference in ‘genotype’ ‘age’ (F(1,60) = 14.795, p = 0.0003), 

but not ‘age’ (F(4, 60) = 0.262, p = 0.9011) and interaction between ‘genotype’ and ‘age’ (F(4,60) = 0.167, p = 

0.9541). In female mice, RM-ANOVA revealed a significant difference in ‘genotype’ (F(1,83) = 19.174, p < 

0.0001), but not ‘age’ (F(4,83) = 1.595, p = 0..1834) and interaction between ‘genotype’ and ‘age’ (F(4,83) = 

1.315, p = 0.2711). 

C.  Breeding capacity of Atg7(CNP) cKO mice was evaluated by frequency with which litters were born and the 

number of pups born per litter. Pups were born from Atg7(CNP) cKO matings at approximately 1/5 th the 

frequency as that from Atg7(CNP) cHet matings (both were paired with Atg7flox/flox mice). Litter size from 

Atg7(CNP) cKO matings was significantly different from that of Atg7(CNP) cHet matings (two tailed unpaired 

t-test yielded p = 0.0021). n = 7 cHet mice, 9 cKO mice 
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adaptor protein for selective MA (Figures AI.4C and AI.4D), but the accumulation coincided with 

regions that often have many glial cytoplasmic inclusions in MSA, such as the pons (Figure AI.5A)  

(Spillantini et al., 1998).  

Figure I-4. 

Accumulation of α-

synuclein and p62 in 

white matter of 

Atg7(CNP) cKO mice. 

A.  Accumulation of α-

synuclein in the corpus 

callosum and cerebellar 

white matter of 5-

months-old Atg7(CNP) 

cKO mice. n = 2 / 

genotype. Scale = 25 μm. 

B.  Perinuclear 

accumulation of α-

synuclein in the corpus 

callosum 5-months-old 

Atg7(CNP) cKO mice. 

Fluoromyelin identifies 

myelin, and Hoechst 

identifies nuclei. n = 2 / 

genotype. Scale = 25 μm. 

C. and D. 

Immunostaining for p62 

(brown) in (C) anterior 

commissure and (D) 

corpus callosum of 2, 9, 

and 16 mo Atg7(CNP) 

cHet and cKO mice. 

There appears to be a 

time-dependent 

accumulation of p62 in 

these white matter tracts. 

Nissl (blue) identifies 

nuclei. n = 1 / genotype. 
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As in many neurodegenerative diseases, signs of neuroinflammation are common in brains 

of MSA patients. Reactive astrocytosis in the dorsal striatum is a hallmark of MSA, although its 

etiology is uncertain. Notably, immunohistochemistry against glial fibrillary acid protein (GFAP) 

in Atg7(CNP) cKO in 5-month-old brain sections reveal reactive astrocytosis in different brain 

regions including dorsal striatum (Figure AI.5B). In addition, co-immunofluorescence for Iba1 and 

CD68 revealed the presence of reactive microgliosis (Figure AI.5C). Due to the presence of 

neuroinflammation and α-syn accumulation in white matter in Atg7(CNP) cKO brains, we 

concluded that the conditional loss of MA captures many of the neuropathological hallmarks of 

MSA. 

We next determined if neurodegeneration was present in the Atg7(CNP) cKO brains. First, 

we directly examined axonal health via electron microscopy. At 16 months of age, we found many 

signs of axonopathy and neurodegeneration in the corpus callosum of Atg7(CNP) cKO brains, 

including axonal spheroids, axons with electron dense cytoplasm, and myelin sheaths without 

axons within them (Figure AI.5D). In addition, Nissl staining revealed a disruption of the Purkinje 

cell layer in the cerebellum of 16 month Atg7(CNP) cKO mice suggestive of Purkinje cell 

degeneration (Figure AI.5E), consistent with the behavioral changes, and importantly, human 

pathology (Kume et al., 1991). Taken together, we conclude that the loss of MA in OLs can induce 

neurodegeneration.   

 

I.4. Discussion 

 

In this study we used mouse genetics to establish that the conditional loss of MA in OLs 

can be used to model MSA. We found that Atg7(CNP) cKO mice can recapitulate key hallmarks  
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of the disease including motor dysfunction, autonomic dysfunction, and neurodegeneration. 

Although still preliminary, strikingly, we also uncovered the accumulation of endogenous α-syn 

in white matter tracks, indicative of α-syn GCIs. These experiments verify that MSA may be 

caused by a disruption of protein homeostasis within OLs.  

These experiments, however, do not resolve two key outstanding questions regarding 

MSA: From where does the accumulated α-syn in OLs originate, and is α-syn accumulation the 

causative factor in MSA or a passive indicator of a disruption in protein homeostasis in these 

highly specialized cells? These questions could not be answered using the previous α-syn-driven 

transgenic models of MSA (Kahle et al., 2002; Shults et al., 2005; Yazawa et al., 2005), given that 

the design of the model relies on heterologous overexpression of α-syn. The model we present here 

however, may finally provide insight into these long sought-after answers in the field.  

To determine whether α-syn is exerting a toxicity that is beyond its ability to interfere with 

MA, one can cross Atg7(CNP) cKO mice with the Synuclein alpha (Snca) knockout mice (Snca 

KO) to generate mice lacking Atg7 in OLs and lacking α-syn globally (Atg7(CNP) cKO::Snca 

KO). As the loss of Snca alone demonstrates no remarkable phenotype, the constitutive loss of 

Snca in these mice should not confound any of the readouts used in this study (Abeliovich et al., 

2000). Should the loss of α-syn expression have no impact on the Atg7(CNP) cKO phenotype, we 

Figure I-5. Atg7(CNP) cKO mice demonstrate signs of neuroinflammation and neurodegeneration. 

A.  Immunostaining for p62 (brown) in the pons of 2, 9, and 16 mo Atg7(CNP) cHet and cKO mice. There is 

dramatic accumulation of p62 in this area, particularly at older ages. Nissl (blue) identifies nuclei. n = 1 / 

genotype. Scale = 25 μm. 

B.  GFAP staining is used to identify astrocyte morphology. There is a marked increase in the number of 

reactive astrocytes in Atg7(CNP) cKO mice at 16 months of age. n = 3 / genotype. Scale = 50 μm. 

C.  Iba1 staining is used to identify microglial morphology, and CD68 stainign is used to identify activated 

microglia. There is a remarkable increase in number of reactive microglia in the corpus callosum of 16 mo 

Atg7(CNP) cKO mice. n = 3 / genotype. Scale = 10 μm. 

D.  Electron micrographs of Atg7(CNP) cKO corpus callosum. We identified a number of structures suggestive 

of degenerating axons, including axonal spheroids (red asterisk), vacuolated axons (yellow asterisk), and axons 

with electron dense cytoplasm (purple arrowheads). n = 3 / genotype. Scale = 1 μm. 

E.  Nissl staining of 16 mo Atg7(CNP) Het and cKO cerebella to examine the Purkinje cells. Note that the 

purkinje cell nuclei (round, faint purple nuclei identified by white arrows in the cHet) are missing in the purkinje 

cell layer of Atg7(CNP) cKO cerebellum. n = 1 / genotype. Scale = 25 μm. 
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must conclude that in these mice, the accumulation of α-syn has little to no further consequence 

than the loss of MA alone. The GCIs per se may not be pathogenic. Thus, one might conclude that 

the etiology of MSA relies on disruption of MA-dependent degradation events. However, if there 

is a significant change in the phenotype of the Atg7(CNP) cKO::Snca KO mice, this would indicate 

an important contribution of endogenous α-syn in the MSA-like symptomatology of these mice, 

and thus approaches to alter α-syn levels might be a valid therapeutic approach for this disease. 

One of the most fundamental questions in the field of MSA is the origin of the α-syn found 

in GCIs. The inability to establish whether significant α-syn levels are present in mature OLs for 

the adult brain has led to a broad range of possibilities. Given the relatively high level of α-syn 

expression in neurons, studies have suggested that the origin of the α-syn is the neuron, and that 

α-syn, via cell-to-cell transmission, becomes trapped in OLs leading to this aberrant 

neuropathological event. Upon the disruption of MA in OLs, we have found that endogenous α-

syn accumulates in what appears to be OLs, although further experiments are pending. This 

observation provides an in vivo model to answer this question. To test the hypothesis that the syn 

we observe originates in the OL, we can create a double conditional KO mouse (d-cKO) for which 

both Atg7 and Snca are conditionally deleted using CNPCre. If the deletion of the Snca gene 

specifically in OLs is sufficient to eliminate the presence of α-syn in GCIs, this would be a strong 

indicator that the Snca observed is not neuronal in origin. Studies monitoring behavior and 

autonomic function as described above could then ascertain whether the loss of Snca in OLs has 

any impact on phenotype. 

By eliminating MA in OLs, we have found a progressive neurodegenerative phenotype 

with premature lethality that leads to an MSA-like phenotype. Specifically, Atg7(CNP) cKO mice 

demonstrated many key characteristics of MSA including motor and autonomic dysfunction along 
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with neuroinflammation and neurodegeneration. Although preliminary, the accumulation of 

endogenous α-syn perinuclearly in white matter tracts in Atg7(CNP) cKO was suggestive that 

GCIs were present. These experiments confirm that MSA may be caused by a disruption of protein 

homeostasis within OLs. Moreover, Atg7(CNP) cKO mice may be a viable model for MSA that 

can be used to enhance our understanding of the pathology in MSA and open new avenues for 

drug discovery. 
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APPENDIX II. 

Multiple Sclerosis and Oligodendroglial Macroautophagy 

 

II.1 Introduction 

 Multiple sclerosis (MS) is a chronic, immune-mediated inflammatory disease of the CNS 

(Dendrou et al., 2015; Nylander and Hafler, 2012). The majority of MS patients experience cycles 

of relapsing and remitting CNS symptoms such as visual disturbances and motor impairments. 

Most MS cases eventually result in progressive and irreversible neurological dysfunction and 

failure.  

 Although the exact cause of MS is unknown, it is widely believed that MS begins with an 

inflammatory immune-mediated event, in which autoreactive lymphocytes mistake myelin or an 

associated protein such as myelin oligodendrocyte glycoprotein (MOG) for a pathological antigen  

(Dendrou et al., 2015; Nylander and Hafler, 2012). As T cells do not enter the CNS unless there is 

breakdown of the blood brain barrier, usually secondary to neuroinflammation, why T cells are 

reacting to a CNS antigen is not well understood.  

 Antigens reach T cells through the major histocompatibility complex (MHC). MHC class 

I is expressed by all nucleated cells and presents antigens from proteins that were degraded 

intracellularly. MHC class II, on the other hand, is only expressed by antigen presenting cells 

(APCs) and presents antigens taken up from the extracellular milieu. The resident APCs of the 

CNS are microglia (Koning et al., 2013). Interestingly, studies have suggested that 

macroautophagy (MA) may be important for antigen presentation through both MHC class I and 

MHC class II (English et al., 2009; Keller and Lunemann, 2017; Li et al., 2010; Munz, 2016; 
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Strawbridge and Blum, 2007). Oligodendroglial MA may be involved in presentation of myelin 

autoantigen through MHC Class I, considering that we have demonstrated that myelin degradation 

is MA-dependent. Alternatively, it is known that microglia phagocytose extracellular whorls of 

myelin (Safaiyan et al., 2016). As MA is known to be involved in exocytosis, OLs have myelin 

proteins in their exosomes, and our EM data suggests OLs may exocytose myelin, it is possible 

that formation of these extracellular myelin whorls is contingent upon MA in OLs (Baixauli et al., 

2014; Krämer-Albers et al., 2007). If this is the case, MHC class II presentation of myelin antigens 

by microglia may depend upon oligodendroglial MA. We therefore asked whether the loss of MA 

in OLs prevents antigen presentation and the immune response in a mouse model of MS. 

 

II.2 Results 

 To examine autoimmune evoked demyelination, we performed a pilot study using the 

experimental autoimmune encephalomyelitis (EAE) model of MS in Atg7(CNP) Het and cKO 

mice in collaboration with Julian Smith and Dritan Agalliu, who are experts in this technique 

(Stromnes and Goverman, 2006). Briefly, approximately 8-week-old mice were injected with a 20 

amino acid peptide fragment of MOG (MOG35-55), complete Freunds’ adjuvant (CFA) and 

pertussis toxin (PTX). Mice were then scored on a scale from 0 to 5 as described previously 

(Lengfeld et al., 2017; Stromnes and Goverman, 2006). Interestingly, our preliminary study 

suggested that loss of MA delayed the onset of clinical phenotype in Atg7(CNP) cKO mice (Figure 

II-1A). Moreover, the clinical score of Atg7(CNP) cKO mice peaked at a lower score than that of 

Atg7(CNP) cHet mice (Figure AII.1A). To determine whether the reduced response to EAE was 

caused by a diminished immune response, we probed sections of REGION spinal cord for 

infiltration of CD4+ T cells. As there appeared to be fewer CD4+ T cells in spinal cords from 
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Atg7(CNP) cKO mice, we believe 

that the loss of MA in OLs reduced T 

cell infiltration and the immune 

response in EAE (Figure AII.1B).  

 

 

II.3 Discussion 

 Our preliminary results 

suggested that the loss of MA in OLs 

reduces the clinical severity of EAE 

due to a diminished inflammatory 

response. We first need to replicate 

these results and confirm our 

findings statistically. Why would the 

loss of MA in OLs diminish the 

immune response to MOG35-55? Several possibilities come to my mind. First, as mentioned above, 

Figure AII.1. Loss of MA in OLs 

diminishes the clinical and immune 

response to EAE. 

A.  8-week-old mice were assigned a 

clinical score every other day for one 

week after induction of EAE and then 

scored daily thereafter. Atg7(CNP) cKO 

mice demonstrate a delayed and 

diminished response. n = 5-6 

mice/genotype.  

B.   CD4 staining of REGION spinal 

cord of mice sacrificed 21 days after 

EAE induction. There is less CD4 cell 

infiltration in Atg7(CNP) cKO mice. 

Examples from three mice of each 

genotype are shown. 
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MA in OLs may be necessary for MHC class I presentation of myelin autoantigen. However, as 

MHC class I regulates the response of CD8+ cytotoxic T cells and the EAE model induces a 

response in CD4+ T cells, this is likely not mediating the observed effect (Denic et al., 2013; 

Janeway et al., 2001). Alternatively, perhaps MA-dependent exocytosis of myelin is necessary for 

microglial phagocytosis of myelin and subsequent MHC class II-dependent autoantigen 

presentation inducing a CD4+ T cell response. Further experiments are required to determine the 

validity and molecular mechanism of this possibility. Based on our results that MA in OLs is 

required for myelin remodeling, our preliminary data may suggest that loss of myelin remodeling 

alters the structure or composition of myelin in such a way to prevent autoantigenicity of the 

myelin sheath. This is quite unlikely, however, because (1) the myelin sheath appears grossly 

normal by EM at 8 weeks of age, and (2) it is doubtful that loss of myelin remodeling would so 

drastically alter the myelin sheath so shortly after developmental myelination is complete, 

especially given the long half-lives of the components of the myelin sheath (Fischer and Morell, 

1974; Savas et al., 2012; Smith, 1968; Toyama et al., 2013). Lastly, there may have been a 

diminished CD4 response in Atg7(CNP) cKO mice due to loss of MA in T cells. CNP is known 

to be expressed in the thymus, so T-cells may be MA-deficient in Atg7(CNP) cKO mice 

(Chandross et al., 1999). The loss of MA in T cells would be a significant confound to this 

experiment, especially considering that MA may be necessary for T cell homeostasis and survival 

(Puleston and Simon, 2014). This confound can be addressed by repeating this experiment using 

a different Cre line that mediates recombination in OLs but not the thymus or through T cell 

transfer experiments (Traka et al., 2016).  

 

II.4 Conclusion 
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 In sum, we presented preliminary, yet intriguing, results suggesting that loss of MA in OLs 

may be protective in a murine model of multiple sclerosis. Many follow-up experiments are 

required, however, to better understand this phenomenon. 
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