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ABSTRACT 

Neuron-glia interactions are the cornerstone of a functional nervous system. Formation of 

white matter (myelin) is mediated by neurons and myelinating glia and is essential for the rapid 

propagation of action potentials. Increased white matter volume is evolutionarily correlated with 

cognitive superiority of higher vertebrates. Impaired myelin formation or damage to the existing 

myelin sheath have devastating functional consequences, such as paralysis, intellectual disability, 

and blindness. In the central nervous system (CNS), myelin formation and maintenance are 

highly orchestrated multi-step processes that require proper migration, neuronal contact, and 

differentiation of oligodendrocyte precursors (OPCs), mediated by both intrinsic and extrinsic 

mechanisms. Here we demonstrate that one of the most fundamental eukaryotic cell processes – 

intracellular trafficking – plays a crucial role in CNS myelination. In particular, we show that the 

signaling lipid phosphatidylinositol-3,5-bisphosphate [PI(3,5)P2] is required in neurons and in 

oligodendrocytes (OLs) for normal CNS myelination.  In mice, mutations of Fig4, Pikfyve or 

Vac14, encoding key components of the PI(3,5)P2 biosynthetic complex, each lead to impaired 

OL maturation, severe CNS hypomyelination, and delayed propagation of compound action 

potentials.    Primary OLs deficient in Fig4 or Pikfyve accumulate large vesicular structures and 

exhibit impaired terminal differentiation. Live-cell imaging of OLs after genetic or 

pharmacological inhibition of PI(3,5)P2 synthesis reveals impaired trafficking of myelin building 

blocks through the endolysosomal system in primary cells and brain tissue. To test whether 

PI(3,5)P2 biosynthesis is required for adult myelin maintenance and repair, we generated  

tamoxifen-inducible global Fig4 knockout mice, Fig4-/flox,CAGCreER.  Strikingly, adult Fig4 
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deletion leads to rapid deterioration in mice with severe motor impairment, tremor, weight loss, 

and death within two months of Cre induction. The peripheral nervous system (PNS) shows 

severe defects, suggestive of damaged neurons and Schwann cells, the PNS myelinating glia. In 

the same animals, CNS myelin remains relatively intact, demonstrating differential vulnerability 

of myelinated CNS vs. PNS fibers to impaired PI(3,5)P2 biosynthesis.  Our preliminary data 

suggest that inducible Fig4 loss in adult mice prevents CNS myelin repair. Collectively, my 

thesis work extends understanding of the PI(3,5)P2 biosynthetic complex as a key regulator of 

CNS and PNS myelin formation and dynamics.   
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CHAPTER I: 

Introduction 

Building White Matter: Myelin Formation, Maintenance, and Repair 

1.1 Abstract 

Neuron-glia interactions are the cornerstone of a functioning nervous system. In particular, 

formation of white matter (myelin) is mediated by neurons and myelinating glia and is essential 

for rapid propagation of action potentials. Increased white matter volume is evolutionarily 

correlated with cognitive superiority of higher vertebrates. Impaired communication between 

neurons and myelinating glia results in faulty white matter formation and has devastating 

functional consequences, such as paralysis, intellectual disability, and blindness. In the central 

nervous system, myelin formation and maintenance are highly orchestrated multi-step processes 

that require proper migration, neuronal contact, and differentiation of oligodendrocyte precursors 

mediated by both intrinsic and extrinsic mechanisms. One of the most fundamental eukaryotic 

cell processes – intracellular trafficking – plays a crucial role in myelin formation in both CNS 

and PNS. A deeper understanding of the molecular mechanisms underlying the role of trafficking 

in myelin formation, stability, and repair is of great interest, as it will allow insights into 

neuropathology of white matter diseases.  
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1.2 Myelin and vertebrate evolution  

Neuron-neuron communication in the nervous system is essential for its proper function. 

Invertebrate species, such as cephalopods, evolved to develop large caliber axons that allow 

rapid propagation of action potential (Hartline and Colman, 2007). In contrast, evolutionary 

pressures in vertebrate species to adapt to various environments required advanced cognitive 

abilities and thus resulted in efficient and compact nervous systems. To maintain rapid 

communication between neurons at reduced axonal size in a closed skull, additional insulation to 

decrease neuronal capacitance and increase saltatory conduction emerged as a key evolutionary 

advantage of vertebrate species. Myelin, or “white matter”, was first described almost two 

centuries ago by the German physician-scientist Rudolf Virchow (Virchow, 1854), and has been 

a subject of active research ever since. Myelin constitutes approximately 50% of the adult human 

brain (Baraban et al., 2015). For a long time myelin was considered to be a largely static 

structure serving as insulation for action potential propagation, however, increasing evidence 

suggests that it possesses many other functions, such as providing axons with metabolic support 

and maintaining their integrity (Nave, 2010). Furthermore, recent studies indicate that 

ensheathment of previously unmyelinated axons or changes in existing myelin thickness can 

serve as an additional way of modifying neuronal plasticity in learning and memory, thus 

presenting with a whole new avenue for research and therapeutic approaches (Fields, 2008, 

Gibson et al., 2014, McKenzie et al., 2014).  

The earliest phylogenetic evidence of compact myelin was observed in sharks and its first 

appearance is dated to 400 million years ago (Hartline and Colman, 2007).  Some invertebrate 

species have structures resembling myelin wraps, but true compact myelin is thought to be a 

jawed vertebrate invention. Peripheral nervous system (PNS) myelin is made by Schwann cells 
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at a 1:1 ratio (axon: Schwann cell) with axons, whereas the CNS myelinating glia – 

oligodendrcoytes (OL) – are capable of ensheathing up to 50 axons at a time. PNS myelin 

phylogenetically preceded CNS (Mc et al., 1958). PNS myelin development begins 

embryonically and is largely complete by 14 days in postnatal mice (Woodhoo and Sommer, 

2008).  In contrast, the bulk of CNS myelin in mice is formed in the first postnatal month but 

cortical myelination continues well into the following several months of the mouse’s life. In 

humans, the majority of CNS myelination happens in the first two years after birth, but cortical 

myelination is an ongoing process in the second and third decades of life (Lebel et al., 2012, 

Yeung et al., 2014).  

 

1.3 Myelin structure and composition 

Structurally, both CNS and PNS myelin is a lipid-rich extension of myelinating glia. 

Compact myelin is wrapped around the axon 5-20 times with very little space between the loops 

and minimum intracellular material. Compact myelin can be easily observed by transmission 

electron microscopy due to its dense and ordered structure. Structurally and functionally, myelin 

is divided into several regions: internodes, juxtaparanodes, paranodes, and nodes of Ranvier 

(Figure 1.1B). Internodes are regions of compact myelin and are typically the longest segments. 

Juxtaparanodes are characterized by clustering of potassium channels on the axonal membrane 

that regulate electrical properties of the insulated axon. Paranodes are a non-compact myelin 

(paranodal loops) that serve as anchor points of myelin to the axonal membrane (Poliak and 

Peles, 2003). Nodes of Ranvier are unmyelinated segments containing clusters of specialized 

sodium channels on axonal membrane that regenerate action potential. Decreased axonal 

capacitance and regeneration of action potential at the nodes of Ranvier increases action 
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potential speed up to a factor of 10 in myelinated vs. nonmyelinated axons. Compact myelin 

thickness is measured as diameter of axon/diameter of myelinated axon (the g-ratio) and the 

optimal g-ratio is calculated as 0.77 for the CNS and 0.6 for PNS, with some spatial variations 

thereof (de Hoz and Simons, 2015). Increased (hypomyeliation) or decreased (hypermyelination) 

g-ratios result in altered speed of action potential. One of the key features of PNS myelin is the 

continuous presence of Schwann cell processes and basal lamina over nodes, whereas in the CNS 

the nodes are bare and are usually a contact site with astrocytes (Hildebrand, 1971, Raine, 1984).  

A more detailed anatomical organization of myelin is provided elsewhere (Poliak and Peles, 

2003).  

Myelin consists of approximately 70% lipid in dry weight. Proteins constitute the 

remaining 30% of myelin and their expression is almost exclusively restricted to the white matter 

(O'Brien and Sampson, 1965). The high lipid: protein ratio is a unique feature of myelin 

compared to plasma membranes. Of the lipid content, cholesterol is the most abundant, with 

other noted lipid components including galactolipids cereboside and sulfatide. The cholesterol 

used in myelin sheath generation is synthesized de novo in the CNS and is supplied from 

multiple sources, including the cell-autonomous OL lineage production and external delivery 

from neurons and astrocytes (Zhang and Liu, 2015). Cholesterol provides myelin sheath with 

rigidity that allows for optimal axonal insulation and decreased capacitance. In addition, 

cholesterol constitutes lipid raft domains that associate with key myelin-associated proteins. 

Mice with reduced capability for CNS cholesterol synthesis demonstrate severely impaired 

myelination (Saher et al., 2005). Galactolipids provide myelin structure with fluidity for optimal 

packing and are localized on the outer leaflets. When the function of galactocereboside enzyme 

is impaired thus reducing lipid synthesis, compact myelin is still formed, however, there are 
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numerous abnormalities in perinodal structures and the nodes of Ranvier architecture. These 

defects lead to impaired electrical properties in the CNS and manifest as tremor in mice (Coetzee 

et al., 1996, Dupree et al., 1998).  

Myelin protein components serve specific roles in generating and maintaining myelin 

structure. The relative abundance of myelin-associated proteins does not correlate directly with 

their requirement for myelin formation and compaction.  Interestingly, differential splice 

isoforms of myelin-associated proteins are specific to various vertebrate taxa, suggesting they 

may serve as potential evolutionary adaptations (Hartline and Coleman 2007). Some of the bona 

fide CNS and PNS myelin proteins are described below. 

 

PLP 

Proteolipid protein (PLP) is the most abundant CNS myelin protein, constituting 

approximately 50%of  total myelin protein content (Dubois-Dalcq et al., 1986). PLP is a marker 

of mature OLs in vitro and of myelinated CNS in vivo. PLP is localized to the myelin membrane  

(intraperiod line, Figure 1.1C-D), where it interacts homophilically and stabilizes extracellular 

loops (Barkovich, 2000, Baumann and Pham-Dinh, 2001). PLP interacts with cholesterol and is 

transported to the plasma membrane in specialized lipid rafts (Simons et al., 2000). Multiple 

mouse lines in which PLP and its isoform DM20 are misexpressed or improperly trafficked 

demonstrate a wide range of neurological abnormalities, from extensive OL death and 

dysmyelination to very mild pathology (Yool et al., 2000). PLP1 is a human disease gene, and 

PLP1 gene duplication causes Pelizaeus-Merzbacher Disease (PMD), a congenital abnormality 

associated with motor defects, seizures, and intellectual disability. Surprisingly, germline Plp1 

deletion does not result in severe myelination defects in mice, however, myelin eventually loses 
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integrity, most likely due to decreased lamina stability (Klugmann et al., 1997). PLP synthesis 

and trafficking in myelinating OLs are described in greater detail below.  

 

MBP  

Myelin basic protein is the principal component of compact myelin in both PNS and 

CNS, and is one of its few “obligatory” protein components. Shiverer mice and long evans 

shaker rats deficient for Mbp have little to no compact myelin and die prematurely (Roach et al., 

1983, Roach et al., 1985, Kwiecien et al., 1998).  MBP is a small highly basic protein that is 

expressed as multiple isoforms and is necessary for myelin compaction, as it resides in the 

cytosolic parts of the myelin at the major dense line (Figure 1.1C-D, named so for its dark 

appearance on the electron micrographs) and interacts with negatively charged lipids (Barkovich, 

2000). MBP has a unique synthesis fate - it is transported to the myelin sheath as mRNA and is 

translated locally (Colman et al., 1982). Mbp mRNA transport potentially prevents premature 

membrane compaction (Muller et al., 2013). Intriguingly, initiation of Mbp mRNA transport and 

local translation has been linked to electrical activity in neurons (Wake et al., 2011). 

 

MAG 

Myelin-associated glycoprotein (MAG) is the principal component of the non-compact 

myelin in the CNS and PNS. MAG is well characterized as a potent inhibitor of axonal growth 

after injury (Mironova and Giger, 2013, Baldwin and Giger, 2015). MAG is enriched in 

paranodal loops and adaxonal (axon-adjacent) OL membranes (Figure 1.1D), and is important 

for establishing the initial axon-glia interaction during initiation of myelin formation. MAG is 

expressed in early immature oligodendrocytes and is a part of myelin-associated machinery in 
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the adulthood. A more detailed discussion of MAG trafficking is outlined below. Despite its 

importance in axon-glia contact, Mag-/- knockout mice have a mild hypomeylination phenotype, 

indicating that MAG is dispensable for compact myelin formation. Nonetheless, Mag-/- animals 

show structural abnormalities in the periaxonal myelin compartment and demonstrate subtle 

defects in fine motor tasks (Li et al., 1994, Pan et al., 2005), suggesting sub-optimal 

physiological conditions for nerve impulse propagation.  

 

CNPase  

Glial 2’3’-cyclic nucleotide 3’-phosphodiesterase (CNPase) is an abundant myelin 

protein in the CNS and PNS that resides in paranodal loops and is not a part of compact myelin. 

In vitro and in vivo, CNPase is expressed in premyelinating oligodendrocytes and remains 

present in the mature axoglial unit. The role of CNPase in myelin stability is not completely 

understood - however, it’s been shown as necessary in maintaining paranodal structures 

(Rasband et al., 2005).  Cnp genetic deletion in mice does not result in hypomyelination, but it 

causes eventual loss of axonal integrity, neurodegeneration, and early death (Lappe-Siefke et al., 

2003).  Overall, CNPase is considered an important mediator of axoglial communication 

necessary for myelin stability.   

 

MOG 

Myelin oligodendrocyte glycoprotein (MOG) is another non-compact myelin 

glycoprotein, and until recently its function remained unknown. MOG is expressed late in myelin 

development and serves as one of the late stage markers for OL maturation in vitro (Emery et al., 

2009). MOG is expressed mostly in the CNS, with some weak PNS presence (Pagany et al., 
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2003).  MOG is dispensable for myelin formation, and Mog-/- mutants present with no notable 

defects in compact myelin structure (Delarasse et al., 2003).  Von Büdingen et al. recently 

identified MOG as a novel binding partner of nerve growth factor (NGF) (von Budingen et al., 

2015). MOG sequesters free NGF and thus prevents it from binding and activating tropomyosin 

receptor kinase A (TrkA) on nociceptive unmyelinated axons in the spinal cord. This interaction 

is thought to be important for preventing abnormal sprouting of small nociceptive fibers and can 

thus potentially indirectly regulate neuropathic pain. Therefore, these data suggest a novel 

possibility of myelin-associated proteins regulating the circuitry of unmyelinated axons.  

MOG has been extensively studied as a potential autoimmune target in demyelinating 

encephalopathies. MOG immunization is a classical mouse model of experimental 

encephalomyelitis (EAE), however, physiological relevance of that model to human disease is 

rather controversial (Reindl et al., 2013).  

 

PO 

Myelin protein zero (P0) is a major structural glycoprotein of the PNS myelin. P0 global 

mutants have severely compromised compact myelin formation and functional deficits (Giese et 

al., 1992, Zielasek et al., 1996). Impaired P0 function in human patients underlies several 

neuropathies, such as Dejerine-Sottas disease (Martini, 1999). P0 is often considered as a 

structural equivalent of PLP in the PNS, as it functions to ensure structural integrity of the 

myelin coil. Nonetheless, these two proteins are not interchangeable, and substituting P0 for PLP 

in the PNS is devastating to internode formation and leads to early lethality in mice (Yin et al., 

2015). P0 interacts with another PNS protein peripheral myelin protein 22 (PMP22), and this 

interaction is important for formation and maintenance of myelin sheath (D'Urso et al., 1999).  
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Figure 1.1 CNS myelin: anatomy and ultrastructure (A) Myelinating oligodendrocyte is 
capable of ensheathing multiple axons at a time. (B) A heminode longitudinal section 
demonstrating anatomical subsets of myelin organization. (C) A high magnification transmission 
electron micrograph of a myelinated fiber in the mature mouse optic nerve (250,000x). Distinct 
lamination of compact myelin can be easily identified, with major dense line as the darkest part 
of the structure. (D) Molecular organization of compact and non-compact myelin. PLP localizes 
to the membrane of compact myelin loops where it interacts homophilically to stabilize the loop 
lamination. MBP is localized in the cytosol of compact myelin loops, where it interacts with 
negatively charged phospholipids and serves as a sieve maintaining myelin compaction. 
Principal components of the non-compact myelin are CNPase, MAG on the adaxonal membrane, 
and MOG on the outer leaflets. Adapted with permission from (Barkovich, 2000) and (Baumann 
and Pham-Dinh, 2001). 
 

1.4 Myelinating glia of the PNS – Schwann cells 

Schwann cells were discovered by Theodor Schwann in 1839 and are thus among the 

earliest characterized glial cells. Schwann cells arise early during embryogenesis as neural crest 

derived cells and their development has been extensively characterized (Le Douarin and Smith, 

1988). Schwann cell precursors (SCPs) oversee some aspects of axon guidance in the developing 

PNS. SCPs lack basal lamina and are critically dependent on axonal contact and Neuregulin 1 
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(NRG1) supply (Armati and Mathey, 2010). In contrast, immature Schwann cells are capable of 

autocrine self-sustenance. Immature Schwann cells are responsible for radial sorting of axons, 

which eventually leads to the 1:1 relationship between axons and myelinating Schwann cells. 

NRG1-ErbB signaling is essential for myelination in the PNS.  

 

1.5 Myelinating glia of the CNS – oligodendrocytes  

The OL lineage is among the most morphologically and dynamically diverse cellular 

populations in the brain. It was originally described by a Spanish neuroscientist Pio del Rio 

Hortega (Perez-Cerda et al., 2015) in the early 20th century. Oligodendrocyte progenitors (OPCs) 

are simple bipolar glial cells that arise in the spinal cord and forebrain during embryonic 

development as spatially and temporally distinct waves of precursors (Kessaris et al., 2006). 

Specifically, OPCs originate in ventral ventricular zone of the dorsal spinal cord at E12.5 and at 

E15.5. In the forebrain, three waves of OPC generation can be distinguished: early ventral wave 

from the medial ganglionic eminence and ventral telencephalon at E12.5, second wave from 

lateral and caudal eminences at E15.5, and the last wave at P0 from the cortical ventricular zone 

(Kessaris et al., 2006, Crawford et al., 2016b). In the adult brain, dorsally derived OPC 

populations are dominant (Kessaris et al., 2006, Crawford et al., 2016b). What dictates the 

distinct population specification of migrating OLs is not very well understood, however, 

differentially derived OPCs show preference in myelinating particular tracts (Tripathi et al., 

2011). Recent evidence suggests OPCs employ blood vessels for navigation from the ventral 

spinal cord and subventricular zone to dorsal spinal cord and outer layers of the cerebral cortex 

(Tsai et al., 2016). OPCs are a highly migratory population that remains in the CNS at all ages, 

albeit at diminished density, and it demonstrates distinct spatial tiling and self-repulsion (Hughes 
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et al., 2013). OPCs divide asymmetrically and immature oligodendrocytes are rarely 

“unemployed” – they either die or become myelinating OLs (Hughes et al., 2013, Hill et al., 

2014b). OPC lineage is staged by easily identifiable morphological changes and the presence of 

distinct molecular markers, including transcription factors and cell-surface proteins (classical 

markers attributed to each stage are listed in the Figure 1.2).  

 

 

Figure 1.2. Morphological and molecular stages of the OL lineage. Oligodendrdocyte 
precursors (OPCs) are simple bipolar cells expressing, among other molecules, transcription 
factors Olig2 and Sox10, and cell-surface markers PDGFRα and NG2. NG2 cells in the adult 
CNS retain proliferative capabilities, but have a more elaborate morphology (not shown). 
Premyelinating OLs are postmitotic cells with a complex ramified structure that allows them to 
make contacts with multiple axons. Immature OL is a transient stage in vivo, characterized by 
expression of O4, CNPase, MAG, and Myelin regulatory factor (Myrf), with downregulation of 
NG2 and PDGFRα. In vitro, mature OLs appear as an “unrolled” membrane sheet robustly 
expressing myelin markers MBP, MOG, MAG, and PLP in distinct membrane compartments. 
Myelinating OLs in vivo are only found in association with axons. T = transcription factor.  
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In order to generate myelin sheaths, OPCs have to exit proliferation cycle, make nascent 

axoglial contact and proceed through terminal differentiation (Pfeiffer et al., 1993). Upon 

differentiation, a large proportion of OLs die at the immature stage, but some make it to 

myelinating state (Ethan Hughes, personal communications). A myelinating OL undergoes one 

of the most remarkable transformations of all cell types, generating approximately 5000 µm2 of 

myelin membrane every day (Pfeiffer et al., 1993).  The biophysics of CNS myelin formation is 

subject of extensive research (Snaidero et al., 2014). The most recent evidence suggests that 

initiation of myelination and axon wrapping are mediated by actin dynamics and disassembly at 

the leading edge of the myelinating OL (Nawaz et al., 2015, Zuchero et al., 2015). Interestingly, 

MBP and actin have non-overlapping domains in the membrane expansion of myelinating OLs, 

and in vitro evidence suggests an indirect competitive interaction between MBP and actin 

disassembly (Zuchero et al., 2015). Zebrafish studies demonstrated that once an OL is committed 

to myelinating a particular axon, the process of ensheathing happens during a short period of 

time (Czopka et al., 2013, Nawaz et al., 2015) and afterwards is subject to limited modification. 

Myelinating OLs greatly contribute to the metabolic support and stability of neurons, notably by 

supplying axons with lactate for ATP regeneration (Lee et al., 2012, Saab et al., 2013).  

 The mechanisms controlling the OL lineage at all stages are of great interest as they must 

dictate homeostatic maintenance of the precursor pool, it’s adequate migration, differentiation, 

and myelination, both de novo and for replacement of damaged or dying oligodendrocytes 

(Bergles and Richardson, 2015). Multiple mechanisms have been suggested to regulate these 

processes. The OL lineage is highly responsive to the mitogen platelet-derived growth factor 

(PDGF) and its availability is considered as one of the limiting steps in the OPC pool 

maintenance (Durand and Raff, 2000).  OPCs are highly self-repulsive (Hughes et al., 2013), 
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indicating a strong cell-autonomous regulation of their spatial distribution throughout the brain. 

Astrocytes and the OL lineage cells are gap-junction coupled, and astrocytic regulation, whether 

direct or indirect (via neurons) greatly affects myelin dynamics (Ishibashi et al., 2006, 

Orthmann-Murphy et al., 2007, Hill and Grutzendler, 2014). For example, combined genetic 

deletion of astrocyte-specific gap junction proteins connexin Cx30 and OL-specific Cx47 results 

in premature lethality and myelination defects in mouse models (Tress et al., 2012). In addition, 

astrocytes are a major source of mitogenic factors such as PDGF and neurotrophin-3 (NT3) 

necessary for OPC proliferation, thus exuding a non-cell-autonomous control over the OL 

lineage (Barres and Raff, 1993). 

Neuron-OL interaction is one of the most studied intercellular couplings in the nervous 

system. In particular, neuronal signals that contribute to either myelination-permissive or 

prohibitive environments for the immature OL (Fields, 2015) are a subject of extensive research. 

One of the most intriguing aspects of oligodendrocyte biology is their unique propensity for 

myelinating only axons and not any other neuronal structures (soma and dendrites) or any other 

cells (other OLs, astrocytes, microglia) in vivo. Furthermore, only a subset of axons is 

myelinated in the CNS, and myelinated and non-myelinated axons are readily found in the same 

anatomical structure. For example, in the corpus callosum only 30% axons are myelinated 

(Sturrock, 1980). This suggests the presence of either anti- or pro-myelinating cues expressed by 

respective axonal populations. Interestingly, in vitro OLs are highly promiscuous in their 

ensheathing activity, and can make myelin wraps on polysterene fibers of a diameter above 0.4 

µm, and even on fixed axons and dendrites (Lee et al., 2013, Mei et al., 2014). While such 

myelin wraps never achieve the true compact myelin structure, their very presence strongly 

indicates the existence of inhibitory cues in vivo that dictate the OL preference for one 
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population of axons over the other. Multiple cell-adhesion molecules have been identified as 

negative regulators of CNS myelination (Sharma et al., 2015). A recent RNA sequencing screen 

identified junction adhesion molecule 2 (JAM2) as a novel soma- and dendrite-specific protein 

that is inhibitory to myelination. In vitro, OLs fail to make myelin wraps on micropillars coated 

with JAM2-Fc, suggesting its inhibitory activity in trans. In Jam2 knockout mice, there is a 

significantly increased number of myelinated cell bodies in the spinal cord compared to wild-

type, suggesting dis-inhibition of myelination occurring in the absence of JAM2 (Redmond et al., 

2015, personal communications). JAM2 is certainly not the only inhibitor of myelination, other 

notable cell-autonomous and non-cell-autonomous myelination “breaks” include leucine-rich 

repeat and immunoglobulin-like domain contain protein (LINGO1), polysialylated-neural cell 

adhesion molecules (PSA-NCAMs), Jagged1 and its ligand Notch, and limbic system-associated 

membrane protein (LSAMP) (Wang et al., 1998, Mi et al., 2005, Sharma et al., 2015). Of 

signaling pathways, β-catenin-Wnt and Notch have been shown to inhibit transition from OPC to 

myelinating OL (Park and Appel, 2003, Fancy et al., 2009, Langseth et al., 2010). Recent 

evidence suggests that Wnt signaling regulates OPC interaction with endothelial cells, 

detachment from blood vessels, and subsequent maturation (Tsai et al., 2016). Interestingly, 

there is a large body of evidence indicating that disruption of such fundamental cellular process 

as trafficking in both neurons and oligodendrocytes can lead to profound defects in myelination 

(Mironova et al., 2016), chapter II). A more detailed discussion of that pathway is provided 

below. 

There is increasing evidence suggesting that neuronal electrical activity can contribute to 

OL differentiation and myelination. The current consensus in the field is that myelination is 

shaped by activity-dependent and activity-independent mechanisms (Zuchero and Barres, 2013). 
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The absolute necessity of neuronal activity for white matter formation, however, is a subject of 

an ongoing debate. Current evidence suggests that electrical activity exudes distinct effects on 

OL proliferation, differentiation, and axon wrapping. For example, classic studies by Barres and 

Raff revealed that after blocking electrical activity in the optic nerve with tetrodotoxin (TTX), 

OPC proliferation decreases dramatically (Barres and Raff, 1993).  However, a recent elegant 

live imaging study in zebrafish spinal cord revealed that TTX silencing of action potentials in 

axons does not affect the OL proliferation and differentiation per se, but rather influences their 

choice of which axons to myelinate  (more on this study below, (Mensch et al., 2015). These 

discrepancies may be attributed to inherent differences in model systems and their respective 

limitations. 

OPCs are the only non-neuronal cell type that expresses both N-methyl-d-aspartate 

(NMDA) and alpha-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptors and 

harbor functional post-synaptic sites (Bergles et al., 2000, Karadottir et al., 2005). Unmyelinated 

axons and OPCs form transient synaptic structures, which can be detrimental under pathological 

conditions associated with excessive glutamate release (Lin et al., 2005, Ziskin et al., 2007). 

Establishing the true physiological importance of glutamatergic signaling between neurons and 

OPCs has been rather challenging. For example, genetic deletion of the obligatory NMDAR 

subunit NR1 specifically in the OL lineage does not have significant effects on OPC/OL 

proliferation, differentiation, and myelination (De Biase et al., 2011).  An intriguing new study 

suggests that a well-established PNS myelination regulator NRG1 enhances CNS myelination by 

initiating a switch from activity-independent to NMDA- (i.e. activity)-dependent mode in vitro 

(Lundgaard et al., 2013). Another recent in vitro study, however, demonstrated that DRGs and 

OPCs communicate via nonsynaptic vesicular release along the axonal length (Wake et al., 
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2015), and OLs preferentially myelinate electrically active axons. Intriguingly, recent evidence 

suggests that PLP participates in relaying glutamatergic signal in the migratory OPCs, which is 

an unexpected function for a primarily structural myelin protein (Harlow et al., 2015).  OPCs 

also express gamma-aminobytric acid (GABAR) receptors and receive inhibitory inputs. 

Inhibitory neuron- OPC interaction is well characterized in the cerebellum, where NG2+ glia 

receive GABAergic inputs from Purkinje cells (Lin et al., 2005, Etxeberria et al., 2010). Fyn 

kinase signaling has been extensively studied as a potential molecular conduit unifying neuronal 

electrical activity and myelination. Fyn kinase plays an important role in multiple pathways 

involved in myelination, such as pro-differentiation/survival OL signaling, transport, and local 

translational control (Kramer-Albers and White, 2011). Importantly, Fyn kinase signaling is 

linked to Mbp mRNA synthesis and transport that is activated by neuronal electrical signal 

(Wake et al., 2011).  

 

1.6 Disorders of myelin 

In the absence of myelin axonal conduction velocity precipitously drops in both CNS and 

PNS. Furthermore, sub-optimal myelin thickness or aberrant myelin formation can also have a 

profound effect on neuronal communication (Fields, 2015). Given the metabolically beneficial 

relationship between myelinating glia and axons, there is an increased risk of neurodegeneration 

associated with faulty myelin (Nave and Trapp, 2008), thus resulting in further neurological 

damage. Myelin formation is incredibly complex, and there are multiple congenital disorders 

associated with improper myelin development and function. Noted developmental disorders 

associated with impaired CNS myelination are leukodystrophies, which include, among many 

others, Pelizaeus-Merchbacher disease, spastic paraplegia type S, and Niemann-Pick disease. 



  17	

These conditions are characterized by intellectual disability, seizures, and reduced lifespan. 

There is increasing evidence that myelin defects are associated with schizophrenia (Nave and 

Ehrenreich, 2014). In addition to congenital abnormalities, OPCs are highly vulnerable to 

environmental factors during embryonic development and early infancy. In particular, white 

matter lesions are frequently observed in premature infants under 1500 g in weight at the time of 

birth (Khwaja and Volpe, 2008). Hypoxia-ischemia (HI) and inflammation are the most common 

causes of white matter injury associated with prematurity. Noted clinical conditions associated 

with HI white matter damage are pervintricular leukomacia (PVL) and diffuse white matter 

injury (DWMI).  Interestingly, in the neonatal rat model of PVL infusion of AMPAR antagonist 

NBQX alleviates some of the PVL symptoms, suggesting the role of glutamatergic toxicity in 

disease development (Follett et al., 2000). DWMI is associated with chronic hypoxia in preterm 

babies, and is characterized by impaired myelinating properties of the OL lineage. Zonouzi and 

colleagues recently identified that hypoxia results in decreased GABAergic input onto NG2+ glia 

in the cerebellum, thus leading to their impaired proliferation and differentiation. Systemic 

administration of the GABAergic drugs tiagabine and vigabatrin ameliorates the negative effects 

of hypoxia on the OPC proliferation and terminal differentiation (Zonouzi et al., 2015).   

PNS myelin disorders are associated with multiple neurological conditions, most notably 

peripheral neuropathies, such as Guillain-Barre syndrome and Charcot Marie Tooth (CMT) 

disease. Traditionally, neuropathies are classified as 1) demyelinating, characterized by 

histological evidence of degenerating myelin (onion bulbs, myelin outfoldings, etc.) and reduced 

conduction velocity of peripheral nerves, and 2) axonal, with amplitude decrease and distal 

weakness (Dyck and Lambert, 1968).  There are also neuropathies that bear manifestations of 
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both axonal damage and demyelination - for example, CMT4J (Chow et al., 2007). A more 

detailed discussion of CMT4J pathophysiology and molecular mechanism is below.  

 

1.7 Myelination and white matter repair in the adult CNS 

In the CNS, developmentally formed myelin is a fairly stable structure, however, it does 

undergo remodeling in adulthood. In mature mice, myelination in the cerebral cortex is an 

ongoing process (Hughes et al., 2013, Hill et al., 2014b, Schain et al., 2014). Adult OPCs (or 

NG2+ glia) originate at least in part from subventricular zone (SVZ, (Menn et al., 2006) and are 

found in the brain at all life stages. Interestingly, white matter OPCs divide more actively than 

their grey matter counterparts and the OPC proliferation rate is brain region-dependent. For 

example, OPCs divide more actively in the corpus callosum than in the optic nerve (Young et al., 

2013). Intriguingly, a new report suggests that de novo myelination in the adult CNS can happen 

in response to persistent neuronal activity and thus may serve as an additional regulator of 

plasticity in learning and memory (de Hoz and Simons, 2015).  Depriving mice of social 

interaction in the third and fourth postnatal weeks results in significantly decreased cortical 

myelination (Makinodan et al., 2012). Of note, this type of activity-dependent myelination is 

mediated by NRG1-erBB3 signaling. Repeated optogenetic stimulation of cortical projection 

neurons leads to increased myelin thickness and OPC proliferation, although a direct causal 

relationship has not been established (Gibson et al., 2014). Interfering with OPC differentiation 

in the adult mouse CNS impedes on the animal’s ability to learn new motor tasks (McKenzie et 

al., 2014). These data corroborate imaging data indicating increased region-specific white matter 

volume in humans gaining proficiency in complex games and motor tasks such as juggling and 

playing piano (Bengtsson et al., 2005, Scholz et al., 2009, Lee et al., 2010). Intriguingly, a new 
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study examining incorporation of 14C in oligodendrocytes suggests a very limited OL turnover in 

the human corpus callosum that cannot account for the turnover of myelin itself (Yeung et al., 

2014). Furthermore, Yeung et al. established that in postmortem brain samples from individuals 

aged 0.2-92 years, the number of oligodendrocytes peaked at 5 years of age and then remained 

stable since. These data suggest a fascinating possibility that human and rodent adult myelination 

dynamics may be fundamentally different (Yeung et al., 2014). Given the drastic differences in 

human vs. rodent astrocytes (Oberheim et al., 2009), it is feasible that human myelinating OLs 

are more potent in their myelinating ability compared to murine and rat counterparts.  

In the event of a myelinating OL death or damage to the existing myelin sheath, OPCs 

generate new immature OLs to restore myelin. In the rodent CNS, existing myelinating OLs are 

incapable of “taking over” or repairing the lesion (Crawford et al., 2016a). Myelin formed in the 

adult CNS is thinner with shorter internodes, however, differential sodium channel clustering and 

expression presumably allows compensation for sub-optimal myelination and action potential 

propagates normally (Brill et al., 1977). Intriguingly, after demyelinating lesion in the cerebellar 

peduncle, “naked” axons make de novo synaptic contacts onto OPCs, and pharmacologic 

inhibition of OPC AMPAR and NMDAR impairs remyelination (Gautier et al., 2015).  

There is a substantial mechanistic overlap between myelination in the developing and 

adult CNS, however, there are some distinctions – notably, the OPC origin and their ability to 

proliferate and differentiate (Crawford et al., 2016b). In the adult brain, the majority of OPCs are 

dorsally derived, and in aged mice they display limited ability to differentiate and form mature 

myelin sheaths (Crawford et al., 2016b). In contrast, ventrally derived OPCs, despite their 

reduced presence in the aged brain, display a constant rate of differentiation. These data suggest 
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an interesting possibility of targeting differentially derived OPCs for potential therapeutic 

endeavors.  

Like most post-mitotic neural cell types, OLs are fragile and highly vulnerable to stroke, 

trauma, or inflammation. The most notorious human condition associated with damage to the 

myelin sheath is multiple sclerosis (MS), an autoimmune condition in which inflammatory 

response is directed towards the white matter. MS attacks vary in their severity and functional 

consequences, but can lead to devastating pathologies, such as impaired cognition, compromised 

motor and sensory functions, and blindness (Hauser et al., 2013). While some progress has been 

made in stalling MS episodes by pharmacological targeting of immune cells, very little can be 

currently done to restore myelin damage. The key strategy in repairing MS lesions is to enhance 

the ability of adult OPCs to differentiate and myelinate. Remarkable advances have been made in 

differentiating human OPCs either from pluripotent stem cells or differentiated cells such as 

fibroblasts by genetic reprogramming (Goldman, 2016). A combination of only 3 transcription 

factors  (Sox10, Olig2, and Zfp536) as reported by (Yang et al., 2013) is sufficient to reprogram 

rat fibroblasts into OPCs that are myelination-competent. Amazingly, human OPCs derived from 

reprogrammed cells are capable of successfully restoring myelin in shiverer hypomyelinated 

mutant mice (Wang et al., 2013). The most exciting application of this approach is high-

throughput drug screening of human OPC populations in search for small molecules capable of 

augmenting OL differentiation and myelination ex vivo. Najim et al. recently identified small 

molecules miconazole and clobetasol as potent enhancers of myelination in the CNS and 

remyelination after injury (Najm et al., 2015). While still a distant future, there is hope that 

otherwise incurable conditions such as congenital leukodystrophies may be corrected by an OPC 

transplant and/or pharmacological treatment (Osorio and Goldman, 2016).  
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In contrast to the CNS, peripheral nervous system is capable of efficient and successful 

regeneration after injury. Schwann cells themselves contribute extensively to PNS myelin and 

axonal repair. Schwann cells are capable of assuming an immature state with a dramatic change 

in their protein expression, and this de-differentiation greatly contributes to the efficiency of PNS 

lesion repair. Schwann cells actively participate in axonal regeneration and clearance of myelin 

debris via phagocytosis and autophagy (Woodhoo and Sommer, 2008).  

 

1.8 Intracellular trafficking and myelination 

Myelinating glia are highly polarized cells with distinct membrane compartments that 

resemble apical and basolateral organization of epithelial cells (Masaki, 2012). Different 

components of myelin sheath are trafficked via distinct routes depending on their final 

destination. Given the massive and rapid membrane expansion that myelinating cells must 

undergo in order to generate compact myelin, intracellular transport is critical for their proper 

function. In addition, bidirectional axo-glial interaction in myelination requires neurons to 

communicate in a timely manner whether or not their axons are to be myelinated. Given the 

tremendous distance between distal axonal compartments and neuronal soma, properly 

functioning neuronal intracellular transport plays an important role in myelin formation. Here we 

review some of the core concepts of endolysosomal trafficking and what is currently known 

about its role in myelin formation and maintenance.  

 

Endolysosomal axis of the intracellular trafficking pathway 

Intracellular trafficking is a conserved process that operates in all eukaryotic cells. In 

highly simplified terms, trafficking encompasses the secretory pathway, wherein cargo is 
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synthesized in the endoplasmic reticulum (ER) and is subsequently released at the plasma 

membrane, and endocytic pathway, where the material is endocytosed at the plasma membrane 

and either transported for degradation or recycled back (with or without additional modifications, 

Figure 1.3). Each trafficking organelle is characterized by its own set of functional markers, 

notably N-ethylmaleimide-sensitive factor attachment protein receptor complex (SNARE), Ras-

associated binding proteins (Rab GTPases), ADP ribosylation factor (Arf) GTPases, and 

phosphoinositides (PIPs). These dynamic markers define the identity of the organelle at a given 

time and mediate cargo progression.  PIP function and synthesis are described in greater detail 

below. Early endosomes (EE) are the principal sorting stations of the endocytic pathway, as they 

receive cargo endocytosed from the plasma membrane. EEs have distinct tubo-vesicular 

subdomains that harbor sites of efficient cargo sorting to either late endosome/lysosome, 

retrograde Golgi transport, or recycling endosome. Hallmark EE proteins are Rab5 GTPase and 

Rab5 effector early endosome antigen 1 (EEA1). Cargo destined for recycling is transferred to 

recycling endosomes where it is transported back to the plasma membrane. As the EE 

differentiates into late endosome or multivesicular body (LE, MVB), it undergoes a switch from 

Rab5 to Rab7 GTPases and lumenal acidification. LE is responsible for hydrolysis of cargo and 

its delivery to lysosome, as well as transfer of materials necessary for lysosomal maintenance. 

Hybrid endosome-lysosome structures are referred to as endolysosomes (Huotari and Helenius, 

2011). Lysosomal hallmark proteins are lysosomal associated membrane proteins (LAMPs) and 

various hydrolases. Lysosomes also fuse with autophagosomes which are responsible for 

delivering organelle content (Lodish, 2008). Interestingly, emerging evidence suggests that late 

endosome-lysosomal (LE/Lys) stage of membrane transport has a much more complicated role 

in cellular homeostasis than simply cargo recycling and disposal. The discovery of a lysosomal 
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gene network (Coordinated Lysosomal Expression and Regulation or CLEAR) and its master 

regulator transcription factor EB (TFEB) identified the late endosome/lysosome (LE/Lys) 

compartment of the endolysosomal axis as a crucial hub of cellular nutrient sensing and 

transcriptional feedback regulation (Sardiello et al., 2009, Settembre et al., 2011). Furthermore, 

materials trafficked to the lysosome were previously considered destined exclusively for 

disposal, however, there is evidence suggesting that multiple proteins can be stored and released 

from lysosomes in a regulated fashion (Blott and Griffiths, 2002) (Figure 1.3). 

 

 

Figure 1.3 Endolysosomal trafficking. An overview of the endolysosomal trafficking pathway 
and some of its hallmark regulators. Modified with permission from (Huotari and Helenius, 
2011) and  (McCartney et al., 2014a). 
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Phosphoinositides in intracellular transport 

Given the continuous nature of intracellular trafficking and the necessity for accurate 

transition of cargo to and from the appropriate organelles, a rapidly adaptive signaling system 

regulating the effector protein network is essential. Several species of signaling 

phosphoinositides (PIPs) are well-defined regulators of intracellular transport. PIPs are 

phosphorylated forms of phosphatidylinositol (PI), and there are seven known PIP species in 

mammalian cells. In particular, PI3P and PI(3,5)P2  regulate distinct stages of endolysosomal 

trafficking. PI3P an abundant PIP involved in a multitude of intracellular processes. It is 

generated from PI by a 3-Kinase Vsp34 and is localized to early endosomes and MVB vesicles 

(Gillooly et al., 2000, Gillooly et al., 2001). PI3P is dephosphorylated by several 3-phosphatases 

of myotubularin family (MTM1). PI3P interacts with multiple EE proteins, in particular 

indirectly with EE proteins Rab5 and EEA1. PI3P regulates nutrient sensing and autophagy, 

among other processes (Bridges et al., 2012). 

PI(3,5)P2 was discovered relatively recently due to its extremely low abundance in cells 

under basal conditions (Dove et al., 1997). Nonetheless, it is a critically important PIP for a 

multitude of cellular processes. Recent freeze-fracture analysis confirmed alleged PI(3,5)P2 

localization to early endosome vesicular compartment (Takatori and Fujimoto, 2016). PI(3,5)P2 

is actively involved in nutrient sensing and osmotic shock regulation in yeast, regulates fission in 

the LE/Lys compartment, autophagy, MVB formation, and transport to the trans-Golgi network  

(Zolov et al., 2012, McCartney et al., 2014a, Jin et al., 2016). PI(3,5)P2 binds to and activates 

multiple proteins, including Raptor, S6K, Ca2+ channel TRMPL1 (Mucolipin 1), and two-pore 

TPC channels (Dong et al., 2010, Bridges et al., 2012, Shen et al., 2012, Wang et al., 2012, Jin et 

al., 2014). PI(3,5)P2 is generated continuously from its much more abundant precursor PI3P by a 
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unique macromolecular complex consisting of the 5-kinase PIKFYVE, 5-phosphatase factor 

induced gene 4 (FIG4), and a scaffold VAC14 (Figure 1.4). PIKFYVE (or FAB1) is a large 

protein bearing a FYVE domain that is involved in endolysosomal dynamics. PIKFYVE is 

responsible for generation of all PI(3,5)P2, although confirming so is problematic due to low 

PI(3,5)P2  abundance (Zolov et al., 2012). PIKFYVE is absolutely essential for normal cell 

functions, and Pikfyve germline mouse mutants die at the pre-implantation stage at E3.5 due to 

impaired DNA synthesis (Ikonomov et al., 2011). PIKFFYVE activity can be modulated 

pharmacologically with small molecule inhibitors YM201636 and apilimod (Zhang et al., 2012, 

McCartney et al., 2014b). Bath application of either inhibitor in nanomolar - low micromolar 

range results in rapid decrease of PI(3,5)P2 levels and subsequent accumulation of enlarged 

LE/Lys organelles in cells (Jefferies et al., 2008, Ikonomov et al., 2009, Cai et al., 2013), 

Chapter II). VAC14 is a scaffold protein consisting mostly of HEAT repeats and it interacts with 

and stabilizes PIKFYVE and FIG4. Loss of Vac14 results in perinatal lethality of mouse mutants 

(Jin et al., 2008, Zhang et al., 2007). The missense Vac14 mutation L156G (infantile gliosis or 

ingls) destabilizes the VAC14-PIKFYVE interaction and, depending on genetic background, 

results in either perinatal lethality of mutant mice, or limited lifespan associated with severe 

multi-organ defects (Jin et al., 2008).  On a cellular level, loss of Vac14 also results in 

accumulation of enlarged vesicles positive for LE/Lys markers LAMP1 and Rab7. VAC14 

interacts with Rab5 and Rab7 suggesting its other functions besides the PI(3,5)P2 biosynthetic 

complex (Jin et al., 2008). A new study identified human Vac14 mutation, ….FIG4/SAC3 is a 5-

phosophatase that removes the 5-phosphate on PI(3,5)P2, thus regulating the turnover of PI3P 

and PI(3,5)P2. Paradoxically, genetic Fig4 inactivation results in decreased levels of PI(3,5)P2, 

due to the role of FIG4 in stabilizing and activating PIKFYVE (Botelho et al., 2008).  
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Figure 1.4 The PI(3,5)P2 biosynthetic complex in health and disease. (A) Rapid and persistent 
interconversion of PI3P and PI(3,5)P2 signaling PIPs is executed by a macromolecular complex 
including 5-kinase PIKFYVE, 5-phosphatase FIG4, and a scaffold VAC14. The complex is 
putatively localized to the early endosome membranes, however, there is evidence of its 
association with late endosomes and lysosomes (Zhang et al., 2012). (B) Reduced PI(3,5)P2 
levels due to impaired function of its biosynthetic complex leads to accumulation of LE/Lys 
material in the cell, which is deleterious to its health. Modified with permission from (Huotari 
and Helenius, 2011) and (McCartney et al., 2014a).  

 

In culture, Fig4-/- cells, including neural cell types, accumulate enlarged LAMP1 vesicles, 

and this defect can be rescued by overexpression of WT-Fig4. Fig4 germline mutant mice 

present with a complex pathological phenotype, including impaired gait, fur discoloration, 

skeletal, spleen, heart, and neurological abnormalities.  Notably, Fig4-deficient CNS and PNS 

show a striking region-specific spongiform-like neurodegeneration. Lifespan of Fig4-/- mice is 

greatly reduced, and depending on genetic background they survive up to 6 weeks postnatally 
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(Chow et al., 2007). Fig4 loss of function in Drosophila similarly leads to neurological defects 

(Kyotani et al., 2016).  Intriguingly, transgenically overexpressing Fig4 in neurons using neuron-

specific enolase promoter (NSE-Fig4) on otherwise null Fig4 background in mice rescues the 

majority of pathological manifestations associated with Fig4 loss of function in vivo (Winters et 

al., 2011, Ferguson et al., 2012b).  These data suggest the critical importance of properly 

functioning FIG4 in neurons. When FIG4 is rendered catalytically dead and expressed under the 

same NSE promoter, some, but not all Fig4-/--associated defects are rescued, suggesting the 

importance of both catalytic and non-catalytic FIG4 functions in neurons (Lenk et al., 2016a). 

Similar observations were made in a Drosophila model of FIG4 catalytic inactivity, indicating its 

highly conserved function (Bharadwaj et al., 2016).  

FIG4 is a human disease gene that is associated with several autosomal-recessive 

disorders. Most notably, mutations in FIG4 cause Charcot Marie-Tooth Disease Type 4J 

(CMT4J) – a devastating variant of CMT peripheral neuropathy that leads to wheelchair 

dependence in human patients (Chow et al., 2007, Zhang et al., 2008, Nicholson et al., 2011, 

Menezes et al., 2014). CMT4J patients are compound heterozygotes, with one null allele and 

another carrying a missense I41T mutation that destabilizes FIG4 but does not disrupt its 

catalytic activity (Lenk et al., 2011). Interestingly, human CMT4J patients are cognitively 

neurotypical and present with no CNS abnormalities. In mouse models, I41T overexpression on 

a null Fig4 background rescues pathological phenotypes in a dose-dependent manner, indicating 

that the I41T mutation does not disrupt FIG4 function entirely.  I41T is not the only FIG4 

mutation associated with CMT-like neuropathy (Nicholson et al., 2011), as other Fig4 mutations 

have been reported in CMT patients, with a highly variable age of onset and severity of disease. 

A D783V mutation in the FIG4 C-terminal domain results in polymycrogyria with epilepsy, with 
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limited PNS pathology (Baulac et al., 2014).  A characterized family had 6 affected siblings, 

with severe anatomical defects of the cerebral cortex and epileptic and neuropsychiatric disorder 

manifestations.  Interestingly, unlike I41T-Fig4, D783V-Fig4 is not able to substantially rescue 

the vacuolation phenotype in cultured Fig4-/- fibroblasts, suggesting it as a more deleterious 

mutation.  A complete loss of FIG4 function due to two loss-of-function mutations is the genetic 

cause of Yunis-Varon (YVS) syndrome, an extremely severe congenital disorder. YVS patients 

present with gross skeletal abnormalities, profound neurodegeneration, and early death 

(Campeau et al., 2013). To this date, YVS is the most severe disorder associated with impaired 

phosphoinositide biosynthesis, underscoring the crucial importance of PIP homeostasis for 

normal physiology. Furthermore, a new study identified VAC14 as another human disease gene, 

providing further evidence for the necessity of PI(3,5)P2 for normal health (Lenk et al., 2016b). 

 

Building white matter: trafficking of myelin blocks in myelinating oligodendrcoytes  

Myelin-associated proteins are generated and distributed via distinct routes of the 

endolysosomal axis (Winterstein et al., 2008) (Figure 1.5).  PLP, MAG, and MOG are 

transported to the plasma membrane where they are subsequently endocytosed via the clathrin-

dependent (MAG and MOG) and independent (PLP) pathways. While MAG and PLP are 

transiently accumulated in the LE/Lys compartment of the OL cell body and processes, MOG is 

trafficked to the plasma membrane via a recycling endosome. It is possible that these distinct 

trafficking routes permit a more efficient deposit of myelin proteins to their final destinations – 

PLP in compact myelin, MAG in paranodal loops and MOG at the outer myelin leaflets. PLP 

transport has been characterized extensively due to the abundance of this protein in compact 

myelin and pathological conditions associated with mislocalized PLP in developing OLs. 
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Intriguingly, PLP can be stored in the LE/Lys compartment of cultured primary OLs and Oli-neu 

cell line under standard OL culture conditions (Trajkovic et al., 2006).  However, in the OL-

neuron co-cultures or in the presence of neuronal medium, PLP is released from LE/Lys storage 

is transported to the apical membrane (more on that in Chapters II and IV).  

 

 

 

Figure 1.5 Distinct trafficking fates of myelin building blocks. (A) Myelinating 
oligodendrocyte. (B) Distnict trafficking fates of myelin-associated proteins at the plasma 
membrane and their ultimate destination at the myelin sheath (C). Modified with permission 
from (White and Kramer-Albers, 2014). 
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Neuronal intracellular transport and myelin regulation 

Intracellular trafficking is heavily utilized in neurons due to their polarized organization 

and considerable distance between neuronal compartments. Several recent studies indicate a 

potential functional relationship between neuronal vesicular release and OL myelination. 

Mentsch et al. demonstrated that selectively silencing axons by blocking VAMP2 vesicular 

release results in shortened internode and preferential selection by OLs for axons with normal 

vesicular function (Mensch et al., 2015). These data indicate the necessity of synaptic exocytosis 

for stabilization of nascent myelination. In contrast, Wake et al. demonstrated in mammalian 

DRG/OL co-culture that myelination is influenced by vesicular release from axons that is not 

synaptic but takes place along the length of the axon. The actual cargo content of vesicular 

exchange between neurons and OPCs/OLs remains to be established. However, all studies 

underscore the importance of vesicular transport in neurons for myelin formation.  There is a 

great spike of interest in exosomal mediated cell-cell interaction (Chivet et al., 2012). Exosomes 

are small secretory vesicles that originate in multivesicular bodies and can deliver various forms 

of cargo from one cell to another, including RNA, proteins, and lipids. In neurons, exosomal 

release is involved in synaptic plasticity (Lachenal et al., 2011, Chivet et al., 2012). De-

differentiated Schwann cells secrete exosomes that enhance PNS axonal regeneration after injury 

(Lopez-Verrilli et al., 2013). Oligodendrocytes release PLP and CNPase via exosomes (Kramer-

Albers et al., 2007) and can cell-autonomously inhibit myelination via exosomal communication 

(Bakhti et al., 2011).  A recent study showed that neuronal activity leads to Ca2+ entry through 

AMPA and NMDA receptors on OPCs that triggers exosomal release. (Fruhbeis et al., 2012, 

Fruhbeis et al., 2013). Exosomes are then taken up by neurons, and that uptake exudes beneficial 

effect on neuronal health under stress conditions, indicating this pathway as a regulator of 
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axoglial support. It would be of great interest to examine whether impaired exosomal release in 

neurons influences myelination in the CNS.  

 

Disorders of trafficking and myelination 

Impaired endolysosomal trafficking is an underlying cause of multiple conditions 

associated with CNS and PNS hypomyelination in human patients and animal models. As 

mentioned above, mistrafficking of PLP results in hypomyelination disorders in human patients 

and mouse models. PLP1 gene duplication in PMD causes accumulation of PLP in the LE/Lys 

compartment, which leads to abnormal cholesterol aggregation and misrouting of cerebosides 

(Simons et al., 2002). Such fundamental impairment of lipid raft assembly and lipid-protein 

targeting to myelination sites downregulates cholesterol synthesis, causes severe defects in white 

matter formation, and can lead to oligodendrocyte death. Intriguingly, dietary supply of 

cholesterol to PMD mice promotes myelin synthesis and alleviates axonal damage and motor 

defects (Saher et al., 2012).  

Impaired cholesterol trafficking underlies Niemann Pick Disease (NPC), a devastating 

leukodystrophy with intracellular lipid accumulation and severely impaired myelin. NPC1 is a 

LE/Lys membrane protein that serves as a critical regulator of cholesterol efflux in the LE/Lys 

compartment. Intriguingly, Npc1 conditional deletion in both neurons and oligodendrocytes in 

mice results in a CNS hypomyelination phenotype (Yu and Lieberman, 2013). Yu et al. 

suggested that absence of NPC1 results in impaired Fyn kinase activity as evidenced by its 

reduced phosphorylation in the brain tissue of conditional mutants. Fyn kinase localizes to 

cholesterol-rich lipid rafts, providing a potential functional link between NPC1 LOF and Fyn 

kinase perturbed activity, however a direct mechanistic relationship is yet to be established. Tet-
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inducible transgenic WT-Npc1 overexpression under Eno2 (NSE) promoter rescues 

hypomyelination in Npc1-/- mice (Lopez et al., 2011), suggesting a non-cell autonomous 

regulation of NPC1-dependent myelination, most likely due to the regulation of cholesterol 

supply and demand.  However, a complementary experiment of overexpressing Npc1 in the OLs 

is yet to be performed, and overexpressing Npc1 in GFAP+ astrocytes does not correct any 

pathology in Npc1 germline knockouts.   

Interestingly, Fig4 mutant mice, along with the previously described neurological 

phenotypes, present with severe CNS and PNS hypomyelination (Winters et al., 2011). 

Strikingly, transgenically overexpressing Fig4 in neurons rescues hypomyelination phenotype 

observed in the global knockout, suggesting a non-cell-autonomous contribution of neuronal 

FIG4 to myelination. However, catalytically dead Fig4 overexpression does not rescue 

hypomyelination to the extent of the WT-Fig4 (Lenk et al., 2016a) suggesting that dynamic 

PI(3,5)P2 biosynthesis is necessary for myelination. MRI in infants with Yunis-Varon syndrome 

revealed corpus callosum thinning, indicating impaired CNS myelination as a consequence of 

FIG4 loss of function in humans (Campeau et al., 2013). The role of PI(3,5)P2 in CNS 

myelination is the central focus Chapters II and III. Human patients for CMT4J do not present 

with CNS hypomyelination, however, their PNS shows myelin defects. PNS conditional Fig4 

deletion demonstrates that deleting Fig4 specifically in motor neurons (Fig4-/flox,HB9Cre mice) 

results in neurodegeneration and mild hypomyelination. Condtional Fig4 ablation in Schwann 

cells also leads to hypomyelination that worsens with age (Fig4-/flox,P0Cre mice,  (Vaccari et al., 

2015).  

 Mutations in human TRPML1 (MCOLN1) cause mucolipidosis IV, a lysosomal storage 

disorder with severe white matter pathology (Grishchuk et al., 2014).  As TRPML is a cation 
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channel localized to the LE/Lys and activated by PI(3,5)P2 (Dong et al., 2010), there may be an 

intriguing mechanistic link between impaired PI(3,5)P2 biosynthesis, faulty intracellular 

transport, and myelination defects.  

 

1.9 Outstanding questions on myelination  

Substantial advances in imaging and biotechnology resulted in great progress towards 

understanding myelin function in health and disease. Isolating and culturing primary 

oligodendrocytes provided critical insights into the OL lineage dynamics.  Recent advances in 

mouse genetics and live imaging permit myelin observation in the intact brain over extended 

periods of time (Hughes et al., 2013, Schain et al., 2014). For example, Spectral Confocal 

Reflectance microscopy (SCoRe) takes advantage of reflective properties of compact myelin and 

allows imaging white matter in vivo and fixed human brain specimen with no additional 

manipulation (Schain et al., 2014). Increasing sophistication in three-dimensional rendering of 

TEM data permits examining myelin sheaths in much greater detail and has already resulted in 

unexpected discoveries. For example, recent evidence demonstrated that in the cerebral cortex, 

myelination does not abide by a standard pattern of evenly spaced internodes. Instead, there are 

fairly long stretches of unmyelinated axons that presumably permit a more efficient lateral axon-

axon communication (Tomassy et al., 2014). It is completely unknown what mechanisms can be 

dictating such myelin distribution.  Along with techniques that allow monitoring myelin and the 

OL lineage in a living brain, multiple advances have been made in establishing methods towards 

dissecting mechanistic aspects of neuron-glia interaction. It is now possible to genetically 

manipulate electrophysiological aspects of OPCs/neuron interaction (De Biase and Bergles, 
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2011), interrupt myelin protein synthesis in the adult CNS  (Koenning et al., 2012), monitor de 

novo MBP production in vitro, and measure calcium signaling in OPCs/OLs  (Wake et al., 2015).   

Multiple exciting questions remain. The dynamics of the OL lineage in developing and adult 

brain are still very poorly understood. Experiments targeting exosomal neuron-OL interaction 

bear enormous potential for gaining insights into molecular mechanisms of myelination. 

Activity-dependent aspects of myelination are just starting to get elucidated. The contribution of 

myelin dynamics to synaptic integration and neuronal plasticity is an exciting novel topic. 

Establishing critical differences between human and rodent OL lineage will bear profound 

consequences for treatment of myelin disorders. Myelin does constitute half of the human brain, 

and therefore our deeper understanding of its function in health and disease is the key to the most 

important question of them all  - how does brain really work?  
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CHAPTER II: 

PI(3,5)P2 Biosynthesis Regulates Oligodendrocyte Differentiation  

by Intrinsic and Extrinsic Mechanisms 

 

2.1 Abstract 
Proper development of the CNS axon-glia unit requires bi-directional communication 

between axons and oligodendrocytes (OLs).  We show that the signaling lipid 

phosphatidylinositol-3,5-bisphosphate [PI(3,5)P2] is required in neurons and in OLs for normal 

CNS myelination.  In mice, mutations of Fig4, Pikfyve or Vac14, encoding key components of 

the PI(3,5)P2 biosynthetic complex, each lead to impaired OL maturation, severe CNS 

hypomyelination and delayed propagation of compound action potentials.    Primary OLs 

deficient in Fig4 accumulate large LAMP1+ and Rab7+ vesicular structures and exhibit reduced 

membrane sheet expansion.   PI(3,5)P2 deficiency leads to accumulation of myelin-associated 

glycoprotein (MAG) in LAMP1+ perinuclear vesicles that fail to migrate to the nascent myelin 

sheet.  Live-cell imaging of OLs after genetic or pharmacological inhibition of PI(3,5)P2 

synthesis revealed impaired trafficking of plasma membrane-derived MAG through the 

endolysosomal system in primary cells and brain tissue.  Collectively, our studies identify 

PI(3,5)P2 as a key regulator of myelin membrane trafficking and myelinogenesis.  
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2.2 Introduction  

In the vertebrate CNS, the majority of long axons is myelinated.  Myelin greatly increases 

the conduction velocity of action potentials and provides metabolic support for axons.  

Bidirectional axo-glial signaling is critical for nervous system myelination and fiber stability 

(Nave and Trapp, 2008, Simons and Lyons, 2013).  Myelin development is regulated by 

oligodendrocyte (OL) intrinsic mechanisms (Zuchero and Barres, 2013),  astrocyte secreted 

factors (Ishibashi et al., 2006), neuronal electrical activity (Barres and Raff, 1993, Ishibashi et 

al., 2006) and axon derived chemical signals (Coman et al., 2005, Ohno et al., 2009, Winters et 

al., 2011, Yao et al., 2014). Disorders associated with defective CNS white matter range from 

multiple sclerosis and inherited leukodystrophies to psychiatric disorders (Fields, 2008, 

Makinodan et al., 2012, Perlman and Mar, 2012).   

FIG4 is an evolutionarily conserved lipid phosphatase that removes the 5’ phosphate 

group from phosphatidylinositol(3,5)bisphosphate [PI(3,5)P2] to produce PI(3)P.  Together with 

its antagonistic kinase PIKFYVE and the scaffold protein VAC14, FIG4 forms an enzyme 

complex that regulates the interconversion of PI(3)P and PI(3,5)P2 on membranes of the late 

endosomal/ lysosomal (LE/Lys) compartment (Jin et al., 2008, McCartney et al., 2014a).  In 

addition to its 5’-phosphatase activity, FIG4 function is required to stabilize the enzyme 

complex.  PI(3,5)P2 directly regulates the lysosomal cation channels TRPML1, TPC1 and TPC2 

(Dong et al., 2010, Wang et al., 2012, Wang et al., 2014).  Reduced activity of these lysosomal 

channels and the resulting osmotic enlargement of the LE/Lys may underlie vacuolization in 

Fig4 null cells (Lenk and Meisler, 2014).  Consistent with this model, overexpression of 

TRPML1 in Vac14 and Fig4 mutant cells appears to rescues vacuolization (Dong et al., 2010, 

Zou et al., 2015).  In Drosophila, loss of TRPML1 generates a muscle vacuolization phenotype 

reminiscent of FIG4 deficiency (Bharadwaj et al., 2016).   
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FIG4 deficiency is particularly harmful for neural cells with elaborate morphologies, 

including projection neurons and myelinating glia.  Mutations of human FIG4 result in 

neurological disorders including Charcot-Marie-Tooth type 4J, a severe form of peripheral 

neuropathy (Chow et al., 2007, Nicholson et al., 2011), polymicrogyria with epilepsy (Baulac et 

al., 2014), and Yunis-Varon syndrome (Campeau et al., 2013).  Mice null for Fig4 exhibit severe 

tremor, brain region-specific spongiform degeneration, hypomyelination, and juvenile lethality 

(Chow et al., 2007, Ferguson et al., 2009, Winters et al., 2011).   We previously demonstrated 

that a Fig4 transgene driven by the neuron-specific enolase (NSE) promoter rescued juvenile 

lethality and neurodegeneration in global Fig4 null mice, and that these phenotypes were not 

rescued by an astrocyte-specific Fig4 transgene (Ferguson et al., 2012b).  The neuron-specific 

transgene also rescued conduction in peripheral nerves (Ferguson et al., 2012b) and structural 

defects in CNS myelination (Winters et al., 2011).  Conversely, inactivation of Fig4 specifically 

in neurons resulted in region-specific neurodegeneration (Ferguson et al., 2012b).   

The cellular and molecular mechanisms relating loss of Fig4 to hypomyelination are 

poorly understood. To further characterize the requirement of PI(3,5)P2 for CNS myelination,  

we manipulated individual components of the PI(3,5)P2 biosynthetic complex.  Pikfyve and 

Vac14 global null mice die prematurely, before the onset of CNS myelination (Zhang et al., 

2007, Ikonomov et al., 2011).   To circumvent this limitation, we employed a combination of 

conditional null alleles and hypomorphic alleles in the mouse.  Our study shows that multiple 

strategies to perturb the FIG4/PIKFYVE/VAC14 enzyme complex, and by extension the lipid 

product PI(3,5)P2, result in the common endpoints of arrested OL differentiation, impaired 

myelin protein trafficking through the LE/Lys compartment, and severe CNS hypomyelination.  

We demonstrate that these defects in myelin biogenesis are functionally relevant and result in 

faulty conduction of electrical impulses.     
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2.3 Results 

Conditional ablation of Fig4 in neurons or the OL lineage results in CNS hypomyelination   

In the early postnatal brain, Fig4 is broadly expressed and enriched in oligodendrocyte 

progenitor cells (OPCs) and newly formed OLs (NFOs) (Zhang et al., 2014).  Mice in which 

exon 4 of the Fig4 gene is flanked by loxP sites (Ferguson et al., 2012b) were used to generate 

Fig4-/flox,SynCre and  Fig4-/flox,Olig2Cre mice deficient for Fig4 in neurons or OLs, respectively.   

Myelin development in these conditional mutants, as well as the Fig4 global mutant (Fig4-/-) and 

control mice (Fig4+/+ and Fig4flox/+), was analyzed by Fluoromyelin Green labeling (Figure 2.1).  

In control brains, the corpus callosum and internal capsule were prominently labeled (Figure 

2.1A and 1A’).  Staining of these structures was weaker in Fig4-/flox,SynCre brains and further 

reduced in Fig4-/flox,Olig2Cre and Fig4-/- brains (Figure 2.1B-1D’).  For a quantitative 

comparison of the myelination defects, whole brain membranes were prepared from P21 pups 

and analyzed by immunoblotting with antibodies specific for the myelin markers myelin-

associated glycoprotein (MAG), 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNPase), 

proteolipid protein (PLP), and myelin basic protein (MBP) (Figure 2.1E).  Compared to Fig4+/+ 

membranes, a significant reduction in myelin proteins was evident in Fig4-/- mice, Fig4-

/flox,SynCre mice and Fig4-/flox,Olig2Cre mice (Figure 2.1F -1I).   The finding that the neuronal 

marker classIII β-tubulin is not significantly decreased in any of these mice indicates that the 

decrease in CNS myelin is not secondary to neuronal loss.   While the Olig2 promoter is highly 

active in the OL lineage, activity has also been reported in astrocytes and a subset of neurons 

(Dessaud et al., 2007, Zhang et al., 2014).  To independently assess the role of Fig4 in the OL 

lineage, we generated Fig4-/flox,PdgfraCreER mice that permit tamoxifen inducible gene ablation.  

At postnatal-days (P)5 and 6, before the onset of CNS myelination, Fig4-/flox,PdgfraCreER  pups 



53	
	

were injected with 4-hydroxytamoxifen and brains were analyzed at P20-P21.  Inducible ablation 

of Fig4 in the OL-linage resulted in reduced expression of the myelin proteins CNPase, MAG, 

and MBP, as assessed by Western blot analysis  (Figure 2.2A-2B’) as well as myelin loss in 

forebrain structures and cerebellar white matter (Figure 2.2C-2D’).  Fewer Plp1+ OLs were 

present in optic nerve sections of Fig4-/flox,PdgfraCreER  mice (Figure 2.2E and 2E’).  Together, 

these studies indicate that proper CNS myelination is dependent upon OL cell-autonomous 

(intrinsic) functions of Fig4, in addition to non-OL-autonomous (extrinsic) functions of Fig4 

provided by neurons. 

  As previously described, Fig4-/flox,SynCre mice exhibit impaired movement and region-

specific vacuolization and neurodegeneration  (Figure 2.3A”, 2.3B”, 2.3C”, 2.3D”) (Ferguson et 

al., 2012b).  In contrast, Fig4-/flox,Olig2Cre mice exhibit very mild vacuolization in brain (Figure 

2.3A’’’, 2.3B’’’, 2.3C’’’, 2.3D’’’).  Consistent with the known expression of the Olig2 promoter 

in motor neurons (Mizuguchi et al., 2001) ventral spinal cord of Fig4-/flox,Olig2Cre mice shows 

extensive vacuolization (Figure 2.3D’’’), similar to Fig4-/flox, Mnx1Cre (otherwise referred to as 

Fig4-/flox,Hb9Cre) mice (Figure 2.3E) (Vaccari et al., 2015).  Analysis of Fig4-/flox,Hb9Cre spinal 

cord identified enlarged vacuoles within motoneuron axons, greatly extending their diameter and 

pushing the axoplasm into a thin peripheral rim near the plasma membrane (Figure 2.3F).  In 

contrast to the movement disability and reduced survival of Fig4-/flox,SynCre mice (Ferguson et 

al., 2012b), the movement of Fig4-/flox,Olig2Cre mice  is normal and no premature death was 

observed, with the oldest now surviving beyond 14 months of age (Figure 2.3G).   There are no 

obvious defects in mobility of littermate controls and Fig4-/flox,Olig2Cre conditional mutant mice 

at P23, as demonstrated in the  Videos  1 and 2.  
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Fig4 deficiency in neurons or OLs leads to developmental dysmyelination of the optic nerve    

Analysis of P21 retina revealed the presence of numerous vacuoles in the inner retina of 

Fig4-/flox,SynCre mice  but no defects in overall morphology or stratification (Figure 2.4A’).   No 

vacuoles were detected in the Fig4-/flox,Olig2Cre retina (Figure 2.4A’’).  For ultrastructural 

analysis, optic nerves of Fig4 conditional knock-out mice were processed for transmission 

electron microscopy (TEM).  In P21 Fig4 control mice (retaining at least one intact allele of 

Fig4), the fraction of myelinated axons in the optic nerve is 79± 2%.  In optic nerves of Fig4-

/flox,SynCre mice, only 9± 3% of axons are myelinated and in Fig4-/flox,Olig2Cre mice only 12± 

1% of axons are myelinated (Figure 2.4B-B’’ and 2.4D).   To assess myelin health, we 

determined the g-ratio (the ratio of the inner axonal diameter to the total fiber diameter) of 

myelinated axons in the optic nerve of Fig4 control and conditional mutants.  Compared to 

control mice, a small but significant increase in g-ratio was observed in Fig4-/flox,SynCre and 

Fig4-/flox,Olig2Cre mice, an indication of myelin thinning (Figure 2.4E).  To determine whether 

the optic nerve hypomyelination at P21 reflects a transient delay in myelin development, rather 

than a lasting defect, we repeated the analysis with adult mice.  Similar to P21 optic nerves, 

ultrastructural analysis of both types of adult optic nerves revealed profound hypomyelination 

(Figure 2.4C-C’’).  At P60-75, 92± 2% of axons are myelinated in Fig4 control nerves.  This is 

reduced to 16± 4% in Fig4-/flox,SynCre  mice and 12± 2% in Fig4-/flox,Olig2Cre  mice (Figure 

2.4F).  It is noteworthy that conditional ablation of Fig4 either in neurons or OLs leads to 

preferential absence of myelin sheaths on small and intermediate caliber axons, while many large 

caliber axons undergo myelination (Figure 2.4B’, 2.4B”, 2.4C’ and 2.4C”).   

Few axons in the optic nerve of adult Fig4-/flox,SynCre mice showed signs of degeneration 

(Figure 2.4C’).  No evidence for axonal degeneration was observed in Fig4-/flox,Olig2Cre optic 
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nerves. CNS hypomyelination in Fig4-/flox,Olig2Cre mice was still present at P150,  the oldest 

time point examined by TEM (data not shown). Thus, the optic nerve hypomyelination observed 

at P21 is not transient in nature but persists into adulthood.  We conclude that selective ablation 

of Fig4 either in neurons or in the OL lineage leads to profound CNS dysmyelination.  

 

Conditional ablation of Fig4 in neurons or the OL lineage impairs nerve conduction  

To determine whether the morphological defects in CNS myelin of Fig4 conditional 

mutants result in functional deficits, we performed electrophysiological recordings.  We 

measured the conduction velocity and amplitude of compound action potentials (CAPs) in optic 

nerves acutely isolated from P21 mice.    Global deletion of Fig4 (Fig4-/-) results in a dramatic 

reduction in a population of fast conducting fibers and a corresponding increase in the proportion 

of slowly conducting fibers (Figure 2.5A, 2.5B, 2.5E) (Winters et al., 2011). The average 

velocity of the largest peak in Fig4 control nerves carrying at least one intact allele of Fig4 is 

1.9± 0.1 m/s but in Fig4-/- nerves this is reduced to 0.7± 0.2 m/s.  A similar CAP redistribution 

was observed in optic nerves prepared from Fig4-/flox,SynCre mice (0.7± 0.1 m/s) and Fig4-

/flox,Olig2Cre mice (0.6± 0.03 m/s) (Figure 2.5C, 2.5D, 2.5E).  Thus, consistent with biochemical 

and morphological analyses (Figure 2.1 and 2.4), loss of Fig4 in neurons or in the OL-lineage 

results in slowed nerve conduction. 

 

Reduced number of mature OLs in Fig4-/flox,Olig2Cre and Fig4-/flox,SynCre  optic nerves 

To assess the cellular basis of the CNS hypomyelination phenotype, we stained optic 

nerve cross sections from Fig4 conditional mutants for markers in the OL lineage.  Compared to 

Fig4 control optic nerves, the diameter of nerves from P21 Fig4-/flox,SynCre  and Fig4-
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/flox,Olig2Cre mice were each reduced by 20%.  The density of NG2+ progenitor cells in optic 

nerve tissue sections is comparable among the three genotypes (Figure 2.6A-2.6A’’ and 2.6D). 

The density of Olig2+ cells, a marker that labels immature and mature OLs, is reduced, as is 

labeling of Plp1, a mature OL marker (Figure 2.6B-2.6B’’, 2.6C-2.6C’’, 2.6E and 2.6F).  These 

studies indicate that OPCs are present at normal density and tissue distribution in the Fig4 

conditional null optic nerves, but they fail to generate the normal population of mature myelin-

forming OLs. 

 

Loss of Fig4 attenuates OL differentiation in vitro  

For a more detailed analysis of the OL lineage, we isolated primary OPCs from P6-P14 

Fig4 pups by anti-PDGFRα immunopanning (Emery and Dugas, 2013).  Yields of OPCs per 

brain did not differ between control and Fig4-deficient mice (data not shown).   OPCs were 

cultured for two days in vitro (DIV2) under proliferating conditions, fixed and analyzed by 

double-immunofluorescence staining of Ki67 and PDGFRα.  The density of Ki67+/PDGFRα+ 

cells in Fig4+/+ and Fig4-/- cultures is very similar (Figure 2.8A-B).   After culture under standard 

differentiation conditions for 4 days, absence of PDGF and presence of triiodothyronine (T3), 

OPCs isolated from Fig4+/+ (control) or Fig4-/- pups both acquire a highly arborized morphology 

and positive staining for OL markers.   The density of NG2+ cells and CNPase+ cells, normalized 

to Hoechst 33342 dye+ nuclei, is comparable among wildtype and Fig4-deficient cultures (Figure 

2.7A-2.7B’, and 2.7C).  However, the fraction of cells expressing the more mature OL markers 

MAG and MBP was significantly reduced in Fig4-/- cultures (Figure 2.7A-2.7B’, and 2.7C).  A 

more detailed categorization of post-mitotic OLs, based on actin and MBP double-labeling, 

revealed a significantly decreased number of Fig4-deficient OLs that matured to a stage with 
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lamellar MBP+ membrane sheets (Zuchero et al., 2015) (Figure 2.7D-E).   The reduced number 

of mature OLs in Fig4-/- cultures was not caused by increased cell death (Figure 2.8C-E).  For a 

quantitative assessment of protein expression in primary OLs from Fig4+/+ and Fig4-/- brains, 

DIV 3 cultures were lysed and analyzed by capillary Western blotting   (Figure 2.9A-C).  FIG4 is 

clearly detected in Fig4+/+ OL lysates but not in Fig4-/- OL lysates.  In Fig4-/- lysates MAG is 

significantly reduced. Collectively, these data suggest that the initial programs of OL maturation 

progress normally in the absence of Fig4 while later stages of OL-differentiation, including 

lamellar membrane expansion, are Fig4-dependent.    

 

Independent perturbation of three components of the PI(3,5)P2 biosynthetic complex all 

result in severe CNS hypomyelination  

Together with the kinase PIKFYVE and the scaffolding protein VAC14, FIG4 forms a 

biosynthetic complex necessary for acute interconversion of PI(3) and PI(3,5)P2. The complex is 

located on the cytosolic surface of vesicles trafficking through the LE/Lys compartment 

(McCartney et al., 2014a).   As an independent test of the effect of perturbation of the 

FIG4/PIKFYVE/VAC14 enzyme complex on CNS myelination, we generated 

Pikfyveflox/flox,Olig2cre mice predicted to be more severely deficient in PI(3,5)P2  than the FIG4 

and VAC14 mutants.  Consistent with this expectation, the phenotype of the Pikfyve mutant mice 

is much more severe, with a significant tremor (Videos 3 and 4) and death at 2 weeks of age (n= 

16 pups).  FluoroMyelin Green staining of P13 brain tissue revealed profound hypomyelination 

of the corpus callosum, internal capsule and cerebellar white matter of Pikfyveflox/flox,Olig2cre 

pups (Figure 2.10A-A’).  In situ hybridization of Plp1 revealed a virtual absence of mature OLs 

in the Pikfyveflox/flox,Olig2cre brain, including  structures in the forebrain and cerebellar white 
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matter (Figure 2.10B-2.10D’).   Toluidine blue staining of P13 optic nerve sections revealed 

many fibers with clearly visible myelin profiles in Pikfyve positive control mice and a striking 

absence of myelin profiles in Pikfyveflox/flox;Olig2cre conditional mutants (Figure 2.11B-D).   

Moreover, deficiency of Pikfyve in OLs results in a pronounced accumulation of large 

perinuclear vesicles in the optic nerve (Figure 2.11B, D).  Defects in differentiation of Pikfyve-/- 

OL cultures are more pronounced than in Fig4-/- OL cultures.  Deficiency of Pikfyve reduces 

OPC proliferation (Figure 2.10E-E’, and 2.10G) and results in a 95± 1% reduction in cells that 

progress to the MBP+ stage, compared with wildtype cells (Figure 2.10F-F’, and 2.10H).  In 

addition to Fig4 and Pikfyve mutants, we also examined myelinogenesis in the well-

characterized recessive Vac14 mouse mutant L156R (Vac14L156R) (Jin et al., 2008).  The L156R 

missense mutation impairs the interaction of VAC14 with PIKFYVE, but not with FIG4 (Figure 

2.12A).  Similar to Fig4-/- mice, Vac14L156R/L156R mice exhibit ~50% reduction in PI(3,5)P2. 

Immunoblots of brain membranes prepared from Vac14L156R/L156R mice showed significantly 

reduced levels of the myelin markers MAG, CNPase, and MBP (Figure 2.12B-E). The electrical 

properties of optic nerve from Vac14L156R homozygous mice were also impaired, with a 

significant increase in the population of slowly conducting fibers (Figure 2.12F-H). Consistent 

with this observation, toluidine blue staining of optic nerve sections of adult wild-type mice 

revealed many myelinated fibers but optic nerves of adult Vac14L156R/L156R mice showed few 

myelinated fibers (Figure 2.13A-D). Thus, independent genetic disruptions of the 

FIG4/PIKFYVE/VAC14 enzyme complex all result in severe hypomyelination and a PI(3,5)P2 

dosage-dependent decline in CNS white matter development.    

 

 



59	
	

Myelin proteins are present within enlarged LAMP1+ perinuclear vacuoles in primary OLs 

from Fig4-/- mice  

The FIG4/PIKFYVE/VAC14 biosynthetic complex regulates intracellular PI(3,5)P2 and 

thereby influences membrane trafficking through the endo-lysosomal system.  DIV2 primary 

OPC cultures established from Fig4 control (Fig4+/+ or Fig4-/+) and Fig4-/- mice were fixed and 

subjected to anti-LAMP1 and anti-PDGFRα double-immunofluorescence labeling.   The 

majority of Fig4-/- OPCs showed normal-sized lysosomes with a diameter of < 1µm, while a few 

cells (< 20 %) exhibited enlarged LAMP1+ vesicles (Figure 2.15A-B).  Upon OL differentiation, 

an increase in size and number of perinuclear LAMP1+ vesicles is observed in Fig4-/- cultures.  

The enlarged perinuclear LAMP1+ structures are prominently labeled with anti-MAG (Figure 

2.15C-D’’). In a parallel approach, Fig4-/- OLs were transfected with Rab7-YFP, a reporter for 

LE.  Enlarged perinuclear vacuoles in Fig4-/- OLs are positive for Rab7-YFP (Figure 2.16A-A’).  

Live imaging of primary OLs revealed that the majority of enlarged perinuclear vacuoles in Fig4-

/- OLs are stable for several days.  However, vacuole size varies and live imaging revealed that 

some vacuoles appear and disappear over a period of 12 hours (Video 5).  Collectively, these 

studies demonstrate that in Fig4-/- OLs, myelin building blocks that are normally trafficked 

through the LE/Lys are present in abnormal, enlarged vesicles the majority of which is stable for 

several days.    

 

Cell surface derived MAG is trapped in large vacuoles in the LE/Lys compartment of Fig4-

/- OLs   

In developing OLs, myelin proteins such as MAG and PLP transiently accumulate on the 

plasma membrane (PM) at the cell soma, prior to undergoing endocytosis and LE/Lys dependent 
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transport to the myelin sheet (Winterstein et al., 2008).  To monitor trafficking of MAG, we used 

antibody tagging in live OL cultures.   In wildtype OLs, anti-MAG-Alexa488 binds to MAG on 

the PM surface, undergoes endocytosis and is targeted to LAMP1+ vesicles in the LE/Lys 

compartment (Figure 2.16B-B’’). In these wildtype cultures, anti-MAG+ vesicles are small, with 

a median volume of 0.3± 0.06 µm3, and partially overlap with LysoTracker+ vesicles (Figure 

2.14A-A”).  In contrast, in Fig4-/- OLs, anti-MAG-Alexa488 is endocytosed and accumulates in 

LAMP1+ perinuclear vacuoles with greatly enlarged size (≥5 µm3, mean volume 94± 41 µm3) 

and also in smaller MAG+/LAMP1+ vesicles with a median volume of 0.7± 0.25 µm3. The 

average size of all vesicles in Fig4-/- OLs is 1.65 ± 0.32 µm3 (Figure 2.14B-B” and C, Figure 

2.16C-C”).  This suggests that independent of Fig4 genotype, MAG is transported to the PM and 

is rapidly endocytosed.  In Fig4-/- OLs, large MAG+/LAMP1+ vesicles rarely overlap with 

LysoTracker staining (Figure 2.14B-B”), suggesting that large vesicles may exhibit reduced 

acidification.  As an independent approach to assess whether perturbation of PI(3,5)P2 synthesis 

causes accumulation of MAG in large perinuclear vacuoles, wildtype OL cultures were treated 

with 1 µM apilimod, a potent inhibitor of PIKfyve (Cai et al., 2013).   Treatment with apilimod 

for 90-120 min leads to the formation of large perinuclear vacuoles laden with MAG (Figure 

2.14D-D”), similar to those in Fig4-/- OLs.   To evaluate the specificity of the anti-MAG-

Alexa488 antibody, experiments were repeated with primary OLs isolated from Mag-/- pups (Pan 

et al., 2005).  Bath application of anti-MAG-Alexa488 to Mag-/- OLs treated with vehicle or 

apilimod did not result in immunostaining, demonstrating that the antibody is specific for MAG 

(Figure 2.17A-D’’). The myelin protein MOG has a different endocytotic fate from MAG, 

trafficking through recycling endosomes (RE) but not the lysosomal compartment (Winterstein 

et al., 2008). Simultaneous antibody labeling of cell surface MAG and MOG in live OLs 
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confirmed distinct endocytotic trafficking routes in both Fig4 control and Fig4-/- cultures.  

Importantly, in Fig4-/- OLs, MOG was not present in the enlarged vacuoles that are typically 

laden with MAG (Figure 2.18A-B’’).  This suggests that the defect in Fig4-/- OLs in trafficking 

of myelin building blocks from the PM is specific for trafficking through the LE/Lys 

compartment and does not affect trafficking through the RE.    

 

Fig4-/- OLs display impaired MAG trafficking through the LE/Lys compartment 

  The perinuclear location and large size of MAG+ vacuoles suggests that their mobility 

may be compromised, potentially leading to impaired trafficking of MAG and other myelin 

building blocks transported via the LE/Lys route.  To explore this possibility, we assessed 

movement of MAG+ vesicles in live OLs using time-lapse imaging (Figure 2.19A-B’). Small 

vesicles labeled with anti-MAG-Alexa488 are observed in Fig4+/+ and Fig4-/- primary OLs, with 

average volumes of 0.3 µm3 and 0.7 µm3, respectively.  The average velocity of these “normal-

sized” vesicles is comparable in Fig4+/+ and Fig4-/- cells: 0.09± 0.01 µm/s and 0.07± 0.01 µm/s, 

respectively (Figure 2.19C).   The large MAG+ vesicles in the Fig4-/- OLs with an average 

volume of 94± 41 µm3 are more stationery, with an average velocity of 0.033± 0.005 µm/s 

(Figure 2.19C), and they fail to reach the nascent myelin sheet.  These data suggest that 

trafficking of MAG and other LE/Lys dependent myelin building blocks is impaired in the Fig4-/- 

OLs.  Collectively, these studies indicate that PI(3,5)P2 is critical for myelin protein trafficking 

through the LE/Lys compartment in developing OLs.  
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PI(3,5)P2 is important for myelin membrane trafficking in live brain slices  

Inter-cellular communication is critical for proper development of the axo-glial unit.  To 

extend the studies of myelin protein trafficking to a system that contains intact axo-glial units, 

we prepared acute forebrain slices from P10-P14 mice and kept them in oxygenated artificial 

cerebrospinal fluid. Trafficking of MAG was monitored by bath application of mouse anti-

MAG-Alexa555 for 2 hours at 32°C.  To distinguish between endocytosed MAG and PM 

localized MAG, brain slices were fixed and incubated with a secondary anti-mouse-Alexa488 

conjugated antibody under non-permeabilizing conditions.   Endocytosed MAG containing 

vesicles were prominently found in OL perinuclear regions and along cellular processes that 

form the myelin internode (Figure 2.20A-A”).  Only a small fraction of MAG is labeled with 

both antibodies, and thus localized to the PM on the cell surface (Figure 2.20A-A”).  To 

visualize cells in the OL lineage, we repeated MAG trafficking studies with brain slices from the 

ROSA-LacZ/EGFP,Olig2Cre reporter mouse.   Vesicular MAG labeling was abundant in EGFP+ 

cells, indicating that endocytosis of PM localized MAG does occur in cells of the OL-lineage and 

vesicular labeling is not the result of nonspecific antibody uptake by microglia or other cell types 

(Figure 2.21A-C). To control for antibody specificity, brain slices from Mag-/- mice were 

processed in parallel and revealed no significant labeling (Figure 2.21D-F).  Thus, acute brain 

slices provide an opportunity to study myelin protein trafficking in live tissue.  To assess whether 

PI(3,5)P2 is required for endocytosis and trafficking of PM derived MAG in live brain tissue, the 

experiment was repeated with forebrain slices prepared from Pikfyveflox/flox,Olig2Cre pups.  

Strikingly, in the absence of PI(3,5)P2, MAG+ labeling was restricted to abnormal perinuclear 

accumulations, and trafficking to cell processes was virtually absent (Figure 2.20B’-10B”).  The 
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data demonstrate that in brain slices, as well as cultured cells, PI(3,5)P2 is required for proper 

membrane trafficking from the PM through the LE/Lys compartment. 

 

2.4 Discussion 

Multiple independent means of perturbing the FIG4/VAC14/PIKFVYE enzyme complex 

all lead to profound CNS hypomyelination.  Remarkably, conditional ablation of Fig4 either in 

neurons or OLs is sufficient to disrupt normal CNS myelination, indicating that both OL-intrinsic 

and OL-extrinsic mechanisms of OL maturation function in a Fig4-dependent manner.  The 

hypomyelination phenotype in Fig4 conditional mutants and VAC14L156R mice is physiologically 

relevant since it is associated with substantially reduced amplitude and conduction velocity of 

compound action potentials.  Primary OPCs deficient in Fig4 progress normally to the stage of 

NFOs but their differentiation into mature OLs is impaired.  In Fig4-/- OLs, MAG is trafficked to 

the PM, undergoes endocytosis and is localized to enlarged LAMP1+ perinuclear vacuoles.   The 

reduced motility of the enlarged MAG/LAMP1+ vacuoles and their perinuclear position suggests 

that myelin building blocks are trapped in the LE/Lys compartment and cannot be delivered to 

the developing myelin sheath.  Conditional deletion of Pikfyve in the OL lineage leads to more 

pronounced defects characterized by impaired OL differentiation, greatly reduced myelin 

membrane trafficking and profound CNS dysmyelination.  Together, these studies firmly 

establish a critical role for the FIG4/PIKFYVE/VAC14 enzyme complex, and by extension its 

lipid product PI(3,5)P2, in myelin protein trafficking through the LE/Lys system in developing 

OLs and proper assembly of the axo-glial unit.    
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Impaired PI(3,5)P2 metabolism attenuates OL differentiation 

Immunohistological studies of Fig4-/flox,Olig2Cre optic nerves and experiments with 

Fig4-/- primary OLs did not detect a significant change in OPC density or reduction in viability. 

OPCs deficient for Fig4 progress and differentiate normally to the stage of newly formed OLs 

(NFOs), a postmitotic cell type characterized as PDGFRα-, GalC+, MOG- (Zhang et al., 2014).   

However, differentiation of NFOs into mature OLs is PI(3,5)P2-dosage dependent.  The arrest of 

OL differentiation becomes more severe as PI(3,5)P2 levels are reduced to ~ 50% of wildtype 

levels, in Fig4 and VAC14 mice, or completely depleted in Pikfyve mutant mice.  OL maturation 

is highly regulated, and can be attenuated or blocked by perturbation of numerous signaling 

pathways and transcriptional programs (Emery et al., 2009, Bercury and Macklin, 2015, 

Marinelli et al., 2016).  The fate of immature OLs that fail to progress to the mature stage 

remains unclear. However, these cells are likely to be short-lived and destined to die.  The 

number of activated caspase-3+ cells in the OL lineage of Fig4-/- mice is not significantly 

increased (Winters et al., 2011), suggesting that immature OLs  either do not die in large 

numbers or die in a caspase-independent manner.  Additional studies are needed to determine 

exactly at which stage of OL lineage progression PI(3,5)P2 deficiency impairs differentiation and 

how PI(3,5)P2 regulates progression to a mature myelin producing cell.   

 

Fig4-dependent trafficking of myelin building blocks through the LE/Lys   

Like epithelial cells, OLs are polarized, with the myelin sheath resembling the apical 

membrane domain and the membrane near the OL cell body the basolateral membrane domain 

(Salzer, 2003, Maier et al., 2008, Masaki, 2012).  Myelin-producing OLs synthesize and 

transport large quantities of myelin building blocks (lipids and proteins) in order to segmentally 



65	
	

ensheath multiple axons.  Myelinogenesis also requires membrane sorting and trafficking to 

specific subdomains of the nascent myelin membrane sheath. Indeed, the final destination of 

myelin proteins may vary between compact myelin (e.g. PLP), peri-axonal loops (MAG) or 

abaxonal loops (MOG) of non-compact myelin (Arroyo and Scherer, 2000, Salzer, 2003, White 

and Kramer-Albers, 2014).   As in other polarized cells, OL proteins may be targeted through 

direct transport pathways from the Golgi to their final destination (Salzer, 2003).  Alternative 

strategies are also employed to target key myelin constituents to their final destination.   The 

mRNA for MBP, encoding a protein important for axon wrapping and myelin compaction, is 

packaged into RNA-granules and transported to distal sites within OL processes for regulated 

translation (Muller et al., 2013).  MAG, PLP, and MOG are synthesized in the endoplasmatic 

reticulum and transported through the Golgi network to the PM near the OL cell body (analogous 

to the basolateral domain) as an intermediate target.  From there MOG is targeted to the 

recycling endosome (RE) while MAG and PLP are targeted to the LE/Lys for delivery to the 

myelin sheath (analogous to the apical membrane domain) (Simons and Trajkovic, 2006, Maier 

et al., 2008, Winterstein et al., 2008).   LAMP1 is a marker for LE/Lys and we show that MAG is 

targeted to LAMP1+ vesicles in both Fig4+/+ and Fig4-/- OLs.    A key feature of the 

MAG/LAMP1 double-labeled vesicles in Fig4-/- mutant OLs is their greatly enlarged size and 

perinuclear position.  The average velocity of these vesicles is significantly reduced, suggesting 

impaired membrane trafficking through the LE/Lys compartment.  Trafficking defects in Fig4-/- 

OLs are confined to the LE/Lys compartment as trafficking of MOG through RE occurs 

apparently normal, independent of Fig4 genotype.  The severe CNS hypomyelination phenotype 

in Fig4-/flox,Olig2Cre mice is likely not the result of impaired MAG trafficking alone, but rather 

the result of mistrafficking of numerous myelin building blocks normally migrating through the 
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LE/Lys compartment.  For example, cholesterol (in part bound to PLP) and glycosphingolipids 

are endocytosed from the PM and stored in LE/Lys vesicles (Trajkovic et al., 2006, Winterstein 

et al., 2008).  During OL maturation, neuronal signals trigger a profound redistribution of PLP-

containing membrane domains; endocytosis is reduced and PLP together with cholesterol and 

glycosphingolipids is moved from the LE/Lys to the PM (Trajkovic et al., 2006). In humans, 

impaired trafficking of PLP due to mutation or altered dosage of the Plp1 gene, causes Pelizaeus-

Merzbacher disease (PMD) and Spastic Paraplegia Type 2 (SPG2), developmental disorders with 

severe neurological impairment (Inoue, 2005).  Overexpression of PLP in mice leads to 

accumulation of the protein in autophagic vesicles and LE/Lys, leading to reduction of other 

myelin proteins such MBP, MAG, and MOG (Karim et al., 2007).  As in Fig4-/- mice, PMD 

results in reduced number of OLs and CNS dysmyelination.  Failure of lysosomal trafficking or 

function is thus a common underlying mechanism for a growing number of hereditary disorders 

that cause CNS dysmyelination, including PMD, Niemann-Pick type C disease, and several 

lysosomal storage diseases (Folkerth, 1999, Yaghootfam et al., 2005, Prolo et al., 2009, 

Schweitzer et al., 2009, Faust et al., 2010, Grishchuk et al., 2014).   

 

PI(3,5)P2-dependent trafficking of myelin membrane components in developing OLs 

Different phosphoinositides exhibit unique distribution to intracellular membrane 

compartments and have been implicated as key regulators of membrane sorting and targeted 

vesicular trafficking (Mayinger, 2012).  PI(3,5)P2, for example, decorates vesicles in the LE/Lys 

compartment and serves as a docking site for cytosolic proteins (Mayinger, 2012).  PIP binding 

proteins frequently interact with small GTPases belonging to the Rab or Arf families, 

establishing a combinatorial code that defines membrane identity (Behnia and Munro, 2005, 
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Stenmark, 2009, Jean and Kiger, 2012, Mayinger, 2012, Egami et al., 2014).  The 

phosphorylation status of PIPs and the activation state of small GTPases can be rapidly modified, 

providing an identification code that is both unique and dynamic, two prerequisites for targeted 

membrane transport.  In HeLa cells, for example, the lysosomal membrane is characterized by 

the presence of PI(3,5)P2 and the small GTPases Rab7 and Arf-like (Bucci et al., 2000, Hofmann 

and Munro, 2006).   In fibroblasts cultured from Fig4-/- or VAC14L156R/L156R mice, PI(3,5)P2 levels 

are reduced by ~50% leading to formation of greatly enlarged LAMP1+ vacuoles (Chow et al., 

2007, Jin et al., 2008, Zou et al., 2015).  In Fig4-/- OLs, Rab7-YFP localizes to large perinuclear 

vacuoles (Figure 2.16).  In HeLa cells, overexpression of constitutively active Rab7 leads to 

formation of large LAMP1+ and LAMP2+ vacuoles (Bucci et al., 2000).   A direct interaction of 

VAC14 with the Rab7 GTPase activating protein (GAP) TBC1D15 has recently been described 

in HeLa cells (Schulze et al., 2014). This suggests the existence of a large protein complex that 

controls the interconversion of PI(3)P and PI(3,5)P2 and the activity of select Rab GTPases, an 

emerging theme for directed membrane trafficking (Jean et al., 2015).   Rab GTPases constitute a 

large protein family whose members are localized to distinct intracellular membrane 

microdomains to coordinate vesicle trafficking (Stenmark, 2009, Hutagalung and Novick, 2011).  

The GTPase Rab3A is expressed in OLs and has been shown to participate in membrane 

trafficking and myelination (Schardt et al., 2009).    As discussed above, transport of myelin 

membrane components, including PLP, cholesterol and MAG, involves membrane sorting and 

trafficking through the LE/Lys compartment prior to insertion into the nascent myelin sheath 

(White and Kramer-Albers, 2014).  Thus, interference with PI(3,5)P2 synthesis, turnover, or 

binding partners that define LE/Lys membrane identity results in  impaired cargo delivery of key 

myelin membrane components required for membrane expansion and sheath formation.  
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Neuronal Fig4 participates in CNS myelination  

The severe hypomyelination phenotype in Fig4-/flox, SynCre mice suggests that Fig4-

dependent neuronal signals are necessary for proper CNS myelination.   When coupled with our 

previous finding that transgenic Fig4 directed by the NSE promoter on a Fig4-/- background 

(Fig4-/-,NSE-Fig4) rescues the myelination defect (Winters et al., 2011, Ferguson et al., 2012b), 

this suggests that normal levels of Fig4  in neurons is necessary for CNS myelination and that 

neuronal overexpression of recombinant Fig4 on a global Fig4-/- background is sufficient to drive 

CNS myelination.  Multiple lines of evidence have demonstrated that neuron-derived signals 

regulate OL maturation and axon myelination (Coman et al., 2005, Trajkovic et al., 2006, Ohno 

et al., 2009, Winters et al., 2011, Yu and Lieberman, 2013, Yao et al., 2014).  We speculate that 

neuronal Fig4 regulates LE/Lys-dependent transport and axonal presentation of a “pro-

myelination” signal(s) necessary for OL differentiation and CNS axon myelination and that 

transgenic overexpression of Fig4 in neurons (NSE-Fig4) leads to an elevated production of 

“pro-myelination” signals(s) sufficient to rescue the deficiency of Fig4 in the OL lineage of the 

Fig4-/-,NSE-Fig4 transgenic mice. Alternatively, neuronal Fig4 may accelerate the loss of “anti-

myelination” signal(s) on the axonal surface, e.g., through endocytosis.    Inter-cellular 

communication may occur through paracrine action of secreted molecules or shedding vesicles.  

Exosomes are extracellular vesicles produced by many cells that facilitate transport and 

exchange of proteins, mRNAs and regulatory RNAs with important functions in cellular 

processes including myelination (Fruhbeis et al., 2012, Pusic and Kraig, 2014).  Because Fig4 

plays an important role in membrane trafficking through the LE/Lys system, it is possible that 

protein secretion or the content and abundance of exosomes may be altered in the mutant mice.   

Two independent approaches to delete Fig4 in the OL lineage (Olig2Cre and PdgfrαCreER) 
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revealed that Fig4 is required in the OL lineage for proper CNS myelination.  These data were 

corroborated by in vitro studies with primary OLs. Taken together, our observations suggest that 

endogenous levels of Fig4 gene expression in both neurons and OLs are necessary for normal 

CNS myelination.    

 Technical limitations in the specificity of transgene promoters may affect the 

interpretation of these experiments.  For neuron-specific loss-of-function we employed female 

SynapsinCre/+ mice driven by a synapsin-1 gene (SYN1) promoter fragment (Rempe et al., 

2006), and for neuron-specific gain-of-function studies we used a 4.6 kb NSE  promoter fragment 

(Winters et al., 2011, Ferguson et al., 2012a).  While these are commonly used strategies, it is 

recognized that in the developing mouse the NSE (ENO2) and SYN1 promoters may have some 

leakiness that results in transient expression in non-neuronal cells including glia.  A low level of 

expression of the endogenous SYN1 and ENO2 genes in OPCs/OLs has been reported (Zhang et 

al., 2014), but it is not clear whether this expression is retained by the promoter fragments that 

were used to drive transgene expression.  Independent of these technical limitations, we provide 

multiple lines of evidence that genetic manipulations that compromise PI(3,5)P2 synthesis 

profoundly impact OL differentiation and CNS myelination.  

 

Novel assay to monitor myelin protein trafficking in brain tissue 

Acutely prepared brain slices are viable for several hours when maintained in oxygenated 

ACSF, a method commonly used for electrophysiological recordings (Lee et al., 2008).  Studies 

with primary OLs suggest that newly synthesized myelin proteins are initially transported to the 

PM near the cell soma where they interact with lipids and other myelin proteins (Winterstein et 

al., 2008).  These myelin-like structures are then thought to be endocytosed and trafficked to 
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specific subdomains of the nascent myelin membrane sheath.  Using acute brain slices combined 

with genetic labeling of cell in the OL lineage and confocal microscopy, we show that antibody-

labeled MAG on the PM becomes rapidly endocytosed and is found in small vesicles in the OL 

cell soma and long processes that form internodes.  Since sorting and trafficking of myelin 

building blocks are key components of myelinogenesis, future studies using acute brain slices 

may be productively combined with pharmacological and genetic manipulations to obtain 

detailed understanding of membrane trafficking in developing OLs.   

 

2.5 Methods 

Transgenic mice – All mice were housed and cared for in accordance with NIH 

guidelines, and all research conducted was done with the approval of the University of Michigan 

Committee on Use and Care of Animals.  The spontaneous Fig4-/- null mutation plt (Chow et al., 

2007) is maintained as two congenic lines, C57BL/6J.plt/+ and C3HeB/FeJ.plt/+.   F1 plt/plt 

homozygotes obtained from crosses between these lines survive to 30-45 days, permitting 

analysis of myelination, and these were used for most experiments.  A subset of in vitro 

experiments was carried out on cells from the C3HeB/FeJ.plt congenic mice.  The conditional 

Fig4flox allele was described elsewhere (Ferguson et al., 2012b) and is maintained on strain 

C3HeB/FeJ from which the retinal degeneration locus rd was removed by repeated backcrossing 

and selection.  Neuron-specific conditional knockout mice (Fig4-/flox,SynCre) were generated and 

maintained as previously described (Ferguson et al., 2012b).  The Olig2Cre/+ line (Schuller et 

al., 2008) and the PdgfraCre-ER/+ (Kang et al., 2010) (Jackson Laboratory stock # 018280) were 

used to delete Fig4 in the OL lineage.  For inducible gene ablation in Fig4-/flox,PdfrαCreER mice, 

4-hydroxytamoxifen (4OH-tamoxifen) (Sigma-Aldrich, MO)  was injected directly into the 



71	
	

stomach of P5 pups, which is easily identified by its milky-white color.  4OH-tamoxifen was 

dissolved in 100% ethanol at 10 mg/ml and 5 µl/day were administered for 2 days.  Fig4-

/flox,Hb9Cre (Fig4-/flox,Mnx1Cre) mice have been described previously (Vaccari et al., 2015). The 

spontaneous point mutant VAC14L156R is deficient in PIKfyve binding (Jin et al., 2008) and was 

maintained on a C3HeB/FeJ strain background from which the retinal degeneration locus rd was 

removed by repeated backcrossing.  Pikfyveflox/flox mice were generated on the C57BL/6J strain 

background (Christian et al., 2014) and were crossed with Olig2Cre/+ mice.  Mag-/- mice on a 

C57BL/6J background have been described elsewhere (Pan et al., 2005). LacZ/ EGFP reporter 

mice (Jackson laboratory stock #003920) were crossed with Olig2Cre/+ mice. 

Transmission electron microscopy (TEM) – Postnatal day (P)21 and P60-P75 mice were deeply 

anesthetized with ketamine (200 mg/kg)/xylazine (20 mg/kg body weight) and perfused 

transcardially with ice-cold phosphate buffer saline (PBS) for 2 min, followed by 4% 

paraformaldehyde (PFA) and 2.5% glutaraldehyde in Sorensen’s buffer and embedded in epoxy 

resin as described (Winters et al., 2011).  Semi-thin sections were stained with toluidine blue for 

light microscopy.  TEM micrographs were taken at 10,500-13,500x magnification with a Philips 

CM-100 or a JEOL 100CX microscope and analyzed using FIJI software. Fig4-/flox,Hb9Cre 

(Vaccari et al., 2015),  Fig4-/flox,Olig2Cre and Fig4-/flox,SynCre conditional mutants were 

analyzed and compared to littermate controls.  Throughout the study, control mice are defined as 

mice that have at least one intact copy of the Fig4 allele and include the following  genotypes (i) 

Fig4+/-, (ii) Fig4-/flox, (iii) Fig4+/flox,Olig2Cre and (iv) Fig4+/flox,SynCre.   

Immunohistochemistry - Mice between P10 and adulthood were perfused transcardially with ice-

cold 4% PFA in PBS.  Brains were post-fixed in perfusion solution for 2 hours at 4°C for in situ 

hybridization.  For immunofluorescence labeling, brains were postfixed overnight and 
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cryoprotected in 30% sucrose in PBS.  For FluoroMyelin staining, brains were cryosectioned at 

25-40 µm.  Free-floating sections were rinsed 3x 5min in PBS and then stained with 

FluoroMyelin Green (Millipore, MA, 1:200) in PBS for 20min.  Sections were washed with PBS, 

mounted onto microscope slides, coverslipped with Prolong Gold antifade supplemented with 

DAPI (Life Technologies, CA) and imaged with an Olympus IX71 microscope attached to a 

DP72 camera. For immunofluorescence labeling of optic nerves, nerves were rapidly dissected, 

kept in perfusion solution for 30 min and cryoprotected in 30% sucrose in PBS.  Cross sections 

(12-20 µm) were mounted onto microscope slides, rinsed 3x for 5min in PBS and incubated for 

1h in blocking solution: 1% horse serum and 0.1% Triton-X100 in PBS (anti-Olig2) or 4% 

normal goat serum and 0.3% Triton-X100 in PBS (anti-NG2).  Primary antibody incubation was 

done overnight at 4°C in blocking solution with rabbit anti-Olig2 (1:1000 Millipore) or rabbit 

anti-NG2 (1:800, Abcam, UK).  The next day, sections were rinsed 3x 5min with PBS, incubated 

with appropriate secondary antibodies for 1 h at room temperature (1:1000, Alexa-conjugated, 

Life technologies), rinsed in PBS and mounted in Prolong Gold supplemented with DAPI. 

RNA in situ hybridization - cDNA fragments of Mbp and Plp1 (Ye et al., 2009) were used to 

produce digoxigenin-labeled cRNA probe by run-off in vitro transcription.  Brains were 

cryosectioned at 25 µm and mounted directly onto Superfrost+ microscope slides (Fisher 

Scientific, MA).  Optic nerve sections were prepared as described above and postfixed in 4% 

PFA/PBS overnight at 4°C.  The following day, sections were rinsed with 1x PBS and 

dehydrated with series of ethanol dilutions (50%, 70%, 95%, and 100%). Sections were then 

treated with 50µg/ml proteinase K in PBS/5mM EDTA for 15 min (optic nerves) and 30 min for 

brain sections.  All subsequent steps were performed as described previously (Winters et al., 

2011).   
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Isolation of brain membranes – P21 mouse brains were homogenized in a Wheaton Dounce 

tissue homogenizer cooled on ice.  Brain membranes were isolated by centrifugation in a 

discontinuous sucrose gradient as described previously (Winters et al., 2011).    

Isolation of brain tissue - P21 control littermate and Fig4-/flox,PdfrαCreER brains were isolated 

and rapidly dissected on ice. Tissue was separated into two groups: 1) cerebellum + brainstem 

and 2) neocortex + hippocampus + thalamus (“forebrain”). Tissue was lysed in a radio-

immunoprecipitation assay buffer (RIPA) using a tissue homogenizer and triturated with a 16G 

needle. Lysates were spun at 14,000 rpm for 15min at 4°C and supernatants were analyzed by 

Western blotting as described below. 

Western blot analysis - Equal amounts of protein (7.5-15 µg) from brain membranes were 

separated by SDS-PAGE and transferred onto PVDF membranes (Millipore).  Membranes were 

blocked in 3% dry milk dissolved in Tris-HCl pH 7.4 buffered saline containing 0.3% Triton X-

100 for at least 1 h and incubated with primary antibody overnight at 4°C.  Primary antibodies 

included mouse anti-βIII tubulin (1:20,000; Promega, WI), rabbit anti-MAG (1:1000; Winters et 

al., 2011), rat anti-MBP (1:1000; Millipore), mouse anti-CNPase (1:1000, Abcam), anti-PLP 

(1:1000, Abcam), and mouse anti-Fig4 (1:200, NeuroMab, CA).  Primary antibodies were 

detected using either horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2000-

15000; Millipore Bioscience Research Reagents) or Alexa-conjugated secondary antibodies 

(1:20,000, Molecular Probes).  The Licor C-DiGit and Odyssey imaging systems and software 

were used for visualization and quantification of protein bands (Licor, NE). 

Electrophysiology: Recordings were carried out as described elsewhere (Carbajal et al., 2015). 

Briefly, juvenile (P21-P23) and adult (3-4 months) mice were sacrificed by CO2 inhalation.  

Optic nerves were rapidly dissected, incubated at room temperature in oxygenated artificial 
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cerebrospinal fluid (ACSF) for 45 minutes and then transferred to a temperature-controlled 

recording chamber (held at 37± 0.4°C) with oxygenated ACSF. Each end of the nerve was drawn 

into the tip of a suction pipette electrode.  The stimulating electrode was connected to a constant-

current stimulus isolation unit (WPI, FL) driven by Axon pClamp 10.3 software and a 50 µs 

pulse was applied to the retinal end of the nerve.  The recording electrode was applied to the 

chiasmatic end of the nerve and connected to the input of a differential AC amplifier (custom-

made).  A second pipette, placed near the recording pipette but not in contact with the nerve, 

served to subtract most of the stimulus artifact from the recordings.  Signals were digitized at 

100 kHz through a data acquisition system (Axon Digidata 1440A, Axon pClamp 10.3, 

Molecular Devices, CA).  

Primary OL cultures and immunocytochemistry – OPCs were isolated from P6-14 mouse pups 

with the following genotypes (i) Fig4+/+, (ii) Fig4+/-, (iii) Fig4-/-, (iv) Fig4-/flox,Olig2Cre or (v) 

Pikfyveflox/flox,Olig2Cre.  For immunopanning, anti-PDGFRα (BD Biosciences, CA)  or O4 

antibody (hybridoma cells kindly provided by Dr Jonah Chan) coated plates were used, as 

described (Dugas and Emery, 2013).  For the first two days in vitro, OPCs were cultured on 

poly-D-lysine (Sigma-Aldrich) coated glass coverslips in DMEM-SATO medium supplemented 

with forskolin (Sigma, 10ng/ml), PDGF (20ng/ml, Peprotech, NJ), CNTF (10ng/ml, Peprotech), 

and NT3 (1ng/ml, Peprotech).  For differentiation studies, OPCs were switched to medium 

supplemented with T3 (40ng/ml, Sigma-Aldrich) without growth factors.  Cells were allowed to 

differentiate for 4-6 days prior to fixation in 4% PFA/PBS at RT for 15min.  For 

immunofluorescence labeling, cells were rinsed 3x 5min each in PBS, permeabilized with 0.1% 

Triton-X100 in PBS for 30 min and blocked for 60 min in 3% BSA in PBS.  The following 

primary antibodies were used: rabbit anti-NG2 (1:500, Millipore), rat anti-PDGFRα (1:1000, BD 



75	
	

Biosciences, CA), rabbit anti-PDGFRα (1:500, Cell Signaling, MA), rat anti-MBP (1:300, 

Millipore), rabbit anti-CNPase (1:1000, Assay Biotech, CA), rabbit anti-Ki67 (1:1000, Abcam), 

mouse anti-MAG (1:300, Millipore), rat anti-Lamp1 (1:1000, Abcam), mouse anti-GFAP 

(1:2000, Sigma-Aldrich).  Cells were incubated with primary antibodies overnight at 4°C.  The 

following day, cells were rinsed 3x 5min each with PBS, and incubated with secondary 

antibodies for 1hr in blocking solution. Following several rinses in PBS, cells were incubated 

with the nuclear markers Hoechst 33342 or ToPro3 dye (Life Technologies) and imaged with an 

Olympus IX71 inverted microscope (Olympus, JP) with a DP72 camera or a Leica SP5 confocal 

microscope (Leica, DE).  Representative confocal images were taken at 63x magnification as z-

stacks with 1 µm intervals.  Maximum intensity z projections were generated using Fiji. For cell 

viability experiments, the Live/Dead kit (Life Technologies) was used following the 

manufacturer’s instructions.  For actin staining, Actin Red 555 (Life Technologies) was used 

following the manufacturer’s instructions.  

For live cell imaging, OPCs were switched to T3 supplemented differentiation medium and kept 

at 37°C in a 5% CO2 incubator equipped with an IncuCyte Zoom imaging system (Essen 

Bioscience, MI).  Images were taken with a 20x objective every 2 hours for 3 days. Data were 

analyzed using the IncuCyte Zoom software and Fiji.  

Live cell imaging - O4+ primary OLs were isolated by immunopanning as described above and 

cultured in 35 mm glass bottom dishes (Mattek, MA).  After 2-3 days under differentiation 

conditions, anti-MAG-Alexa488 conjugated antibody (1:500, Millipore, MAB1567A4) was 

added to the culture medium for 12-14 hours.  The following day, LysoTracker Deep Red 

(1:2000, Life Technologies) was added to the culture medium for 30-45 min.  Fifteen minutes 

before imaging, the culture medium was replaced by 1x HBSS (Life Technologies) containing 
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Prolong Live Antifade reagent (Life Technologies, 1:100) and Hoechst dye 33342 (1:50,000) or 

NucRed Live 647 (Life Technologies).  Cells were imaged at 37°C and ambient CO2 for 15-20 

min/dish using a Leica SP5 confocal microscope.  Confocal Z-stacks, xyt, and xyzt videos were 

acquired.  As a specificity control for the anti-MAG-Alexa488 antibody, OLs were prepared 

from Mag-/- and age-matched Mag+/+ pups and imaged under identical conditions.   Mouse 

monoclonal anti-MOG antibody (Millipore) was conjugated with Alex555 using the Antibody 

Labeling Kit (Life Technologies).  Some OL cultures were incubated with anti-MOG-Alexa555 

(1:250) and anti-MAG-Alexa488 as described above.  To some cultures 1 µM apilimod (Axon 

1369; Axon Medchem BV) in DMSO was added 90-120 minutes prior to imaging.  Images and 

videos were processed using Leica AS LF and Fiji. Tracking and movement analysis of anti-

MAG-Alexa488+ particles in live cells was performed using Imaris (Bitplane, UK). 

Ex vivo MAG labeling – To monitor MAG trafficking in acute brain tissue, sagittal slices were 

prepared from P13-P14 pups with the following genotypes, (i) Pikfyve control mice, (ii) 

littermates Pikfyve flox/flox,Olig2Cre mice, (iii) Mag-/-, mice and (iv) P18 LacZ/EGFP, Olig2Cre 

(Toth et al., 2013).  Briefly, mice were decapitated, brains rapidly dissected and submerged in 

ice-cold ACSF (Toth et al., 2013).  From forebrain tissue, hippocampi were removed and 

discarded.  Cortex and striatum were sectioned at 300 µm using a tissue slicer (WPI, FL).  Brain 

slices were kept in oxygenated (95% O2, 5% CO2) ACSF at RT for 40-60 min prior to incubation 

with anti-MAG-Alexa -555 (1:500) in oxygenated ACSF at 32°C for 2 hours.  Brain slices were 

then fixed in 4% PFA for 25 min, rinsed 3 times for 10 min each in PBS and incubated overnight 

with a goat anti-mouse Alexa 488 secondary antibody (1:1000) in 3% BSA at 4°C.  The 

following day, slices were rinsed 3 times for 10min each in PBS, incubated with LiveRed 647 for 

25 min at RT, rinsed 3 times for 10min each in PBS, and mounted in Prolong antifade with 
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DAPI.  Individual MAG+ cells in deep cortical layers and striatum were imaged using a Leica 

SP5 confocal microscope.   

Primary OL transfection – For transfection of primary OPC/OLs, Lipofectamine2000 (Life 

Technologies) was used, following a protocol previously established for transfection of primary 

neurons (Duan et al., 2014).  Briefly, 250 ng of LAMP1-mCherry or Rab7-YFP plasmid DNA 

were combined with 1 µl of Lipofectamine2000 (Invitrogen, CA) in optiMEM and mixed 

thoroughly. Transfection solution was added to OL culture medium and cells were incubated for 

2.5 hours. Afterwards, the medium was completely replaced with fresh T3 supplemented 

medium.  To visualize MAG trafficking, anti-MAG-Alexa488 antibody was added to the culture 

medium as described above. The following day, live imaging of LAMP1-mCherry+/anti-MAG-

Alexa488+ OLs was carried out as described above.   

Western blot analysis of OPC cultures - OPCs were allowed to expand in PDGF supplemented 

culture medium for 7-8 days, passaged and plated in 6-well culture dishes at a density of 

200,000-300,000 cells/well and kept for 3 days in T3 supplemented medium. Cells were then 

processed for Western blotting as previously described (Raiker et al., 2010).  Capillary 

immunoassays were performed using the automated Wes system (ProteinSimple, San Jose CA). 

All procedures were performed according to manufacturer’s protocol. In brief, 0.8 µg of lysate (4 

µl) were mixed with 2 µl of 5x fluorescent master mix and boiled for 5 min. These samples were 

dispensed into microplates along with blocking solution, primary and secondary antibodies and 

chemiluminescent substrate. After centrifugation, microplate was loaded into the Wes instrument 

for subsequent protein separation on capillaries and immuno-detection using the standard 

electrophores, immunolabeling, detection scheme of Wes. Data were analyzed by using Compass 
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software (ProteinSimple) and peak areas were used for quantification. Erk1 peak area was used 

for normalization between samples. Three independent preparations were processed.  

Statistical analysis - To assess myelination in the optic nerve, ten non-overlapping TEM images 

were randomly selected and the fraction of myelinated axons quantified as described (Winters et 

al., 2011).  At least 600 axons were quantified per nerve.  G-ratio analysis was performed as 

described previously (Winters et al., 2011).  At least 100 axons per optic nerve were analyzed.  

For Western blot analysis, Western band intensity was measured using LI-COR Studio Image 

Software. All band intensities were normalized either to βIII-tubulin (brain lysates and 

membranes) or actin (OPC cultures). Normalized Western blot band intensity for control samples 

was set as 1 for each experiment.  For optic nerve electrophysiology, data analysis was 

performed offline using Clampfit software. In order to analyze individual peaks, each trace was 

fitted as a sum of three or four Gaussians using Origin Pro software (Chen et al., 2004).  A peak 

with the largest amplitude in each trace was used for conduction velocity analysis.  

For quantification of Plp1, Olig2, and NG2 labeled cells, the number of respective positive cells 

was quantified per optic nerve cross section and normalized to the section area (arbitrary units in 

FIJI). At least four sections per nerve were analyzed.  

For quantification of OL markers in vitro, ten non-overlapping images were taken at random 

positions for each coverslip/well and cells positive for a marker of interest counted and 

normalized to the number of Hoechst 33342 dye positive cells in the same image.  A minimum 

of 900 cells was quantified for each individual experiment with Fig4 cultures and a minimum of 

120 cells was quantified for each individual experiment with Pikfyve cultures. GFAP+ astrocytes 

were excluded from quantification. The analysis of actin/MBP postmitotic OL morphology was 

performed as characterized previously (Zuchero et al., 2015). 
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For cell viability experiments, the Live/Dead kit was used the number of live (green) and dead 

(red) cells was quantified and the live/total cell ratio was calculated.  For all experiments, 

Hoechst 33342 normalized cell density in control groups was set as 1.  At least three independent 

experiments with duplicate coverslips were used for the analysis.  For live imaging of MAG+ 

vesicles in primary OLs, Imaris software (Bitplane) was used to calculate individual particle 

speed and size. Four independent experiments were analyzed for Fig4+/+ and Fig4-/- cultures. 

MAG+ particles of at least 0.01µm3 in volume were included in data analysis.  

One-way ANOVA followed by Tukey posthoc was used for TEM optic nerve analysis. One-way 

ANOVA followed by Dunnett’s posthoc was used for Western blot analysis and 

electrophysiology with more than two groups. The unpaired Student t-test was used for analysis 

in all experiments with two groups.  
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Figure 2.1 Conditional ablation of Fig4 in neurons or OLs leads to CNS hypomyelination.  
(A-D) Coronal sections of juvenile (P21-30) mouse forebrain stained with FluoroMyelin Green.  
(A) Fig4 control mice (harboring at least one Fig4 WT allele), (B) Fig4 germline null mice 
(Fig4-/-), (C) Fig4-/flox,SynCre mice and (D) Fig4-flox,Olig2Cre mice.  Thinning of the corpus 
callosum and internal capsule (white arrowheads) is observed in Fig4-/-, Fig4-/flox,SynCre, and 
Fig4-flox,Olig2Cre mice.  (A’-D’) Higher magnification images of the corpus callosum.  Scale bar 
(A-D), 1 mm and (A’-D’), 400 µm.  (E) Representative Western blots of P21 brain membranes 
prepared from Fig4+/+ (WT), Fig4 -/-, Fig4-/flox,SynCre and Fig4-/flox,Olig2Cre mice probed with 
antibodies specific for the myelin proteins MAG, CNPase, PLP, and MBP. To control for protein 
loading, membranes were probed for the neuronal marker class III β-tubulin (βIII Tub).  (F-I) 
Quantification of Western blot signals for MAG, MBP, CNPase, and PLP in Fig4+/+ (black 
bars), Fig4-/- (purple bars), Fig4-/flox,SynCre (light blue bars), and Fig4-flox,Olig2Cre (red bars) 
brain membranes. Quantification of myelin protein signals is normalized to βIII Tub.  Relative 
protein intensities compared to WT brain are shown as mean value ± SEM.   For each of the four 
genotypes, three independent membrane preparations were carried out.  One-way ANOVA with 
multiple comparisons, Dunnett posthoc test; ** (p < 0.01), *** (p < 0.001) and **** (p < 
0.0001).   
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Figure 2.2 CNS hypomyelination in Fig4-/flox,PdgfrαCreER mice. Representative Western 
blots of (A) P21 forebrain and (B) P21 hindbrain (cerebellum/brainstem) lysates prepared from 
Fig4 control littermate mice (Fig4+/flox,PdgfrαCre-ER) and Fig4-/flox,PdgfrαCreER mutant mice, 
probed with antibodies specific for the myelin proteins MAG,  CNPase and MBP.  To control for 
protein loading, blots were probed for the neuronal marker class III β-tubulin (βIII Tub).  (A’ and 
B’) Quantification of Western blot signals for MAG, CNPase and MBP in (A’) forebrain and 
(B’) cerebellum/brainstem lysates. Relative protein intensities compared to control tissue are 
shown as mean value ± SEM.  Six pairs of control littermate and Fig4-/flox,PdgfrαCreER mice 
were analyzed and quantified.   Unpaired Student’s t-test, *p= 0.0323 (MAG), **p= 0.0096 (A’, 
MBP), **p= 0038 (B’ CNPase), 0027 (B’, MAG), ***p= 0.0006 (A’, CNPase), ***p= 0.0004 
(B’, MBP).  (C and C’) Sagittal sections of P21 forebrain of control littermate 
(Fig4+/flox,PdgfrαCreER) and Fig4-/flox,PdgfrαCreER mutant mice probed for Mbp mRNA 
expression. (D and D’) Sagittal sections of P21 cerebellum of control littermate 
(Fig4+/flox,PdgfrαCreER) and Fig4-/flox,PdgfrαCre-ER  mutant mice probed for Mbp mRNA 
expression. (E and E’) Longitudinal optic nerve sections probed for Plp1 mRNA expression. 
Scale bar (C-D’), 500 µm and (E and E’), 200 µm.  
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Figure 2.3 Loss of Fig4 in the OL-lineage or neurons differentially affects spongiform 
degeneration and lifespan.  (A-D’’’) Hematoxylin/eosin stained tissue sections of P30 mouse 
neocortex, cerebellum, dorsal root ganglion (DRG) and spinal cord ventral horn.  Tissue sections 
of mice with the following genotypes are shown: (A, B, C, D) control mice (Fig4flox/-), (A’, B’, 
C’ D’) Fig4 germline null mice (Fig4-/-), (A”, B”, C”, D”) Fig4-/flox,SynCre conditional mutants 
and (A’’’, B’’’, C’’’, D’’’) Fig4-/flox,Olig2Cre conditional mutants.   Most notable are the large 
vacuolar (sponge-like) structures in different regions of the Fig4-/- nervous system, including 
(A’) deep layers of the neocortex, (B’) deep cerebellar nuclei, (C’) DRGs and (D’) ventral horn 
of the spinal cord. (A”-D”) A milder but similar phenotype is observed in Fig4-/flox,SynCre mice. 
(A’’’) In the Fig4-/flox,Olig2Cre neocortex small vacuoles are observed in all layers of the 
neocortex.  (B’’’ and C’’’) In Fig4-/flox,Olig2Cre mice deep cerebellar nuclei and DRGs look 
largely normal.  (D’’’) The large vacuoles in the spinal cord ventral horn of Fig4-/flox,Olig2Cre 
mice likely represent motoneurons, as the Olig2 promoter is known to drive cre expression in 
motoneurons and the OL-linage. (E) The Hb9-cre driver line was used for conditional deletion of 
Fig4 specifically in motoneurons. Toluidine blue stained section of Fig4-/flox,Hb9Cre ventral horn 
shows multiple large vacuolar structures within the gray and white matter of the spinal cord.  
Examples of vacuolar structures are labeled with asterisks. Apparently normal motoneuron 
profiles are indicated by arrows.  (F) Electron micrograph of Fig4-/flox,Hb9Cre ventral horn with 
large vacuolar structures labeled by asterisks.  Vacuolar structures are mostly devoid of electron-
dense material and found in axons surrounded by thin myelin sheaths (arrows). Vacuoles cause 
peripheral displacement of axoplasm and mitochondria.  The arrowhead points to a dystrophic 
axon with accumulation of numerous smaller vesicles. (G) Viability of Fig4 conditional mutants. 
Kaplan-Meier plot shows an average life-span of 6 months for Fig4-/flox,SynCre mice (n= 15), 
while Fig4-/flox,Olig2Cre mice (n= 5) are viable for 12-14 months (the oldest mice currently in 
our colony). 
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Figure 2.4 Conditional ablation of Fig4 in neurons or in OLs leads to severe dysmyelination 
of the optic nerve.  (A-A’’)  Sagittal sections of juvenile (P21) mouse retina embedded in epoxy 
resin and stained with toluidine blue.  (A) Fig4 control mice, harboring at least one Fig4 WT 
allele, (A’) Fig4-/flox,SynCre mice and (A’’) Fig4-/flox,Olig2Cre mice.  Scale bar, 100 µm.  (B-B’’) 
Representative TEM images of optic nerve cross sections of P21 (B) Fig4 control, (B’) Fig4-

/flox,SynCre and (B’’) Fig4-/flox,Olig2Cre mice.  (C-C’’)  Representative TEM images of optic 
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nerve cross sections of adult (P60-75) mice. (C) Fig4 control, (C’) Fig4-/flox,SynCre and (C’’) 
Fig4-/flox,Olig2Cre mice.  Black arrows in C’ indicate the presence of dystrophic axons.  Scale 
bar (B-C’’) = 1 µm.  (D) Quantification of percentage of myelinated fibers in the optic nerve at 
P21 and P60-75. At P21, Fig4 controls (n=3 mice, 3 nerves); Fig4-/flox,SynCre (n= 2 mice, 3 
nerves) and Fig4-/flox,Olig2Cre (n= 3 mice, 3 nerves). (E) Quantification of myelinated fiber g-
ratios in the optic nerve at P21, n=3 animals, 3 nerves for all groups. (F) Quantification of 
myelinated fibers in the optic nerve at P60-P75.  Fig4 control (n= 4 mice, 4 nerves), Fig4-

/flox,SynCre (n= 4 mice, 4 nerves); Fig4-/flox,Olig2Cre (n= 3 mice, 4 nerves).  Results are shown as 
mean value ± SEM, one-way ANOVA with multiple comparisons, Tukey posthoc test; n.s. (p > 
0.05), *(p=0.0211), **(p=0.0055), **** (p < 0.0001). 
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Figure 2.5 Conditional ablation of Fig4 in neurons or OLs leads to impaired conduction of 
electrical impulses in the optic nerve.  Compound action potential (CAP) recordings from 
acutely isolated optic nerves of P21 mice.  (A) Representative CAP traces recorded from Fig4 
control mice, harboring at least one Fig4 WT allele (n= 14 nerves), (B) Fig4 -/- mice (n= 5 
nerves), (C) Fig4-/flox,SynCre mice (n= 11 nerves) and (D) Fig4-/flox,Olig2Cre mice (n= 9 nerves).  
For each graph, the arrow indicates the largest amplitude peak, as identified by Gaussian fit. (E) 
Quantification of average conduction velocity of largest amplitude peaks identified in A-D.  
Results are shown as mean value ± SEM, one-way ANOVA with multiple comparisons, Dunnett 
posthoc, **** (p < 0.0001). 
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Figure 2.6 Conditional ablation of Fig4 in neurons or OLs results in a decrease of mature 
OLs.  (A, B, C) Optic nerve cross sections from P21 Fig4 control mice, harboring at least one 
Fig4 WT allele, (A’, B’, C’) Fig4-/flox,SynCre mice and (A’’, B’’, C’’) Fig4-/flox,Olig2Cre mice 
were stained with anti-NG2, anti-Olig2 or probed for Plp1 mRNA expression.  Scale bar = 100 
µm. (D-F) Quantification of labeled cells in optic nerve cross sections normalized to area in 
arbitrary units (A.U.).  (D) The density of NG2+ cells in Fig4 control (n= 4 mice), Fig4-

/flox,SynCre (n= 3 mice) and Fig4-/flox,Olig2Cre (n= 3 mice) optic nerves is not significantly (n.s.) 
different.  (E) Quantification of the density of Olig2+ cells in Fig4 control (n= 6 mice), Fig4-

/flox,SynCre (n= 3 mice) and Fig4-/flox,Olig2Cre (n= 4 mice) optic nerves.  (F) Quantification of 
the density of Plp1+ cells in Fig4 control (n= 8 mice), Fig4-/flox,SynCre (n= 4 mice) and Fig4-

/flox,Olig2Cre (n= 4 mice) optic nerves.  Results are shown as mean value ± SEM, one-way 
ANOVA with multiple comparisons, Dunnett’s posthoc test.  ** (p = 0.001), *** (p = 0.0002) 
and **** (p < 0.0001). 
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Figure 2.7 Fig4-deficient OLs show impaired differentiation and membrane expansion in 
vitro.  Representative images of Fig4 control (Fig4+/+ or Fig4+/-) and Fig4-/- primary OLs after 4 
days in differentiation medium, fixed and stained for the OL-lineage markers (A and A’) NG2 
and MAG; (B and B’) CNPase and MBP.  Scale bar in A-B’, 200 µm.  (C) Quantification of 
NG2, CNPase, MAG, and MBP/CNPase labeled cells in Fig4 control (n= 3) and Fig4-/- (n= 3) 
cultures normalized to Hoechst 33342 dye labeled cells.  The ratio of immunolabeled cells over 
Hoechst+ cells in Fig4 control cultures was set at 1. Results are shown as mean value ± SEM, 
multiple t-test analysis with Holm-Sidak method. **p= 0.0075 (MAG), *p= 0.012 (MBP).  (D 
and D’) Confocal images of MBP+ and Actin Red 555+ OLs in Fig4 control and Fig4-/- cultures.  
Nuclei were labeled with TO-PRO-3, scale bar = 20 µm.  (E) Quantification of the fraction of 
“arborized” (actin rich, no MBP), “partial” (partial actin disassembly, onset of MBP expansion), 
and “ring + lamellar” (full MBP expansion, actin disassembly) in Fig4 control cultures (n= 4) 
and Fig4-/- (n= 4) cultures. Results are shown as mean value ± SEM, multiple t-test analysis with 
Holm-Sidak method. *p= 0.0008 (“partial”), *p= 0.009 (“ring + lamellar”).  



90	
	

 
 
Figure 2.8 Loss of Fig4-/- in primary OLs does not affect cell proliferation or cell death.  (A-
A’) Representative images of control (Fig4+/+or Fig4+/-) and Fig4-/- OPCs cultured for 2 days 
under proliferative conditions, fixed and stained with anti-PDGFRα (green) and Ki67 (red).  
Hoechst 33342 dye was included for nuclear staining of all cells.  Scale bar = 200 µm.  (B) 
Quantification of PDGFRα and Ki67 double-labeled cells.  The number of double stained cells in 
Fig4 control cultures was set at 1 and is comparable to Fig4-/- cultures (n= 4 experiments per 
genotype). Results are shown as mean value ± SEM, unpaired Student’s t-test.  (C-C’) 
Representative images of OLs after 4 days in T3 containing differentiation medium.  Cultures 
were fixed and stained with calcein-AM (green, living cells) and ethidium homodimer (red, dead 
cells).  Scale bar = 200 µm.  Quantification of live cells after 4 days (D) and 5 days (E) in 
differentiation medium revealed no differences among the two genotypes.  Fig4 control cultures 
(n= 4) and Fig4-/- cultures (n= 4). Results are shown as mean value ± SEM, unpaired Students t-
test. 
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Figure 2.9 Capillary Western analysis of primary OL lysates. (A) Representative capillary 
immunoassay data of Fig4 control and Fig4-/- OPC/OLs are shown in Simple Western lane 
view.  (B) Representative chemiluminescence signal intensity graphs and protein molecular 
weight of individual proteins.  Fig4 control and Fig4-/- OPC/OLs lysates are shown as black and 
pink lines respectively.  Specific peaks corresponding to each protein target are marked. (C) 
Quantification of protein of Erk1-normalized peak area of each protein target.  Three 
independent experiments were used for quantification. Results are shown as mean value ± SD. *, 
P<0.05; ***, P<0.005 
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Figure 2.10 Conditional deletion of Pikfyve in OLs results in profound CNS 
hypomyelination.  (A-D’) Sagittal sections of P13 mouse brains.  (A) Pikfyve control 
(Pikfyveflox/+ or Pikfyveflox/flox; n= 3) mice and (A’) Pikfyve conditional null 
(Pikfyveflox/flox,Olig2Cre; n= 3) mice stained with FluoroMyelin Green.  In 
Pikfyveflox/flox,Olig2Cre, no myelin staining was observed, Scale bar, 1 mm. (B-D’) Plp1 in situ 
hybridization shows virtual absence of mature OLs in P13 Pikfyveflox/flox,Olig2Cre brain tissue, 
including (B and B’) internal capsule and corpus callosum, (C’ and C’) hippocampus and corpus 
callosum and (D and D’)  cerebellar white matter. Scale bar (A, A’) = 1000 µm,  (B-D’) = 500 
µm. (E-H) Cultures of primary OPCs/OLs isolated from Pikfyve control and 
Pikfyveflox/flox,Olig2cre mouse pups.  (E, E’) At DIV2, cells were fixed and stained with anti-
PDGFRα, anti-Ki67and Hoechst 33342 dye.  (F, F’) After 3 days in differentiation medium, 
supplemented with T3, cells were fixed and stained with anti-MBP and Hoechst 33342. (G) 
Quantification of proliferating OPCs revealed a Pikfyve-dependent reduction in Ki67+/PDGFRα+ 
double-labeled cells (n= 3 experiments per genotype).  (H) Quantification of MBP+ OLs 
normalized to Hoechst+ cells shows a highly significant decrease in the number of MBP+ OLs in 
Pikfyveflox/flox,Olig2cre cultures (n= 3 experiments per genotype). Unpaired Student’s t-test; mean 
value ± SEM.  ** (p = 0.011) and **** (p < 0.0001).  
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Figure 2.11 Optic nerve axons are not myelinated in Pikfyveflox/flox,Olig2Cre mice.  
Semi-thin sections of P14 optic nerves in (A, B) longitudinal and (C, D) cross sectional view 
stained with toluidine blue. In control optic nerve (Pikfyveflox/+,Olig2Cre) many myelinated fibers 
are observed (n=3 pups). In Pikfyveflox/flox,Olig2Cre conditional mutants (n= 3 pups), there is a 
striking absence of myelinated axons in the optic nerve. Arrows in photomicrographs B and D 
point to presumptive oligodendrocytes laden with large vacuoles.  Scale bar =15 µm.  
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Figure 2.12 Homozygosity for VAC14L156R leads to CNS hypomyelination and impaired 
conduction of compound action potentials.  
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(A) Schematic of the PIKfyve/Vac14/Fig4 enzyme complex and its phosphoinositide products 
PI(3)P and PI(3,5)P2.  The red asterisk in VAC14 indicates the L156R point mutation that 
perturbs the interaction with PIKfyve, but not with Fig4. (B) Western blot analysis of brain 
membranes prepared from adult (P90-120) WT and VAC14L156R/VAC14L156R littermate mice 
revealed a reduction in the myelin markers MAG, CNPase, and MBP.  Anti-class III β-tubulin 
(βIII-Tub), a neuronal marker, is shown as a loading control.  (C-E) Quantification of protein 
bands detected by Western blotting, shows a significant decrease in MAG, CNPase, and MBP in 
VAC14 mutant brain tissue (n= 3 independent blots per genotype).  Unpaired Student’s t-test; 
mean value ± SEM.  *** (p < 0.001), **p= 0.0015 and * p=0.0238.  (F and G) Representative 
CAP traces recorded from acutely isolated optic nerves of WT and VAC14L156T homozygous 
mice.  (H) Quantification of average conduction velocity (CV) of largest amplitude peaks 
identified in F and G.  Results are shown as mean value ± SEM, unpaired Student’s t-test, ** 
p=0.0063. WT n= 6 nerves, 3 mice and for Vac14L156R mutants n= 6 nerves, 3 mice.  
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Figure 2.13 Severe optic nerve hypomyelination in VAC14L156R/L156R mice.  Semi-thin sections 
of P21 optic nerves in (A, B) longitudinal and (C, D) cross sectional view stained with toluidine 
blue. In wildtype (WT) optic nerve sections many myelinated fibers are observed (n= 3 pups). In 
marked contrast very few axons are myelinated in the VAC14L156R/L156R optic nerves (n = 2).  
Scale bar =15 µm. 
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Figure 2.14 In Fig4-/- OLs, MAG accumulates in large perinuclear vacuoles. Confocal 
images of live OLs acutely labeled with bath applied anti-MAG-Alexa488 (green) and 
LysoTracker Deep Red. (A-A’’) Fig4 control (Fig4+/+ or Fig4+/-) OLs incubated with anti-
MAG-Alexa488 and LysoTracker, single channel and merged images are shown. (B-B”) Fig4-/- 

OLs incubated with anti-MAG-Alexa488 and Lysotracker shows accumulation of MAG in large 
perinuclear vacuoles (arrows), single channel and merged images are shown.  Of note, large 
perinucler MAG+ vacuoles do not stain with LysoTracker. (C) Scatter plot depicting the volume 
of anti-MAG-Alexa488+ particles in live Fig4 control and Fig4-/- OLs. Each dot represents an 
individual vesicle (n= 4 experiments, 9 cells per genotype). Mean volume ± SEM are shown.  
(D-D”) Wildtype OLs were incubated with anti-MAG-Alexa488 and LysoTracker and then 
acutely treated with the PIKfyve inhibitor apilimod.  MAG accumulates in large perinuclear 
vacuoles, the majority of which does not stain with LysoTracker (n= 4 for Fig4 controls and n= 4 
for Fig4-/- cultures). For apilimod treatment, n= 3 independent cultures. Maximum projection 
confocal z-stack images are shown, scale bar = 10 µm.  
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Figure 2.15 Fig4-/- OLs show enlarged perinuclear vacuoles that stain positive for LAMP1. 
Confocal images of (A-A”) Fig4 control (Fig4+/+ or Fig4+/-) and (B-B”) Fig4-/- OPCs cultured 
for two days in the presence of PDGF, fixed and double-stained with anti-LAMP1 and anti-
PDGFRα antibodies.  TO-PRO-3 dye was added to stain nuclei. Few OPCs (<20%) in Fig4-/- 
cultures showed enlarged LAMP1+ vesicles (white arrows).  (C-D’’) Confocal images of (C-C”) 
Fig4 control and (D-D”) Fig4-/- OLs after 4 days in T3 containing differentiation medium. 
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Cultures were fixed and double-stained with anti-LAMP1 and anti-MAG antibodies.  TO-PRO-3 
dye was added to stain nuclei.  In Fig4-/- cultures, the majority of OLs (>65%) showed multiple 
large perinuclear vacuoles that were double-positive for LAMP1 and MAG (white arrows).  
Observations were made in 4 independent experiments per culture condition.  Scale bar, A-D” = 
10 µm 
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Figure 2.16 In Fig4-/- OLs, PM derived MAG is transported to enlarged vesicles in the 
LE/Lys compartment. Representative confocal images of (A) Fig4 control OLs and (A’) Fig4-/- 

OLs transfected with a Rab7-YFP expression construct.  Large perinuclear Rab7-YFP+ vesicular 
structures are observed in Fig4-/- OLs (arrows).  Scale bar = 20 µm.  Confocal images of (B-B”) 
Fig4 control (Fig4+/+ or Fig4+/-) and (C-C”) Fig4-/- OL cultures transfected with a LAMP-
1mCherry expression construct and incubated in bath applied anti-MAG-Alexa488 antibody.  
(B”) In Fig4 control cultures MAG is localized to LAMP1+ vesicles with a diameter of less than 
1 µm. (C”) In Fig4-/- cultures, MAG labeling is frequently observed in enlarged perinuclear and 
LAMP1+ vesicles (arrows).   Scale bar = 20 µm.   
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Figure 2.17 Specificity control for anti-MAG-Alexa488 antibody.  Live-cell imaging of 
primary OLs prepared from Mag+/+ and Mag-/- pups following bath application of anti-MAG-
Alexa488 (green) and LysoTracker Deep Red.  Representative confocal Z-stack images are 
shown. (A-A”) Anti-MAG-488 labeling of intracellular vesicles is robust in Mag+/+ OLs. (B-B”) 
No signal is detected in parallel processed Mag-/- OLs.  Independent of MAG genotype, 
prominent LysoTracker staining is observed.  (C-D’’) To rule out the possibility that large 
vacuoles are non-specifically labeled by anti-MAG-Alexa488, Mag+/+ and Mag-/- OL cultures 
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were treated with the PIKfyve kinase inhibitor apilimod.  Apilimod leads to accumulation of 
enlarged perinuclear vacuoles in Mag+/+ and Mag-/- cultures.  (C-C’’) In Mag+/+ cultures, 
vacuoles are strongly labeled with anti-MAG-Alexa488.  (D-D’’) In Mag-/- cultures, no labeling 
with anti-MAG-Alexa488 was observed. Scale bar in A-D” = 7.5 µm. 
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Figure 2.18 Live imaging of primary OLs reveals distinct trafficking routes for PM-derived 
MAG and MOG.  Confocal images of (A-A”) Fig4 control and (B-B”) Fig4-/- OLs 
simultaneously incubated with anti-MAG-Alexa488 and anti-MOG-Alexa555 antibodies. 
Independent of Fig4 genotype, there is little overlap among MAG+ (green) and MOG+ (red) 
structures. In Fig4-/- OLs, enlarged MAG+ vesicular structures (arrows) are MOG-. Scale bar A-
B’ = 7.5 µm. 
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Figure 2.19 In Fig4-/- OLs, vesicular trafficking through the LE/Lys compartment is 
defective. Representative confocal images of live, anti-MAG-Alex488 labeled (A) Fig4 control 
OLs and (A’) Fig4-/- OLs.  Time-lapse imaging was used to track movement of MAG+ vesicles.  
(B) Using Imaris software, MAG+ vesicles were labeled with pink spheres and vesicular 
movement was tracked (yellow lines) in Fig4 control cultures.  (B’) Imaris software was used to 
track movement of large vesicles (white color) and small vesicles (purple color) in Fig4-/- OLs: 
tracks of individual vesicles are shown.  (C) Quantification of mean velocity of MAG+ vesicles 
in Fig4 control OLs and Fig4-/- OLs.  In Fig4-/- OLs, movement of small vesicles (0.7 µm3) and 
large vesicles (94 µm3) was assessed separately.  The velocity is shown as mean value ± SEM.  
N= 4 independent experiments and a total of 9 cells per genotype were analyzed. One-way 
ANOVA with Dunnett posthoc, ***p= 0.001.  (n.s. = not significant). 
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Figure 2.20 Impaired trafficking of MAG in Pikfyveflox/flox,Olig2Cre brain slices.  
Confocal images of acute brain slices in oxygenated ACSF treated with bath-applied anti-MAG-
Alexa555 antibody, fixed and stained with anti-mouse-Alexa488 secondary antibody to 
distinguish between endocytosed MAG (red) and PM localized MAG (green). (A) OLs in the 
striatum of Pikfyve control mice (P13) show punctate MAG labeling in the cell soma (arrows) 
and along processes that form internodes. Only few MAG+ structures are also stained with anti-
mouse-Alexa488, and thus, localized on the PM. (B-B”) Limited perinuclear MAG labeling is 
observed in the Pikfyveflox/flox,Olig2Cre striatum.  Many MAG+ structures are labeled red and 
green, and thus localized to the PM, however intracellular MAG is observed in some cells. Scale 
bar = 20 µm.  Small inset shows a 3D view of the two cells labeled with arrows (B-B”). MAG+ 
vesicles (red) only partially overlap with PM localized MAG (green). Alexa488+ isosurface 
transparency is adjusted to 50% to demonstrate intracellular Alexa555+ (red) and LiveNuc 647+ 
(blue) structures.  Scale bar = 10 µm.  
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Figure 2.21 Anti-MAG labeling of EGFP+ OLs and specificity control for anti-MAG 
antibody in acute brain slices. (A-C) The LacZ/EGFP,Olig2Cre reporter mouse was used for 
genetic labeling of cells in the OL lineage.  In acute brain slices, punctate anti-MAG-Alexa555 
labeling is observed in the soma and processes of EGFP+ OLs in the developing neocortex of P14 
mice (arrow). For nuclear staining slices were incubated with NucRed 647. Insert: Isosurface 
rendering of the MAG+/EGFP+ cell labeled with the arrow.  EGFP+ isosurface transparency is 
increased to 50% to demonstrate intracellular Alexa555+ (red) and LiveNuc 647+ (blue) 
structures.  Scale bar = 10 µm. (D-F) Parallel processed brain slices from Mag-/- pups labeled live 
with mouse anti-MAG-Alexa555 antibody, fixed and incubated with anti-mouse Alexa488, show 
no staining above background.  Scale bar = 20 µm. 
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CHAPTER III: 

Myelinated Fibers in the Adult PNS and CNS Differ in Vulnerability to Reduced Levels of 

the Signaling Lipid PI(3,5)P2 

 
3.1 Abstract 

The signaling lipid phosphatidylinositol 3,5-bisphosphate, PI(P3,5)P2, is essential for 

proper vesicular trafficking in eukaryotic cells. PI(P3,5)P2 levels are regulated by an enzyme 

complex that includes the kinase PIKFYVE, the phosphatase FIG4, and scaffold protein VAC14.  

Impaired function of any of these components of the PI(P3,5)P2 biosynthetic complex  results in  

reduction of  PI(3,5)P2, deleterious enlargement of vesicles, and defects in trafficking through the 

endolysosomal compartment.  Mutations in human FIG4 cause inherited disorders including 

Charcot-Marie-Tooth disease type 4J, polymicrogyria with epilepsy, and Yunis-Varon syndrome. 

Fig4-/- mice present with tremor, reduced lifespan, spongiform neural tissue degeneration, and 

severe myelination defects in the central and peripheral nervous systems (CNS and PNS).   

Conditional Fig4 deletion in neurons or myelinating glia in the CNS and PNS results in a severe 

hypomyelination phenotype, suggesting both intrinsic and extrinsic regulation of myelination by 

PI(3,5)P2 during development. To test whether PI(3,5)P2 biosynthesis is required for adult 

maintenance and repair of myelin, we generated a tamoxifen-inducible global Fig4 knockout 

mouse using the CMVCreER transgene (Fig4-/flox,CMVCreER).  Strikingly, adult Fig4 deletion 

leads to rapid deterioration in mice, including severe motor impairment, tremor, weight loss, and 

death within two months of Cre induction. Ultrastructural analysis of sciatic nerves isolated from 
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Fig4-/flox,CMVCreER mice 60 days after tamoxifen administration reveals a robust degenerative 

phenotype, with axonal dropout and abnormal myelin folding. Dorsal root ganglia present with 

severe spongiform degeneration similar to Fig4-/- germline mutants. In the same animals, the 

CNS is only mildly affected and spongiform degeneration is limited. Optic nerve and corpus 

callosum display no obvious ultrastructural, functional, or biochemical abnormalities, suggesting 

that in adulthood Fig4 is dispensable for CNS myelin stability within the two months of survival 

after tamoxifen. Early induction of global Fig4 deletion at P3 to P4 does result in CNS 

hypomyelination, enlarged late endosome/lysosome (LE/Lys) accumulation in cultured 

oligodendrocyte precursors/oligodendrocytes (OPCs/OLs), and region-specific spongiform 

degeneration. These data are consistent with our previously published results indicating that Fig4 

is critical for OL differentiation in vitro and in vivo. Preliminary evidence suggests that inducible 

Fig4 loss in the adult CNS thwarts myelin repair in the lysophosphatidylcholine model of 

reversible myelin lesion. Taken together, these data suggest a differential demand for PI(3,5)P2 

biosynthesis in the adult CNS and  PNS. 

 

3.2 Introduction 

In higher vertebrates, myelination is critically important for proper CNS and PNS 

function. Myelin accelerates propagation of action potentials along the axon and thereby greatly 

facilitates neuron-neuron communication. In the CNS, myelin is produced by oligodendrocytes 

(OLs). Oligodendrocyte precursors (OPCs) arise and get specified early in development, undergo 

extensive migration and are present in the brain and spinal cord throughout life (Bergles and 

Richardson, 2015). After differentiation, myelinating oligodendrocytes are committed to the 

axons they are ensheathing and are incapable of repairing damaged myelin in the adult CNS 
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(Crawford et al., 2016a). Instead, myelin repair is carried out by differentiating OPCs, thus 

partially recapitulating the developmental program (Franklin and Ffrench-Constant, 2008).  In 

the PNS, murine Schwann precursors cells arise from neural crest cells at E13, undergo 

differentiation into immature Schwann cells, and perform radial fiber sorting in nerve trunks. 

Myelinating Schwann cells ensheath axons at a 1:1 ratio and nonmyelinating Schwann cells 

associate with small caliber fibers as Remak bundles (Woodhoo and Sommer, 2008). Schwann 

cells, unlike OLs, are capable of de-differentiation and remyelination of damaged axons after 

injury (Hall, 2005).  In both CNS and PNS, myelinating glia not only ensure saltatory axonal 

conduction, but also provide axons with metabolic support. In the absence of either function, 

neurodegeneration may occur (Nave and Trapp, 2008).  

The phosphatidylinositol-3,5-bisphosphate generating biosynthetic complex consists of 

the kinase PIKFYVE, phosphatase FIG4, and a scaffold protein VAC14 that are highly 

conserved in all eukaryotic cells. The complex is localized to the early and late endosomes, 

where PI(3,5)P2 specifies the identity of LE/Lys organelles, maintains their ionic homeostasis,  

vesicle fission, nutrient sensing, and autophagy (McCartney et al., 2014a, Jin et al., 2016). 

Human patients with a missense I41T mutation in FIG4 combined with a null FIG4 allele 

present with severe Charcot Marie Tooth type 4J peripheral neuropathy (Chow et al., 2007). 

Interestingly, pathological manifestations of CMT4J in human patients suggest both 

demyelinating and neurodegenerative contributions. The presence of “onion bulbs” and reduced 

sciatic nerve conduction velocity categorize CMT4J as a demyelinating neuropathy, but upper 

and lower motor neuron function impairment, proximal muscle weakness, and sensory deficits 

indicate nerve damage (Zhang et al., 2008, Nicholson et al., 2011). Strikingly, CMT4J human 

patients do not bear any cognitive impairment and to date there is no evidence of affected CNS 
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white matter. These observations suggest differential requirement for properly functioning 

PI(3,5)P2 for CNS and PNS myelin and axonal maintenance. More severe FIG4 mutations do 

affect the central nervous system and manifest as anatomical CNS defects (polymycrogiria), 

psychotic behaviors, calossal dysplasia, neurodegeneration, and death (Campeau et al., 2013, 

Baulac et al., 2014).   

Previously, we extensively characterized the PI(3,5)P2 biosynthetic complex in the 

developing CNS and PNS focusing on myelination. Loss of any component of the complex in 

neurons, oligodendrocytes, or Schwann cells results in CNS and PNS hypomyelination (Chow et 

al., 2007, Winters et al., 2011, Ferguson et al., 2012b, Vaccari et al., 2015). However, whether 

these phenotypes are strictly developmental or develop postnatally is not known. Furthermore, 

while PI(3,5)P2 is critical for myelination, it is unclear whether it is necessary for myelin 

stability, turnover, and repair. Here, we demonstrate for the first time that FIG4 is essential in 

adulthood. Strikingly, loss of Fig4 severely affects PNS axons and glial cells but only causes 

mild region-specific spongiform degeneration in the CNS. CNS myelin stability is not affected 

by inducible deletion of Fig4 in the adult - however, CNS remyelination is impaired. These data 

suggest differential vulnerability of PNS and CNS to PI(3,5)P2 levels in the adult organism.  

 

3.3 Results 

Inducible Fig4 ablation in adult mice causes rapid health deterioration and death  

Fig4 germline ablation in mice results in severe multi-organ defects, including CNS and 

PNS neurodegeneration, decreased spleen size, and skeletal abnormalities (Chow et al., 2007). 

To test whether loss of Fig4 function in adult animals would lead to a similar pathology, 

tamoxifen-inducible CreER under the ubiquitously expressed chicken beta actin (CAG) promoter 
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(otherwise known and hereafter referred to as CMVCreER) was used to ablate Fig4 globally in 

adult mice (Hayashi and McMahon, 2002). Without tamoxifen, Fig4-/flox,CMVCreER animals 

showed limited Fig4 floxed allele recombination in tail and brain biopsies (as reported elsewhere, 

(Mirantes et al., 2013), but were otherwise morphologically indistinguishable from their control 

littermates and had normal lifespan (data not shown). To induce Fig4 deletion, intraperitoneal 

tamoxifen administration was performed for five consecutive days in P60-P90 mice. As early as 

10 days after the first tamoxifen dose (10 days post-injection, dpi), animals presented with 

abnormal hindlimb clasping  (Figure 3.1A). At 30 dpi Fig4-deficient mice were subjected to tail 

suspension. While Fig4 control littermates splayed their hindlimbs for the majority of the test 

duration, Fig4-/flox,CMVCreER animals presented with abnormal hindlimb clasping and truncal 

twisting (Figure 3.2A-A’). Germline Fig4-/- mice are significantly smaller than control 

littermates by body size and weight (Chow et al., 2007). Fig4-flox,CMCVreER animals began 

significantly lagging in weight compared to control littermates as early as 20 dpi. At 60 dpi, the 

average weight of a Fig4-/flox,CMVCreER knockout was 16±0.8g compared 33±1g of littermate 

controls (Figure 3.2C), males in both groups were heavier than females. Furthermore, at 60 dpi 

Fig4 inducible knockout animals became moribund with severely compromised gait, tremor, and 

hunched posture (Video 3.1, Figure 3.1B-B’). Fig4-deficient animals also gradually displayed 

variable degrees of fur discoloration, from white patches on the rump and abdomen to an almost 

completely white fur (Figure 3.1B-B’).  At 60-63 dpi animals had gait impairment, 

demonstrating limited limb control and “swimming-like” limb movement (Supplementary video 

3.1). At 60-63 dpi adult inducible Fig4 knockout mice became progressively lethargic and non-

responsive, and died or were terminated. An independent cohort of animals received tamoxifen 

administration at P21.  They demonstrated a virtually identical trajectory of deterioration over 53 
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days (Figure 3.1C, 3.2D). Taken together, these data demonstrate that FIG4 is necessary for 

postnatal mammalian survival.  

 

Adult inducible Fig4 deletion causes mild spongiform degeneration of the CNS   

A hallmark of germline Fig4 deletion is a region-specific spongiform degeneration of the 

CNS. In particular, deep cortical layers, deep cerebellar nuclei, thalamus, dorsal root ganglia, and 

spinal motor neurons are severely affected (Chow et al., 2007), Chapter II, Figure 3.3.A’-E’). 

Neuronal conditional Fig4-/flox,SynCre mice also present with similar pattern of spongiform 

degeneration, suggesting that this phenotype is predominantly neuron-specific (Ferguson et al., 

2012a). To test whether spongiform degeneration occurs in adult mice within 2 months following 

inducible Fig4 deletion in adult mice, nervous system tissue was isolated from P120-P150 Fig4-

flox,CMVCreER animals and stained with hematoxylin and eosin (H&E). H&E staining in Fig4 

inducible knockouts at 60 dpi revealed mild vacuolation in the cortical layers 4&5, brainstem, 

cerebellum, and ventral spinal cord (Figure 3.3.A’’-D’’). Strikingly, the dorsal root ganglia 

demonstrated extensive vacuolation, comparable in severity to the P30 Fig4 germline mutant, 

suggesting an increased vulnerability of this cell population to Fig4 loss (Figure 3.3E-E’’).  A 

similar pathology was observed in mice injected with tamoxifen at P21. Taken together, these 

data indicate that spongiform degeneration can develop in the adult CNS and PNS and therefore 

is not restricted to developmental and early postnatal period.  

To assess the extent of CMVCre activity, CMVCreER mice were crossed with 

Rosa26LacZ/LacZ reporter animals (Soriano, 1999), and Rosa26LacZ/+, CMVCreER progeny were 

injected with tamoxifen at 21 days and various tissues were stained for β-galactosidase 2 weeks 

after injection. Staining demonstrated robust reporter signal in the brain, notably in the cortex, 
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hippocampus, and cerebellum (Figure 3.4A-B). Dorsal root ganglia were intensely β-gal 

positive. Limited signal was observed in the spinal cord grey matter, retina, and sciatic nerve. 

While the LacZ reporter activity does not represent recombination at the Fig4 locus, it indicates 

where Cre may be most active. Genotyping DNA from retinal tissue isolated from Fig4-

/flox,CMVCreER mice at 60 dpi revealed robust recombination of the Fig4 floxed allele, 

demonstrating that Cre was active in that tissue (Figure 3.4F). 

 

Severe PNS anatomical defects in adult inducible Fig4 knockout mice  

Patients with Charcot-Marie-Tooth disease type 4J, in which Fig4 function is 

significantly impaired, present with intact CNS, but develop progressive and severe peripheral 

neuropathy (Chow et al., 2007). To examine whether loss of Fig4 function in adulthood results in 

PNS damage, sciatic nerves were isolated from P120-P150 Fig4 control and Fig4-flox,CMVCreER 

mice and processed for ultrastructural analysis. Toluidine blue staining of Fig4 control sciatic 

nerve demonstrated structurally intact nerve architecture with robustly myelinated large caliber 

fibers (Figure 3.5A-A’’). In contrast, Fig4-/flox,CMVCreER sciatic nerves presented with gross 

histological abnormalities. Toluidine blue staining revealed reduced fiber density throughout the 

sciatic nerve main trunk and auxiliary branches (Figure 3.5B-B’’). When imaged at high 

magnification with transmission electron microscope (TEM), sciatic nerve fibers in adult induced 

Fig4 mutants exhibited myelin folding, abnormal aggregation of axonal mitochondria, and 

electron-dense inclusion bodies suggestive of impaired lysosomal transport and autophagy 

(Figure 3.6B-B’). These data indicate both axonal pathology and demyelination, but it is unclear 

which begins first. Similar pathology was observed in sciatic nerves isolated from P74 Fig4-

/flox,CMVCreER mice when tamoxifen was administered at P21 (Figure 3.7). To assess the 
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functional significance of sciatic nerve pathology, compound action potentials (CAPs) from 

acutely isolated sciatic nerves were recorded. A significant decrease in sciatic nerve CAP 

amplitude, but not velocity, was observed, potentially indicative of axonal conduction blockage 

(Figure 3.8). Of note, the variability of CAP recordings in the Fig4-/flox,CMVCreER group was 

high, ranging from electrically dead nerves to relatively normal responses. Taken together, these 

data indicate that adult PNS fibers are exquisitely sensitive to reduced PI(3,5)P2 levels, both 

morphologically and functionally.  

 

Adult inducible Fig4 loss does not lead to demyelination in the brain after 60 days  

Fig4-/- mice present with severe CNS dysmyelination that does not improve with age 

(Chow et al., 2007), Chapter II). Likewise, the CNS in both neuron-specific (Fig4-/flox,SynCre) 

and OL-specific (Fig4-/flox,Olig2Cre) mutants remains hypomyelinated regardless of the animals’ 

age, suggesting that myelin formation in these mice is permanently impaired (Chapter II). To test 

whether FIG4 is necessary for myelin stability and/or turnover, whole brain membrane 

preparations were carried out on P120-P150 Fig4-/flox,CMV-CreER  mice at 60 dpi and probed 

with antibodies against FIG4 and myelin markers including myelin-associated glycoprotein 

(MAG), myelin basic protein (MBP), proteolipid protein (PLP), and 2’3’-cyclic nucleotide 3’-

phosphodiesterase (CNPase: Figure 3.9). A significant reduction in FIG4 protein levels was 

observed (27±5% compared to Fig4 control set as 100%) in Fig4-/flox,CMVCreER brain 

membrane preparations, indicating successful recombination at the Fig4 locus. Nonetheless, no 

significant changes were observed in protein levels of MAG, MBP, CNPase, or PLP (Figure 

3.9B). Similar results were recorded in juvenile inducible Fig4 mutants (Figure 3.10). These data 

suggest that FIG4 may be dispensable for CNS myelin stability and turnover in adult mice for at 
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least 2 months. Consistent with these data, conditional Fig4 deletion in the OL lineage does not 

result in rapid deterioration in mice, and OL lineage-specific mutant (Fig4-/flox,PDGFRaCreER) 

mice are currently alive in our colony for over 5 months after tamoxifen administration. 

Similarly, Fig4-/flox,Olig2Cre mice have a normal lifespan (Chapter II), suggesting that longevity 

and CNS myelination defects in Fig4-deficient mice are uncoupled.  

 

Normal optic nerve ultrastructure and conduction in Fig4 -/flox,CMVCreER mice 

The severe hypomyelination phenotype in Fig4-/- germline mutants is associated with a 

drastic decrease in the density of myelinated fibers and reduced myelin thickness in the optic 

nerve at P21 (Chapter II). To examine whether adult inducible Fig4 deletion leads to 

demyelination in the CNS, optic nerves from Fig4 control and Fig4-/flox,CMVCReER mice at 60 

dpi were imaged using TEM. No obvious defects in compact myelin structure, axonal integrity, 

or number of myelinated axons were observed (Figure 3.11A-A’). There was no significant 

decrease in myelinated fiber density in juvenile inducible Fig4 knockouts (3.12A-A’). Consistent 

with their ultrastructural pathology, Fig4-/- mice demonstrate significant impairment of optic 

nerve conduction (Winters et al., 2011), Chapter II). To test whether inducible Fig4 ablation in 

the adult CNS interferes with optic nerve function, we performed CAP recordings in P120-P150 

Fig4 inducible knockout mutants at 60 dpi. A mature optic nerve fires a multi-peak compound 

action potential with the peaks corresponding to myelinated axonal populations of different 

diameter (3.11C). The conduction velocity and amplitude of each peak can be resolved by fitting 

the CAP as a sum of three of four Gaussians (Carbajal et al., 2015). In Fig4-/- germline mutants, 

there is a significant increase in the population of slowly conducting fibers with a concomitant 

decrease in fast conducting populations (Winters et al., 2011). Strikingly, optic nerves isolated 
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from Fig4-/flox,CMVCreER mutants exhibited normal conduction, with no significant change in 

conduction velocity or amplitude of any of the CAP components (Figure 3.11B-E). These data 

were consistent with normal biochemical levels of myelin-associated proteins in the adult 

inducible Fig4 knockout brains and the optic nerve ultrastructural analysis. Optic nerves from 

juvenile inducible Fig4 knockout mice and control animals exhibited similar CV and amplitude 

of fast conducting populations. Interestingly, some of the recorded Fig4-/flox,CMVCreER optic 

nerves had a small, but identifiable, slowly conducting peak (peak 4, CV~0.5-0.6 m/s), which 

was not observed in control nerves (Figure 3.14C-E’).  While most of the optic nerve is 

myelinated by P21, the density of myelinated fibers increases between P21 and P75 (Zuchero et 

al., 2015), Chapter II), indicating some additional myelination. Therefore, interfering with FIG4 

function at P21 and onward may impair later stages of optic nerve myelination, thus leaving 

some populations unmyelinated. Taken together, these data indicate that despite the loss of Fig4 

function, optic nerve myelinated fibers are not affected structurally and functionally for at least 2 

months.  

 

Early postnatal global Fig4 deletion recapitulates some neurological defects observed in 

Fig4-/- germline mutants 

Fig4-/- germline mutants present with multiple neurological defects, including tremor, 

hydrocephalus, spongiform degeneration, CNS and PNS hypomyelination, and reactive gliosis 

(Chow et al., 2007, Winters et al., 2011), Chapter II). All these phenotypes are readily observed 

in Fig4-/- mice at P10 until death at 4-6 weeks (Chow et al., 2007). To test whether Fig4 ablation 

in early postnatal Fig4-flox,CMVCreER pups mimics the phenotype of constitutive mutants, 4-

hydroxytamoxifen was administered to pups at P3 and P4 before onset of CNS myelination. Pups 



123	
	

were morphologically indistinguishable prior to tamoxifen administration. By P22, Fig4-

/flox,CMVCreER pups were comparable to their control littermates weight- and size-wise, 

however, they displayed some abdominal fur discoloration (Figure 3.1D). There were no obvious 

gait defects, but juvenile inducible Fig4 knockouts displayed a mild propensity for limb clasping 

during tail suspension (supplementary video 3.2).  Hydrocephalus was not observed (data not 

shown). To examine whether inducible Fig4 knockout in early postnatal mice had any 

histological defects, sagittal brain sections were stained with Fluoromyelin Green. Massive 

spongiform degeneration, a hallmark of germline Fig4-deficiency was observed in cortical layers 

4 and 5 (Figure 3.13A-B).  Thinning of myelin-rich structures in the striatum, corpus callosum, 

and brain stem was evident, suggesting impaired CNS myelination. For a more quantitative 

assessment of myelin defects in young Fig4 inducible knockouts, cerebellum/brainstem and 

forebrain homogenates were probed with antibodies against FIG4 and myelin-associated proteins 

MAG and MBP.  A substantial decrease in FIG4 signal intensity was observed in both cortical 

and cerebellar lysates of Fig4-/flox,CMVCReER knockouts, indicating a rapid FIG4 knockdown 

(Figure 3.13C). Interestingly, there was a noticeable reduction in myelin-associated markers 

MAG and MBP. As was previously reported (Chapter II) germline and conditional Fig4 deletion 

results in significantly impairmed of OL terminal differentiation. The peak of OPC proliferation, 

differentiation, and myelination occurs during the first 2-3 postnatal weeks in mice, and therefore 

disrupting FIG4 function during this critical period may potentially interfere with myelinating 

events and thus lead to hypomyelination (Hill et al., 2014b). 
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Neonatal Fig4 deletion results in enlarged LAMP1+ structures in cultured OPCs/OLs  

Fig4 germline-deficient OLs display abnormal accumulation of enlarged LAMP1+ 

vacuoles in vitro (Chapter II). To examine whether global Fig4 deletion happens in the OL 

lineage and results in a similar LE/Lys compartment abnormality, primary OPCs (PDGFRα+), 

postmitotic OLs (O4+), and myelinating OLs (MOG+) were isolated from Fig4-/flox,CMVCreER 

pups at P10, seven days after 4-hydroxytamoxifen administration. Immediately after OPCs/OLs 

isolation and for the next several days in vitro, Fig4-/flox,CMVCreER OPCs/OLs were 

morphologically indistinguishable from littermate control cultures (data not shown). However, 

after 4 days in vitro (DIV4), abnormally large vacuoles could be detected by phase-contrast 

microscopy in Fig4-deficient cultures. When fixed and stained with the OL marker MAG and 

LE/Lys marker LAMP1, Fig4-/flox,CMVCreER, but not control cultures, exhibited substantially 

enlarged LAMP1+ structures, similar to what was documented in Fig4-/- and Fig4-/flox,Olig2Cre 

OLs (Chapter II; Figure 3.14A-C’). To assess the efficacy of Fig4 deletion in isolated 

OPCs/OLs, parallel cultures were lysed and probed for FIG4. FIG4 protein levels were 

drastically decreased in Fig4-/flox,CMVCreER OPCs and postmitotic OLs (Figure 3.14D). These 

data indicate that early global neonatal Fig4 deletion is efficient in OPCs/OLs and leads to rapid 

impairment of the LE/Lys transport. These results may also indicate that lack of demyelination in 

the CNS of adult inducible Fig4 knockout mice is not due to inefficient Cre activity in the OL 

lineage.  

 

Global adult inducible Fig4 deletion prevents myelin repair after LPC injection 

Remyelination in the adult CNS occurs in response to white matter damage associated 

with stroke, trauma, or autoimmune attack. Myelin repair is preceded by active migration of 
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OPCs to the damaged myelin, their differentiation into immature OLs and myelination of naked 

axons. To an extent, this process recapitulates developmental myelination, although the ability of 

OPCs to differentiate and myelinate decreases with age (Crawford et al., 2016b).  Here, we used 

a well-established model of reversible myelin lesion via stereotaxic brain injection of 

lysophosphatidylcholine (LPC; (Gregson and Hall, 1973). P60-P90 control littermate and Fig4-

/flox,CMVCreER mice were injected with tamoxifen, and at 10 dpi LPC was injected 

stereotactically into the corpus callosum.  This timeline was selected due to early pathological 

manifestations in adult inducible Fig4-deficient mice and their rapid health deterioration 

afterwards. At 21 days after LPC injection, the corpus callosum is typically remyelinated and the 

resulting myelin, while thinner than established developmentally, is electrophysiologically 

competent (Brill et al., 1977). Toluidine blue staining in Fig4 control littermates at 21 days after 

LPC injection demonstrated an identifiable lesion site, but with a robust toluidine blue signal 

within lesion borders, suggesting remyelination (Figure 3.15A). Preliminary studies in Fig4-

deficient animals revealed that the lesion site had notable absence of toluidine blue signal, 

indicating a lack of myelinated structures (3.15B). TEM imaging of intact corpus callosum 

regions revealed no difference in myelin structure and axonal integrity in Fig4-/flox,CMVCreER 

mutants, consistent with the optic nerve ultrastructural analysis (Figure 3.15A’-B’). There were 

multiple thinly myelinated fibers in the lesion core of control littermate mice, but very little 

evidence of remyelination in Fig4-deficient mutants (Figure 3.15A’’-B’’). These data suggest 

that while Fig4 may be dispensable for myelin stability and turnover in the CSN, it is necessary 

for remyelination. Cerebellum lysates collected from the animals at the same tamoxifen dpi 

demonstrated a robust decrease in FIG4 protein levels, indicating successful Fig4 deletion by Cre 

(Figure 3.15C). 
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3.4 Discussion and future directions  

       PI(3,5)P2 homeostasis is essential for normal physiology in the adult mammalian organism. 

As early as 10 days after tamoxifen administration, Fig4-deficient mice showed motor defects 

such as abnormal hindlimb clasping. Furthermore, both juvenile and adult global inducible Fig4 

deletion led to severe weight loss, loss of fur pigmentation, “swimming” gait, and reduced 

lifespan. At 60 dpi, FIG4 protein levels in the brain were less than 30% of wildtype levels, 

demonstrating efficient Cre activity. Region-specific spongiform degeneration was observed in 

adult inducible Fig4 knockouts at 60 dpi. Ultrastructural analysis of sciatic nerves in Fig4-

flox,CMVCreER mice revealed severe PNS degeneration with both axonal pathology and 

demyelination. Remarkably, in the same animals, CNS myelin in the brain was largely intact 

with no signs of demyelination or impaired electrophysiological properties.  Neonatal Fig4 

genetic deletion, however, did result in CNS hypomyelination, suggesting that Fig4 may be 

essential during the critical period of OPC differentiation and myelination in the first postnatal 

weeks. Fig4-/flox,CMVCreER OLs displayed enlarged vacuolation similar to germline Fig4-/- cells 

and robust decrease in FIG4 protein levels, indicating successful  Fig4 deletion in the OL 

lineage. Interestingly, CNS white matter lesion remyelination appears to be impaired in adult 

inducible Fig4 mice. Taken together, our data indicate differential demand for Fig4 function in 

the adult mouse organism depending on the organ system and physiological conditions.  

 

Genetic Fig4 deletion leads to a severely shortened lifespan  

Germline inactivation of any component of the PI(3,5)P2 biosynthetic complex in mice 

results in decreased survival. Depending on genetic background, germline Fig4 null mutants live 

up to 6 weeks, Vac14 null mutants die neonatally, and Pikfyve null mice do not survive past E3.5 
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in utero (Chow et al., 2007, Zhang et al., 2007, Ikonomov et al., 2011). Here, we demonstrated 

that inducible Fig4 deletion in adult mice on a genetic background similar to well-characterized 

Fig4 germline mutants ((C57BL/6J x C3H) F1, Chapter II) leads to a severely shortened lifespan. 

The ultimate cause of death in both germline and inducible Fig4 knockouts is not clearly 

understood. The animals are still capable of eating and drinking, despite continuous reduction in 

weight. Muscle atrophy in Fig4-/- germline mutants was shown to be secondary to 

neurodegeneration (Reifler et al., 2013).  Both germline and adult Fig4 inducible knockouts may 

die due to breathing impairment, since animals were observed gasping for air shortly before their 

death (data not shown). Among tissue-specific conditional Fig4 mutants, it is notable that 

neuron-specific knockouts (Fig4-/flox,SynCre) have a shorter lifespan than the OPC and the OL 

lineage-specific Fig4 mutants (Chapter II). Conversely, a significant lifespan increase in 

transgenic Fig4-/-,NSE-Fig4 mice compared to germline Fig4 mutants suggests that FIG4 

function in neurons is essential for survival. Of note, FIG4 is enriched in DRGs (Guo et al., 

2012). DRGs are among the earliest and most severely affected neuronal populations in germline 

null, SynCre, and global adult inducible Fig4 knockouts, whereas these cells are completely 

intact in the Olig2Cre Fig4 conditional mutants (Chapter II). It may be of interest to examine 

DRGs more closely to determine what makes them so vulnerable to impaired PI(3,5)P2 

biosynthesis and whether their degeneration contributes to reduced lifespan in mutant mice. 

Interestingly, Fig4-/flox,Olig2Cre conditional knockouts display severe spongiform degeneration 

in the spinal cord (Vaccari et al., 2015), Chapter II), yet have a normal lifespan and do exhibit 

any obvious gait abnormalities.  

Notably, some CMT4J patients have died due to respiratory complications in adulthood 

(Zhang et al., 2008). Yunis-Varon patients die in infancy due to multi-organ failure. Two of the 
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reported polymycrogyria patients died of seizures, and two more committed suicide (Campeau et 

al., 2013, Baulac et al., 2014). Taken together, the observations in mouse mutants and human 

patients strongly suggest that there is a minimal requirement for PI(3,5)P2 level that is needed to 

maintain normal physiology. Our new data indicate that even an adult mammalian organism is 

vulnerable to Fig4 loss of function.   

 

Fig4 is necessary in the adult PNS  

The most striking observation in Fig4-/flox,CMVCreER mutants is a devastating effect of 

adult inducible Fig4 deletion on sciatic nerve fibers. Drastic deterioration of sciatic nerves is 

consistent with the human CMT4J phenotype where peripheral nerves are greatly affected. As in 

human patients, PNS pathology in Fig4 adult inducible knockout mice exhibits signs of both 

neuronal and Schwann cell contribution. With the current data, it is difficult to establish whether 

axons or Schwann cells first develop pathology. Abnormal mitochondrial accumulation is 

suggestive of axonal defects, as is reduced CAP amplitude in recorded sciatic nerves. However, 

the accumulation of myelin debris and misfolded myelin indicate demyelination and abnormal 

Schwann cell function. Since PI(3,5)P2  regulates autophagy (Ferguson et al., 2009, 2010), it 

would be interesting to examine the effect of adult inducible Fig4 deletion on autophagic 

processes in neurons and Schwan cells, which may contribute to PNS abnormalities (see Chapter 

IV for a more detailed discussion). A previous study used conditional knockout to dissect the 

neuron-glia contribution to the sciatic nerve pathology in Fig4 germline mutants (Vaccari et al., 

2015).  Selective Fig4 loss in motor neurons resulted in mild hypomyelination of motor-specific 

nerves (quadriceps) and eventual motor neurodgeneration and axonal dropout. Fig4 deletion in 

Schwann cells caused significant hypomyelination in sciatic nerve, impaired SC autophagy, and 
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additional demyelination in aged animals. Sensory nerve pathology was not characterized in 

depth. Both mice and human patients have sensory neuron abnormalities (as described above), 

but they are relatively mild in human CMT4J patients compared to their motor defects. 

Interestingly, a recent genome-wide association study in prostate cancer patients identified an 

intronic VAC14 SNP as a potential predictor of docetaxel-induced peripheral neuropathy (Hertz 

et al., 2016). These data further support PNS dependence on properly functioning PI(3,5)P2 

biosynthesis.  

Axon-glia interactions necessary for myelin formation and repair after injury in the PNS 

are well described. In particular, Neuregulin 1 type III  (NRG1) signaling has been shown as a 

major regulator of PNS myelination and repair, but as dispensable for maintenance of Schwann 

cells and myelin in the adult PNS (Atanasoski et al., 2006). Interestingly, it was recently 

demonstrated that during PNS repair, Schwann cells themselves produce NRG1 type III and 

NRGI type I to compensate for the absence of neuronal-derived NRG1 and thus ensure effective 

remyelination (Stassart et al., 2013). It is possible that in the absence of Fig4, some aspect of 

NRG1 signaling is altered, thus leading to impaired communication in the axoglial unit and its 

degeneration. Currently, we have no direct evidence of altered NRG1 levels in the absence of 

Fig4 in either PNS cell population. It would be possible to use biochemistry, in situ 

hybridization, and immunostaining to directly test an effect of PI(3,5)P2 deficiency on NRG1 

levels Further dissection of the PNS phenotype in adult inducible Fig4 knockout mice can be 

achieved by employing cell-type specific inducible Cre lines.  
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Clasping and gait abnormalities in adult inducible Fig4 knockout mice  

At 60 dpi, adult inducible Fig4 knockout mice demonstrate severely impaired 

locomotion, with tremor and impaired gait. Furthermore, the animals show abnormal behaviors 

during tail suspension, such as hindlimb clasping and truncal twisting as early as 10 dpi. These 

phenotypic manifestations may be partially due to impaired PNS and secondary muscle loss. 

Abnormal behavior during tail suspension, however, suggests neurological defects, but it may 

originate from multiple neuronal populations. Abnormal twisting and clasping are reported in 

mouse models of Huntington’s disease, dystonia, ALS, and peroneal muscular atrophy, among 

other conditions (Lin et al., 2001, Li et al., 2005, McGoldrick et al., 2013, Liang et al., 2014, 

Pappas et al., 2014, Pappas et al., 2015, Weisheit and Dauer, 2015). Neurodegeneration is 

relatively region-specific in all these disorders, but nonetheless they converge onto a similar 

phenotypical manifestation.  Spongiform degeneration in adult inducible Fig4 knockout mice is 

subtle compared to germline mutants, but it may be sufficient to result in degeneration of 

neuronal populations that contribute to abnormal tail suspension behavior. Of note, neuron-

specific Fig4 mutants progressively exhibit abnormal clasping (Ferguson et al., 2012a), whereas 

Fig4-flox,Olig2Cre mice do not, despite some CNS spongiform degeneration and robust 

hypomyelination (Chapter II). Closely examining neuronal populations whose neurodegeneration 

contributes to abnormal clasping phenotypes, such as basal ganglia, cortex, and spinal cord will 

provide additional insight into cell-type specific vulnerability to impaired PI(3,5)P2  

biosynthesis.  
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Is FIG4-mediated intracellular trafficking dispensable for myelin stability and turnover? 

Despite a robust FIG4 knockdown in the brain at 60 dpi, adult Fig4-/flox,CMVCReER 

mutants do not demonstrate a decrease in myelin-associated proteins in the CNS. While there is 

mild spongiform degeneration in the CNS, optic nerve and corpus callosum myelin show no 

signs of demyelination or degeneration, and optic nerve electrophysiological properties are not 

altered. LacZ reporter activity is limited in the retina and little signal is detected in the RGC 

layer. However, genomic DNA from retina demonstrates robust Fig flox recombination, indicating 

that at least in some retinal populations Cre was active. Furthermore, brain lysates and 

ultrastructural imaging of the corpus callosum reveal relatively intact myelin in the adult 

inducible Fig4 mutants, suggesting that observations made in the optic nerve are likely 

representative of the CNS myelin state.  A potential caveat is insufficient Fig4 knockdown 

specifically in mature myelinating OLs which may lead to underestimating the role of FIG4 in 

adult myelin stability.   

Myelin in the mature CNS has long been considered static, given the long high half-life 

of myelin associated proteins (Savas et al., 2012) and somewhat reduced OPC proliferative 

capacity (Crawford et al., 2016b). However, recent advances in monitoring oligodendrocytes in 

the living adult CNS suggest active myelin remodeling. It is possible that loss of FIG4 function 

for just two months is not sufficient to cause demyelination. Genetic deletion of myelin 

regulatory factor (Myrf) in all OPCs/OLs of the adult CNS, however, is devastating for myelin 

stability, as it leads to decreased myelin protein synthesis, demyelination, and OL death. These 

events transpire fairly rapidly, with animals displaying phenotypical manifestations of 

demyelination as early as 5 weeks after tamoxifen administration, and profound myelin defects at 

8 wpi (Koenning et al., 2012). Therefore, it is possible to cause destabilization of mature myelin 
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within 6 weeks. Studies assessing long-term Fig4 deletion specifically in the OL lineage would 

be essential to truly establish whether Fig4 is dispensable for myelin maintenance. It is important 

to differentiate between myelin maintenance by existing OLs, and myelin turnover, which 

involves adult OPC migration and differentiation into myelinating OLs. We are currently 

addressing the role of FIG4 in myelin turnover in adult inducible OPC-specific Fig4 conditional 

mutants (Fig4-/flox,PDGFRCreER). The use of myelinating OL-specific Cre lines such as 

MBPCreER or PlpCreER would permit assessing the importance of Fig4 for myelin stability. 

Importantly, thus far, our observations on the FIG4 function in the CNS myelin stability are 

restricted to the brain. Weakness and impaired gait in Fig4 adult inducible knockouts is 

reminiscent of pathological conditions where white matter of the spinal cord is compromised 

(Koenning et al., 2012). Therefore, it would be critical to determine whether global Fig4 

inducible ablation impairs myelin stability and turnover in the spinal cord white matter.  

Strikingly, genetically deleting Fig4 in the early neonatal pups results in impaired 

myelination at P22. Hypomyelination in inducible Fig4 knockouts is milder than in Fig4 

germline mutants, which could be partially due to Cre efficacy and timing of tamoxifen 

injection. It may also suggest the importance of FIG4 in some developmental aspects of the OL 

lineage, such as OPC specification, migration, and initiation of axoglial contact, which haven’t 

been addressed extensively. It is possible that 4-hydroxytamofixen administered shortly after 

birth may have different efficacy on Cre recombination specifically in the OL lineage when 

compared to the IP administration in the adult animals. Isolation of adult OPCs and examining 

their FIG4 protein levels would serve as an excellent way of addressing that caveat. Nonetheless, 

hypomyelination in neonatally induced Fig4 mutants versus intact myelin in adult inducible Fig4 

knockouts strongly suggests the importance of FIG4 during the critical postnatal period of OPC 
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differentiation and myelination. These results are consistent with our published data on neonatal 

OPC-specific Fig4 deletion, which also led to a mild, but significant CNS myelination defects in 

mice (Fig4-/flox,PDGFRaCreER). Our studies of constitutive Fig4 mutants demonstrated that 

FIG4 is critical for terminal OL differentiation (Winters et al., 2011), chapter II). Precise 

mechanisms are not well understood. Notably, FIG4 is not the only protein that presumably 

affects OPC differentiation, but not myelin stability. For example, Arp2/3 actin nucleation 

complex is critical for initiation of myelin assembly, but is dispensable in the adult CNS 

(Zuchero et al., 2015). Similarly, perturbation of mTORC1 signaling at different OPC stages 

yields distinct effects on their maturation and myelination (Tyler et al., 2009, Zou et al., 2014).  

 

FIG4 positively regulates CNS myelin repair 

While CNS myelin is largely intact in global adult inducible Fig4 knockout mice at 60 

dpi, our preliminary data suggest that FIG4 may be necessary for myelin repair. These 

observations would indicate recapitulation of FIG4-depenent development-like events during 

remyelination. Notably, OPCs have to undergo proliferation and differentiation to repair 

damaged myelin. Given the critical role of PI(3,5)P2 biosynthetic complex for OPC 

differentiation, one possibility is that adult inducible Fig4 deletion may be arresting OPC 

differentiation at the lesion site. We are currently in the process of examining myelin repair in 

OPC-specific inducible Fig4 knockouts, which would gain additional insights into cell-

autonomous aspects of remyelination.  

A traditional approach to measuring the extent of remyelination after LPC lesion in the 

corpus callosum is quantification of thinly myelinated axons by TEM or blinded ranking of 

lesion remyelination on toluidine blue sections (Gautier et al., 2015).  However, this protocol has 
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its limitations as it is challenging to definitively delineate the lesion border at high TEM 

magnification. In addition, calossal projections run both lateral/medial and rostral/caudal and 

only 30% of them are myelinated, making scoring the extent of remyelination difficult. We 

propose a low-throughput, unbiased approach by employing Mbp in situ hybridization as the 

readout of lesion repair. As Mbp is translated locally, the Mbp mRNA signal is robust and 

homogenous throughout the corpus callosum. In contrast, in lesioned white matter the Mbp 

signal is reduced, and a sharp border can be observed between the intact and damaged myelin. 

As remyelination takes place, the Mbp signal can be observed gradually filling the lesion site, 

and remyelinated lesion becomes darker due to excessive Mbp production. Studies applying this 

approach to our Fig4 knockouts are currently in progress. 

 

3.5 Methods 

Mouse genetics - All mice were housed and cared for in accordance with NIH guidelines, and all 

research conducted was done with the approval of the University of Michigan Committee on Use 

and Care of Animals. Both male and female mice were used in experiments. For global Fig4 

inducible deletion, Fig4+/- mice on congenic C57BL background were crossed with the 

CMVCreER tamoxifen inducible line (#004682, Jackson Laboratories). Their Fig4+/-,CMVCreER 

progeny were crossed with Fig4flox/flox  mice on C3HeB background. OPC-specific Fig4 deletion 

was performed as previously described (Chapter II). For reporter studies, Rosa26 LacZ/LacZ mice 

(#003474, Jackson Laboratories) were crossed with CMVCreER mice. For all experiments, Fig4 

control animals contained at least one WT Fig4 allele and in most cases received tamoxifen 

treatment to account for any toxicity effects.  
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Cre induction - Tamoxifen (Sigma-Aldrich) was dissolved in 910:90 Sunflower seed oil/100% 

Ethanol mixture at 10mg/ml. P21 and P60-P90 mice received 75mg/kg of tamoxifen IP 

injections for 5 days. For early postnatal studies, 4-hydroxytamofixen was dissolved at 10mg/ml 

in pure ethanol and was administered to P3 pups for 2 days as described previously (Chapter II).  

Tail suspension test. Tail suspension test was performed as described previously (Weisheit and 

Dauer, 2015).   

H&E staining. H&E staining of tissue was performed as described previously (Ferguson et al., 

2012b). 

Toluidine blue staining and TEM - Transmission electron microscopy was performed as 

described previously (Winters et al., 2011). The main trunk of the sciatic nerve was used for 

ultrastructural analysis. Toluidine blue images were taken using 40x oil objective on Zeiss Axio 

Examiner inverted microscope (Zeiss) and tiled images were stitched using ZEN. TEM was 

performed using Jeol JEM-1400 microscope.  

Beta-galactosidase staining - β-gal staining was performed as described previously (Holtz et al., 

2015).   

Optic and sciatic nerve recordings - CAP recordings of acutely isolated optic and sciatic nerves 

were performed as reported previously (Chen et al., 2004, Carbajal et al., 2015).  

Membrane purification - Membrane purification was performed as described previously (Winters 

et al., 2011). For brain region-specific biochemistry in juvenile inducible Fig4 knockout mice 

cerebellum/brainstem and forebrains were lysed in RIPA buffer as described previously (Chapter 

II). For early postnatal induced Fig4 knockouts, region-specific homogenates were collected in 

low sucrose buffer as described previously (Winters et al 2011).  

Western blotting - Western blotting was performed as described previously (Chapter II).  
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OPC culture - Primary OPCs/OLs were isolated from P10 (7 days after the first 4-

hydroxytamoxifen injection) Fig4+/flox, CMVCreER and Fig4-/flox,CMVCreER pups  as reported 

previously (Chapter II). PDGFR+, O4+, and MOG+ OLs were allowed to differentiate in T3 

supplemented culture medium for 4 days. Cells were fixed and stained for lysosomal marker 

LAMP1 (Abcam) and MAG (Millipore) as described previously. Cells were imaged using Zeiss 

Axio Examiner inverted microscope (Zeiss, Germany) equipped with Axiocam 503 and 

Apotome. Z-stacks and apotome optical sections were collected and maximum intensity 

projections were generated with ZEN and FIJI.  

OPC biochemistry - PDGFRα+ and O4+ OPCs/OLs were plated at a high density (80,000-

100,000 cells/12 well plate well) and allowed to proliferate for 5 days. The day after cells 

spontaneously differentiated due to high confluency, they were lysed directly in the loading 

buffer, boiled and loaded at equal volume for Western blotting as described previously (Chapter 

II). Lysates were probed with anti-FIG4 (Neuromab) and CNPase (Abcam) antibodies.  

Immunohistochemistry - For Fluoromyelin Green staining, animals were perfused with cold PBS 

and brains were rapidly dissected and post-fixed in 4% PFA for 2 hours at 4C. Following the 

cryoprotection in 30%sucrose, 40 µm sagittal free-floating sections were collected on a freezing 

cryostat (Leica). Fluoromyelin Green staining was performed according to manufacturer’s 

instructions (Thermo Scientific). Brain sections were imaged using Zeiss Axio Examiner and 

tiled images were stitched together with ZEN.  

LPC injection - Mice were injected with tamoxifen as descried above. 10 days after the first 

tamoxifen dose, P70-P90 mice were used for stereotaxic injection of L-A-

Lysophosphatidylcholine (LPC) (Sigma, L4129) into the corpus callosum. Mice were 

anesthetized with 4% isoflurane, secured in stereotaxic stage (Stoelting), and kept under 2% 
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isoflurane anesthesia during surgery. A 5µl Hamilton syringe was loaded with 1% LPC in PBS 

(Gibco) and mounted on a motorized stereotaxic pump (Stoelting). Injections were performed at 

the following coordinates: AP - 1.25mm, LR - ±1mm, D - 2.25mm. Over a time period of 1 min, 

0.5µl of 1%LPC solution was injected at the ipsilateral site and 0.5µl 1XPBS on the contralateral 

side as the control. After the injection, the needle was kept in place for 2 min before retraction. 

Following surgery, mice were treated with 3 doses of 70µl of buprenorphine (0.3mg/ml) every 

12 hours. Brains were harvested at 21 days post LPC injection. 

Statistical analysis. Statistical analysis was performed using Graphad Prism and Microsoft 

Excel. For Western blotting, intensity of the control sample was set as 1. For 

electrophysiological studies, the analysis was performed using Clampfit (Molecular Devices) and 

Origin Pro. For TEM quantification, 10 images were taken at random and percentage of 

myelinated fibers was quantified.  
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Figure 3.1 Global adult inducible Fig4 knockout mice at different ages. (A) P70-110 Fig4-

/flox,CMVCreER mice display abnormal hindlimb clasping 10 days after first tamoxifen 
administration (10 dpi). (B-B’) P120-150 Fig4 control and Fig4-/flox,CMVCreER at 60 dpi. Fig4-

/flox,CMVCreER mouse shows patchy fur discoloration, weight loss, and “swimming” gait. (C) 
P74 Fig4-/flox,CMVCreER mice at 53 dpi.  Inducible global Fig4 knockout displays complete fur 
discoloration and motor defects. (D) P22 Fig4 control and Fig4-/flox,CMVCreER mutant mice at 
19 dpi. Belly fur of the Fig4-/flox,CMVCreER mouse is notably lighter than control littermate’s, 
but there are no obvious size differences.  
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Figure 3.2 Global adult inducible Fig4 deletion results in motor defects and weight loss in 
mice. (A-A’) P90-120 Fig4 control and global inducible Fig4 knockout mice during the tail 
suspension test at 30 dpi. Control mice display typical hindlimb spreading, whereas Fig4-

/flox,CMVCreER mice show abnormal clasping. (B) Tail suspension quantification. Animals were 
held by their tails for 15s and time displaying abnormal behavior was recorded. Data presented 
as mean±SEM, ****p<0.0001, unpaired Student t-test. (C-D) Weight loss chart in adult (C, at 
P60-90) and juvenile (D, at P21) inducible Fig4 mutants. Day 0 denotes the first tamoxifen 
injection. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=10 (day 0) and 8 (day 60) for 
control, n=5 (day 0) and n=3 (day 60) for Fig4-/flox,CMVCreER adult inducible mutants. N=5 for 
control and n=3 for juvenile inducible knockouts. 2-way ANOVA with Sidak correction.  
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Figure 3.3 Spongiform degeneration in global adult inducible Fig4 knockout mice. H&E 
staining of the cerebral cortex (A-A’’), deep cerebellar nuclei (B-B’’), brain stem (C-C’’), and 
spinal cord (D-D’’) reveals mild spongiform degeneration in P120 Fig4-/flox,CMVCreER mice at 
60 dpi compared to severe vacuolation in P30 Fig4-/- global mutants. (E-E’’) Comparable 
degeneration, however, is observed in the dorsal root ganglia. N=3, scale bars as indicated.  
Image courtesy Guy Lenk 
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Figure 3.4 LacZ reporter expression in CMVCreER mice. Representative neural tissue 
sections from P34 Rosa26LacZ/+,CMVCreER mice at 21 dpi stained for LacZ demonstrate robust 
signal in the cortex and hippocampus (A), cerebellum (B), and dorsal root ganglia (D).  Sparse 
and restricted signal is observed in the retina (C), spinal cord grey matter (D), and sciatic nerve 
(E). Scale bar = 200µm. (F) Fig4flox genotyping PCR of the retinas isolated from Fig4-

/flox,CMVCreER mice at 53 dpi (first 2 lanes) and Fig4-/flox control littermate. 282 kb products 
indicating deletion of the floxed Fig4 allele are observed only in Fig4-/flox,CMVCReER and 
Fig4+/flox,CMVCreER mice. Images courtesy Travis Dickednesher.  
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Figure 3.5 Robust PNS neurodegenerative phenotype in Fig4-/flox,CMVCreER mice. (A-B) 
Representative toluidine blue staining of the sciatic nerve main trunk cross section isolated from 
P120-150 Fig4 control and Fig-flox,CMVCReER mice at 60 dpi. Scale bar = 50µm. (B-B’) High 
magnification images of (A-B) reveal axonal dropout and abnormal myelin folding in Fig4-

/flox,CMVCreER mice. (A’’-B’’) Longitudinal sciatic nerve sections reveal increased interstitial 
space and abnormal accumulations in Fig4-/flox,CMVCreER mice compared to the normal 
architecture of the Fig4 control nerve. N=4. Scale bar = 20µm. 
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Figure 3.6 Ultrastructural defects in Fig4-/flox,CMVCReER sciatic nerves. Representative 
TEM micrographs of cross sciatic nerve main trunk sections isolated from P120-150 mice at 60 
dpi. (A) Fig4 control nerves demonstrate robust myelination of large caliber fibers and well-
defined Remak bundles. (B-B’) Sciatic nerves isolated from Fig4-/flox,CMVCreER mice at 60 dpi 
reveal abnormal myelin folding (asterisks), accumulation of neurodegenerative axonal material 
(arrow), and abnormal mitochondrial aggregation in axons (arrowhead). Scale bar = 2µm. N=4. 
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Figure 3.7 Sciatic nerve ultrastructural defects in juvenile global inducible Fig4 knockout 
mice. (A-B) Toluidine blue sciatic nerve main trunk cross sections. Scale bar = 50 µm. (A’-B’) 
Higher magnification images of (A) and (B), scale bar = 2µm. N=3. 
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Figure 3.8 Impaired sciatic nerve conduction in juvenile global inducible Fig4 knockout 
mice after 53 days. (A) Representative compound action potential traces of acutely isolated 
sciatic nerve recordings from P74 Fig4 control and Fig4-/flox,CMVCReER mutant at 53 dpi. (B) 
Fig-/flox,CMVCreER  mutants reveal a significant decrease in CAP amplitude, but not conduction 
velocity (CV). **p=0.0046 n= 4 nerves (control), n=5  nerves (Fig4-/flox,CMVCreER). Mean ± 
SEM, unpaired Student t-test.  
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Figure 3.9 Myelin protein abundance is not affected by adult inducible Fig4 deletion after 
60 days. (A) Representative Western blots of P120-150 brain membranes isolated from adult 
inducible Fig4 control and Fig4-/flox,CMVCreER animals at 60 dpi and probed with antibodies 
specific for FIG4 and myelin proteins MAG, CNPase, MBP, and PLP. Neuronal marker βIIItub 
was used as loading control. (B) Quantification of FIG4 and myelin protein signals is normalized 
to βIII Tub.  Relative protein intensities compared to Fig4 control brains are shown as mean 
value ± SEM. N=4 brains each group. Unpaired Student t-test, ****p<0.0001. 
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Figure 3.10 Myelin protein abundance is not affected by juvenile inducible Fig4 deletion 
after 53 days. Representative Western blots of P74 cerebellum/brainstem and cerebral cortex 
homogenates isolated from juvenile inducible Fig4 control and Fig4-/flox,CMVCreER animals at 
53 dpi and probed with antibodies specific for myelin proteins MAG and MBP. Neuronal marker 
βIIItub was used as loading control.  
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Figure 3.11 Optic nerve ultrastructure and function are not affected by adult inducible 
Fig4 deletion after 60 days. (A-A’) Representative TEM optic nerve cross section micrographs 
of P120 Fig4 control and Fig4-/flox,CMVCreER mice at 60 dpi. Scale bar = 1µm, n=4 
animals/group. (B-C) Representative optic nerve CAP traces recorded from P1201-150 Fig4 
control and Fig4-/flox,CMVCreER mice at 60 dpi. (D) Quantification of conduction velocities and 
(E) amplitudes for each peak within CAP traces identified by Gaussian fit. Multiple unpaired 
student t-tests, n=5 nerves (Fig4 control), n=6 nerves (Fig4-/flox,CMVCreER). Mean ± SEM.  
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Figure 3.12 Optic nerve ultrastructure and function are not affected by global juvenile 
inducible Fig4 deletion at 53 days. (A-A’) Representative TEM optic nerve cross section 
micrographs of P74 Fig4 control and Fig4-/flox,CMVCreER mice at 53dpi. (B) Quantification of 
percentage of myelinated fibers in the optic nerves at P74 (53 dpi). Unpaired Student t-test, n=2 
animals/group. Scale bar = 1 µm.  (C-C’) Representative optic nerve CAP traces recorded from 
Fig4 control and Fig4-/flox,CMVCreER mice at 53 dpi. (D) Quantification of conduction 
velocities and (E) amplitudes for each peak within CAP traces identified via Gaussian fit. 
Multiple unpaired student t-tests, n=3 nerves (Fig4 control), n=5 nerves (Fig4-/flox,CMVCreER) 
****p<0.0001. Mean ± SEM. 
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Figure 3.13 Hypomyelination and spongiform degeneration in neonatal inducible Fig4-

/flox,CMVCreER mutants. (A-B) Representative sagittal brain sections of P22 Fig4 control and 
Fig4-/flox,CMVCreER mice at 19 dpi stained with Fluoromyelin Green. Cortical spongiform 
degeneration in Fig4-/flox,CMVCreER knockout is indicated by arrowheads Scale bar = 200µm, 
n=2. (C) Western blots of cerebellum and forebrain homogenates isolated from P22 Fig4 control 
and Fig4-/flox,CMVCreER mice at 19 dpi and probed with antibodies specific for FIG4 and myelin 
proteins MBP and MAG. βIII Tub is shown as a loading control. Each lane represents a different 
animal (n=2).  
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Figure 3.14 Abnormal endolysosomal trafficking in Fig4-/flox,CMVCreER OPCs/OLs. (A-C’) 
Representative images of DIV4 Fig4 control and Fig4-/flox,CMVCreER OLs isolated at the OPC  
(PDGFRα+, A-A’), immature OL (O4+, B-B’), and myelinating OL (MOG+, C-C’) stages, 
stained with MAG and LAMP1.  Enlarged LAMP1+ structures in Fig4-/flox,CMVCreER are 
marked by arrows. (D) Western blots of DIV3 OPC/OL lysates probed with antibodies specific 
for FIG4 and CNPase. Scale bar = 20µm. N=1.  
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Figure 3.15 Adult inducible Fig4 deletion thwarts myelin repair. (A-B) Representative 
coronal brain sections of P91 Fig4 control and Fig4-/flox,CMVCreER mice at 31 dpi, 21 days after 
LPC injection. Dashed line demarcates the lesion site in the corpus callosum. Arrowheads 
indicate the lesion core, arrows denote the intact corpus callosum. Scale bar = 200µm. (A’-A”) 
TEM micrographs of the intact calossal myelin indicated by arrows in (A and B). Fig4-

/flox,CMVCreER TEM micrographs of the lesion core (arrowheads in A and B). Scale bar = 2µm. 
(C) Western blots of cerebellum homogenates isolated from P91 Fig4 control and Fig4-

/flox,CMVCreER probed with antibodies specific for FIG4 and βIIITub. N=4.  
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Chapter IV:  

Discussion and Future Directions  

 

4.1 Abstract 

Overall, the work presented in this dissertation provides novel insights into the role of 

intracellular membrane trafficking in the OL lineage and how defects in the LE/lys compartment 

influence myelin formation, stability, and repair. Furthermore, this research suggests a 

differential demand for properly functioning intracellular trafficking in the adult central vs. 

peripheral nervous systems. Specifically, this thesis work contributes the following to our 

general knowledge on vesicular trafficking and myelination: 1) the PI(3,5)P2 biosynthetic 

complex is a critical regulator of myelination that functions intrinsically and extrinsically; 2) 

PI(3,5)P2 biosynthesis is essential for terminal differentiation of the OL lineage in the CNS; 3) 

PI(3,5)P2 biosynthetic complex is necessary for intracellular trafficking of myelin building 

blocks; 4) PI(3,5)P2 phosphatase FIG4 is necessary for adult mammalian organism homeostasis 

and stability of PNS myelinated fibers; 5) FIG4 is dispensable for  CNS myelin stability for at 

least 2 months , but 6) FIG4 is likely necessary for CNS myelin repair. Here I discuss these 

findings in the context of other known PI(3,5)P2 molecular functions and propose future 

experiments to further elucidate the role of intracellular trafficking in myelination.  
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4.2 How can impaired trafficking interfere with myelination?  

Differential demand for PI(3,5)P2 biosynthesis during OL maturation  

We have demonstrated that impaired PI(3,5)P2 biosynthesis results in abnormal 

accumulation of LE/Lys material in cultured OPCs/OLs. However, there were distinct 

differences in vesicle accumulation depending on the severity of PI(3,5)P2 biosynthesis 

impairment and the OL developmental stage.  We showed that at the OPC stage enlarged 

vacuoles are rarely present in Fig4-/- cultured cells. In contrast, as OLs undergo differentiation 

and arborization, abnormally enlarged LAMP1+ vacuoles accumulate perinuclearly. Time-lapse 

imaging indicates that enlarged vacuoles in Fig4-/- OLs are dynamic, with some disappearing and 

reappearing within hours. It is therefore possible that all Fig4-/- cells have increased vacuolation 

at a certain point of their lifespan.  Staining mature (DIV6 under differentiative conditions) OL 

Fig4-/- cultures reveals that cells with abnormally enlarged LAMP1+ vesicles have impaired 

terminal maturation, as indicated by incomplete actin disassembly and reduced MOG+ and MBP+ 

expansion. However, there are many “escaper” cells with normal LE/Lys compartment and fully 

formed membrane sheet. Interestingly, the overall severity of terminal differentiation impairment 

in cultured OPCs/OLs is markedly milder than what is observed in vivo. In vitro, Fig4-/- OLs 

demonstrate an approximately 30% decrease in the number of MAG+ and MBP+ mature OLs, 

whereas in vivo there is an almost 3-fold decrease in the density of Plp1 and Mag OLs in the 

optic nerve. One explanation is that in the in vitro setting, cells are supplied with excessive 

amounts of reagents necessary for survival and differentiation (insulin, growth factors, serum) 

which Fig4-/- OPCs/OL in vivo may otherwise not have access to or incapable of metabolizing in 

their microenvironment. Another explanation could be that in vivo the OL lineage receives 
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additional prohibitive cues from other cells (neurons, astrocytes, microglia) that render 

differentiation less likely. A third explanation suggests differential vulnerability of spatially 

distinct OPC populations to impaired PI(3,5)P2 homeostasis. For in vitro cultures, OPCs/OLs are 

isolated from the entire brain, and therefore our observations may be biased by clonal division of 

OPC populations less susceptible to impaired PI(3,5)P2 biosynthesis. For example, it’s been 

shown that white matter NG2 glia are more responsive to PDGF than their gray matter 

counterparts (Hill et al., 2013). Isolating Fig4-/- OPCs from various brain regions and culturing 

them separately will allow establishing any region-specific vulnerability in the OL lineage.  

In marked contrast, Pikfyve-deficient OPCs are vacuolated at every stage of their 

development in vitro. The phenotype is so severe that vacuoles can be easily identified in 

Pikfyveflox/flox,Olig2Cre mice semi-thin optic nerve preparations. Unlike Fig4-/- and Fig4-

/flox,Olig2Cre mice that develop some CNS myelin, Pikfyve-deficient animals demonstrate a 

virtual absence of terminally differentiated OLs and white matter. Taking these observations 

together, it is possible to speculate that as the OL lineage cell undergoes expansive membrane 

trafficking, its demand for PI(3,5)P2 biosynthesis increases. In case of Fig4-/- OPCs/OLs, 

PI(3,5)P2 levels would presumably be 50% of normal values, based on measurement in 

fibroblasts (Chow et al., 2007, (Zolov et al., 2012). It is possible that the remaining PI(3,5)P2 is 

sufficient for normal OPC proliferation, however, it permits only limited differentiation and 

myelination. Pikfyve-deficient OPCs presumably would have no PI(3,5)P2 at all, and thus their 

proliferation is impaired and differentiation is completely impossible, resulting in no myelin. It is 

worth noting that PIKFYVE is also responsible for all of the PI5P pool, which may have an 

additional contribution to hypomyelination phenotype (Zolov et al., 2012). It would be of great 

interest to monitor dynamic changes of PI(3,5)P2 levels in the OL lineage as it undergoes 
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maturation (Figure 4.1). Inositol labeling and PIP measurement are technically challenging, but 

they have been was performed successfully in cultured hippocampal neurons (McCartney et al., 

2014). Given that OPC cultures can be expanded in vitro, acquiring a sufficient amount of 

cellular material is technically possible. Dong et al. and Li et al. identified TRPML1 channel as 

the direct binding partner of PI(3,5)P2 and employed its N-terminus as a fluorescently tagged 

biosensor for monitoring PI(3,5)P2 localization and activity (Dong et al., 2010, Li et al., 2013). 

Using this tool in OPCs/OLs in vitro would gain additional insights into PI(3,5)P2 dynamics, 

although introducing foreign DNA to OPCs/OLs has its technical limitations (see Appendix for 

more details). 

  

Monitoring PI(3,5)P2-deficient OL dynamics ex vivo 

As discussed in Chapter I, significant progress was made in monitoring myelin dynamics 

in a living adult brain. These studies are beginning to fill critical knowledge gaps in our 

understanding of myelin formation and remodeling. Early postnatal studies in organotypic slice 

cultures revealed that the majority of cortical OPCs differentiate into myelinating OLs (Hill et 

al., 2014b) during a critical early postnatal period P3-P8. Myelin observations in the adult CNS 

revealed limited turnover of myelinating oligodendrocytes and high motility and homeostatic 

self-repulsion of the progenitor population (Hughes et al., 2013, Schain et al., 2014). Now that 

the tools are in place, it would be of great scientific interest to apply these imaging paradigms 

towards more mechanistic inquiries. We established that reduced PI(3,5)P2 biosynthesis results 

in impaired OPC differentiation. Temporal in vivo dynamics of Fig4 and Pikfyve-deficient OL 

lineage have not been examined. Immature CNPase+, O4+, MOG-, MBP- premyelinating OLs are 

considered a short-lived population that does not exist in vivo unless it commits to ensheathing 
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axons. Therefore, it is possible that either Fig4-/- OPCs do not differentiate at all, or they die off 

in a caspase-3 independent manner (Winters et al., 2011).  Ex vivo organotypic slice cortical 

preparations from Fig4 mutants crossed with OL reporter mice (Fig4-/flox,Olig2Cre, LacZ/EGFP 

or Fig4-/flox,PdgfrαCreER, LacZ/EGFP) can reveal the Fig4-/- OL lineage dynamics during the 

critical postnatal OPC differentiation/myelination period. This experimental set up would also 

permit additional pharmacological and genetic manipulations of the OL lineage in its natural 

habitat to further dissect mechanistic aspects of intracellular trafficking in myelination (Hill et 

al., 2014a) (Figure 4.2). Ideally, monitoring Fig4-deficient OL dynamics in a living brain would 

be most physiologically relevant, but this approach requires sophisticated imaging.   

 

PI(3,5)P2 regulates trafficking of myelin building blocks  

Reduced levels of PI(3,5)P2 have profound effects on the endolysosomal axis in all 

eukaryotic cells. We have demonstrated that in Fig4 and Pikfyve-deficient OLs trafficking of 

some myelin blocks is impaired. It would be of interest to examine whether impaired myelin 

trafficking is associated with disruption of the protein network that oversees organelle identity 

and cargo delivery.  In polarized cells, apical trafficking of transport vesicles and fusion with the 

plasma membrane is mediated by the soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor  (SNARE) complex which comprises vesicular (v)-SNARE such as vesicle-

associated membrane proteins (VAMPs) and target (t)-SNARE such as syntaxins (Jahn and 

Scheller, 2006, Sudhof and Rothman, 2009).  Apical and basolateral-destined vesicles harbor 

different v-SNAREs and fuse with different t-SNAREs localized to the apical (syntaxin-3) or 

basolateral (syntaxin-4) plasma membrane (Masaki, 2012).   Regulation of SNAREs is achieved, 

at least in part, through Rab GTPase family members (Schardt et al., 2009). Interestingly, in 
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myelinating OLs PLP insertion into the myelin sheath is t-SNARE (SNAP29)-dependent 

(Schardt et al., 2009).  In vitro, at least two SNARE-dependent trafficking pathways participate 

in surface expression of PLP, a VAMP-3 dependent pathway from recycling endosomes to the 

PM and a VAMP-7 dependent pathway that regulates exocytosis of LE/Lys delivered cargo to 

the developing myelin sheath (Feldmann et al., 2011).  Loss of the adaptor protein AP-3δ in 

mocha mice results in mislocalization of VAMP7 (Martinez-Arca et al., 2003, Kent et al., 2012). 

Mocha mice suffer from impaired secretion of lysosome-related organelles, and exhibit mild 

CNS dysmyelination, neurodegeneration, seizures, and altered fur pigmentation (Kantheti et al., 

1998, Danglot and Galli, 2007, Feldmann et al., 2011), phenotypes that are reminiscent of, but 

less severe than, those in Fig4 global mutants (Chow et al., 2007, Winters et al., 2011).  

 

Does PI(3,5)P2 participate in mTOR-mediated myelination?  

Myelination is an energetically costly process, and proper function of signaling pathways 

regulating nutrient sensing, growth, and survival are critical in the OL lineage at all stages. For 

example, insulin signaling is essential for OPC survival (Barres et al., 1993). PI3K/mTOR 

signaling is necessary for white matter NG2 glia proliferation in response to PDGF (Hill et al., 

2013). Inhibition of mTOR with rapamycin in vitro significantly decreases the number of O4+ 

OLs, thus suggesting the importance of the mTOR signaling in early OL differentiation (Tyler et 

al., 2009). Inhibiting mTOR signaling in vitro decreases transcription of myelin-associated genes 

Mbp and Plp. In particular, mTORC2 serves to reduce inhibition of myelin-associated genes by 

repressing the transcriptional activity of negative myelination regulators Id2, Id4, and Tc4 (Chen 

et al., 2012). Furthermore, the mTORC1 downstream targets, such as 4E-BP1 may also be 

regulating expression of myelin-associated genes (Tyler et al., 2009).  Interestingly, rapamycin 
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does not have a significant effect on OLs when added to mature cultures (DIV3 and DIV5), 

potentially indicating reduced demand for active mTOR signaling when the myelin sheath is 

already established. The reports on the role of mTORC signaling in myelination in vivo are 

somewhat variable. In general, studies agree on the importance of mTORC signaling for OPC 

terminal differentiation and myelination, however there are some spatial and temporal 

discrepancies in the evidence presented by different groups. For example, conditional deletion of 

the mTORC1 effector Raptor in the OL lineage was shown to cause significant downregulation 

of select myelin-associated genes and hypomyelination in the spinal cord, but only limited 

defects in the corpus callosum (Bercury et al., 2014). Rictor deletion leads to small and transient 

changes in myelination. Conditional ablation of the mTORC1 activating GTPase Rheb1 results 

in impaired OPC differentiation in the brain, but is dispensable for myelin maintenance (Zou et 

al., 2014).  Intriguingly, conditional OL lineage-specific deletion of the mTOR negative 

regulator Tsc1 also impairs myelination, suggesting that mTOR levels have to be precisely 

calibrated for proper OL differentiation and myelination (Lebrun-Julien et al 2014).  

PI(3,5)P2  is an important regulator of mTORC1 (Bridges et al., 2012, Jin et al., 2014, Jin 

et al., 2016). PI(3,5)P2 binds the mTORC1 adaptor protein Raptor and recruits it to the lysosomal 

membrane (Bridges et al., 2012, Jin et al., 2014). Furthermore, PI(3,5)P2 indirectly regulates 

mTROC1 activity through binding and recruitment of its downstream target S6 kinase (Bridges 

et al., 2012). The PI(3,5)P2 –mTORC1 interaction negatively regulates autophagy (Bridges et al., 

2012). As mTORC1 downstream targets induce transcriptional activation, it would be interesting 

to test whether mTORC misregulation in the absence of PI(3,5)P2 results in impaired expression 

of myelin-associated genes. Furthermore, mTORC regulates local mRNA synthesis in neurons 

(Takei et al., 2004).  It has not been tested directly, but it is possible that mTORC may be 
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playing a role in local Mbp mRNA translation. Thus far, there is no direct evidence that 

constitutive loss of Fig4 results in altered mTORC signaling in the nervous system (Ferguson et 

al., 2009). In cultured OPCs, S6 is robustly phosphorylated in Fig4-/- OPCs/OLs, and rapamycin 

treatment impairs their differentiation similar to control cultures (Mironova et al., unpublished 

observations). However, standard OPC culture conditions require insulin supplement, thus 

possibly saturating basal mTORC signaling for immunocytochemical observations. Furthermore, 

constitutive Fig4 deletion in germline or conditional mutants may result in compensatory 

mechanisms that distort an accurate readout of the mTOR activity during CNS myelination. 

Optimization of cultured conditions combined with acute manipulation of PI(3,5)P2 biosynthesis 

in the OL via PIKFYVE inhibition or siRNA knockdown would be a feasible approach for 

assessing mTORC signaling with reduced PI(3,5)P2  levels.  

 

Lysosomal gene network in the OL lineage  

Lysosomal gene network (Coordinated Lysosomal Expression and Regulation or 

CLEAR) is mediated by the master regulator transcription factor EB (TFEB). The discovery of 

both CLEAR and TFEB identified the endolysosomal compartment as an important hub of gene 

regulation in response to cellular energy changes (Sardiello et al., 2009, Settembre et al., 2011).  

Transgenic or viral Tfeb overexpression has been shown to successfully abate pathological 

processes associated with impaired lysosomal clearance and autophagy (Medina et al., 2011). 

TFEB is now tested extensively as a potential therapeutic target in many lysosomal storage 

disease (LSD) mouse models, such as Huntington’s disease, Alzheimer’s disease, and non-

neuronal LSDs (Spampanato et al., 2013, Polito et al., 2014, Martini-Stoica et al., 2016). TFEB 

phosphorylation and transcriptional activity are directly regulated by mTOR, thus ensuring a 
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tight feedback between lysosomal and autophagy gene networks and altered energy states in the 

cell (Settembre et al., 2012). Interestingly, the PI(3,5)P2 biosynthetic complex scaffold Vac14 

gene expression is up-regulated in response to Tfeb overexpression (Sardiello et al., 2009).  

Given its role as a regulator of mTOR at the lysosome, PI(3,5)P2  may play a complex role in 

mediating  mTORC-TFEB signaling. It would be of interest to examine whether any pathological 

changes in Fig4-deficient OL lineage could be traced back to impaired TFEB function and 

alterations in lysosomal network gene expression. RNA sequencing data on Fig4-/- forebrain 

tissue and gene expression array on acutely isolated Pikfyve-deficient OPCs/OLs demonstrate 

profound transcriptional changes in the mutant groups compared to controls (Appendix A1). 

Notably, there are significant changes in the lysosomal pathway genes, severe downregulation of 

myelin-associated genes, and genes associated with chromatin structure. There is an exciting 

possibility that the lysosomal gene network may be involved in regulating myelin-specific gene 

expression, and our observations prime the field for potentially making this connection.   

 

PI(3,5)P2 and actin dynamics during myelination 

Actin dynamics are essential for OPC differentiation and myelination. Specifically, actin 

nucleation factor Arp2/3 drives actin assembly critical for OPC differentiation and initiation of 

myelination. Conditional Arp2/3 deletion in the OL lineage at the initiation of ensheathment 

stage results in profound CNS hypomyelination and aberrant myelin outfoldings. In contrast, 

Arp2/3 function is dispensable for myelin wrapping.  Instead, MBP-dependent actin disassembly 

drives myelin sheath formation (Nawaz et al., 2015, Zuchero et al., 2015). MBP competes with 

actin disassembly factors gelsolin and coffilin for binding to PI(4,5)P2  at the plasma membrane, 

thus leading to actin disassembly at the leading edge of myelinating OL. Actin-modifying factors 
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are also present at the endoslysosomal membrane and play an important role in actin dynamics 

(Girao et al., 2008). It is currently unknown whether endosomal actin dynamics are involved in 

myelin formation. Our in vitro experiments demonstrated that in Fig4-/- OLs, full actin 

disassembly is impaired (Chapter II). We employed characterization of actin morphology and 

MBP expansion as a tool for staging the OL terminal differentiation, however, there is a 

possibility that impaired actin disassembly in Fig4-/- OLs is not just a correlative observation. 

PI(3,5)P2 recently has been shown to interact directly with the branched actin regulator 

contractin (Hong et al., 2015).  PI(3,5)P2 interaction with contractin promotes actin turnover at 

the endosomal membrane. Given the critical importance of properly timed actin assembly and 

disassembly in the OL lineage maturation and myelination, it is possible that disrupting net actin 

turnover via reduced levels of PI(3,5)P2  may lead to impaired OL lineage dynamics. It would be 

intriguing to apply pharmacological modulators of actin assembly and disassembly to examine if 

they have any effect on differentiation in cultured Fig4-/- and Pikfyve-deficient OLs.  

 

4.3 Can Fig4-/- OPCs become astrocytes?  

One of the hallmarks of Fig4-/- CNS is reactive gliosis, with a prominent increase in the 

number of GFAP+ astrocytes. This observation may be accompanied by elevated autophagy in 

astrocytes themselves and their reactive response to neuronal degeneration, but the mechanisms 

of this phenomenon are not well understood (Chow et al., 2007, Ferguson et al., 2009). Neuron-

specific Fig4 overexpression rescues neurodegeneration and decreases reactive gliosis, 

suggesting a non-cell-autonomous Fig4 effect on astrocyte dynamics (Ferguson et al., 2012).  

Intriguingly, in vitro, many Pikfyve-deficient OLs assume an astrocytic morphology and become 

robustly GFAP+ (Mironova et al., unpublished observations). Gene expression arrays of acutely 



168	
	

isolated Pikfyve-deficient OPCs/OLs and RNAseq of Fig4-deficient P10 forebrain tissue 

revealed significantly up-regulated Gfap gene expression (Appendix A1). It was previously 

thought that astrocyte and OL progenitors are fate-specified early in development and there is no 

possibility of switch between the two (Rowitch and Kriegstein, 2010). However, a recent study 

identified histone deacetylase 3 (HDAC3) as a critical regulator of fate switching between 

astrocytes and OPCs (Zhang et al., 2016). Conditional OL lineage Hdac3 deletion results in 

severely impaired CNS myelination and a drastic decrease in the number of Olig2+ cells. In 

contrast, there is a concomitant rise in the number of GFAP+ and Aldh11l1+ cells. Fate-mapping 

studies demonstrated that these ectopic astrocytes arise from OPCs (Zhang et al., 2016). HDAC3 

acts as a suppressor of astrocyte-specific genes, and Hdac3 deletion leads to up-regulation of the 

pro-astrocytic Jak-Stat3 pathway. Given a significant decrease in the number of Olig2+ cells and 

terminally differentiated OLs in Fig4 and Pikfyve-deficient brains with no evidence of increased 

cell death, it may be interesting to examine whether OPCs with impaired PI(3,5)P2 biosynthesis 

may commit to an astrocytic fate. Fate-mapping analysis employing conditional Fig4 knockout + 

reporter strategy (Fig4-/flox,PdgfrαCreER,LacZ/EGFP) combined with immunohistochemistry for 

OL and astrocytic markers is a feasible first step to addressing that hypothesis.  

 

4.4 Does altered synaptic strength in PI(3,5)P2-deficient neurons influence myelination?  

Several studies indicate that impaired PI(3,5)P2 homeostasis results in altered synaptic 

strength in glutamatergic neurons (Zhang et al., 2012, McCartney et al., 2014b).  Specifically, 

PI(3,5)P2 biosynthesis dynamically regulates AMPA endocytosis and increases presynaptic 

release probability. Increased PIKFYVE activity decreases synaptic depression in cultured 

hippocampal neurons. Conversely, loss of PI(3,5)P2 inhibits chemical LTD, thus identifying it as 



169	
	

a negative regulator of synaptic strength (McCartney et al., 2014b). It is unknown whether these 

alterations of synaptic strength occur in vivo and in all neuronal populations with reduced 

PI(3,5)P2. Intriguingly, Mcoln1-/- mutants also present with CNS hypomyelination and enhanced 

long-term potentiation (LTP), providing an independent evidence for the importance of 

intracellular trafficking in mediating synaptic strength and myelination (Grishchuk et al., 2014). 

These observations are especially intriguing considering a direct molecular interaction between 

TRPML1 (Mcoln1) and PI(3,5)P2 (Dong et al., 2010, Li et al., 2013). Any potential 

consequences of altered glutamatergic signaling in Fig4 or Vac14-deficient CNS on myelination 

have not been addressed. The hypomyelination phenotype in Fig4-/flox,SynCre mice and rescue 

thereof in Fig4-/-,NSE-Fig4 mutants suggest a possibility of neuronal FIG4 actively regulating 

CNS myelination. It is unknown whether impaired PI(3,5)P2 biosynthesis alters 

electrophysiological properties of OPCs/OLs themselves. Given that glutamatergic signaling 

does alter OPC dynamics in vivo (Hughes and Appel, 2016), it may be of interest to examine the 

electrophysiological aspects of axoglial interaction in Fig4–deficient CNS.  One approach is a 

heterogeneous neuron-OL co-culture, which permits pharmacological modulation of neuronal 

electrophysiological properties in the presence or absence of Fig4, Pikfyve, or Vact14 in neurons 

and OLs (Lundgaard et al., 2013). Our first attempt at that approach is described in the 

Appendix. It is also possible to examine the OL-neuron dynamics in a more physiologically 

relevant context of the organotypic slice culture as described above. Excitingly, independently 

isolated OPCs can be injected into organotypic cerebellar slices ex vivo, thus generating a 

genetically heterologous system suitable for testing cell-autonomous aspects of myelination in 

greater detail (Najim et al 2013). A true “pie in the sky” experiment would be to employ 

optogenetics in Fig4-/- deficient animals to examine whether repeated electrical stimulation in the 
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CNS can elicit enhanced OPC proliferation and increase myelin thickness (as described by 

(Gibson et al., 2014). 

 

4.5 Why is the PNS more vulnerable to impaired PI(3,5)P2 homeostasis? 

We have demonstrated that within the same time period, myelinated PNS fibers show 

increased vulnerability to impaired PI(3,5)P2 biosynthesis compared to the CNS when Fig4 is 

globally ablated in adult mice. While the actual underlying mechanisms are yet to be established, 

our current knowledge of the CNS vs. PNS biology and PI(3,5)P2 homeostasis allows us to make 

certain predictions. PI(3,5)P2 regulates autophagy, and Fig4-/- brains demonstrate increased 

levels of p62 and CL3-II, with defects in completion of basal autophagy (Ferguson et al., 2009, 

2010). Neurons are highly vulnerable to impaired autophagy. Aggregation of misfolded proteins 

or aberrations in autophagy itself leads to formation of inclusion bodies, which are highly toxic 

to neurons. Thus far, no evidence of impaired autophagy was found in the Fig4-/- OL lineage 

(Ferguson et al 2009, Mironova et al, unpublished observations). In contrast, Schwann cells 

employ autophagy for myelin debris clearance during axonal regeneration and myelin repair in 

the PNS (Gomez-Sanchez et al., 2015).  Fig4-/flox,P0Cre sciatic nerves demonstrate elevated 

levels of p62, ubiquitin, and CL3-II, suggesting impaired autophagy (Vaccari et al., 2015). It is 

possible that in adult inducible Fig-/flox,CMVCreER  mice reduced PI(3,5)P2 leads to 

endolysosomal trafficking defects in PNS neurons and Schwann cells, and failure of autophagic 

degradation of myelin perpetuates the phenotype. It will be important to examine whether Fig4-

/flox,CMVCreER sciatic nerves and isolated Schwann cells display defective autophagy. 

Attempting to pharmacologically enhance autophagy in Fig4-deficient Schwann cells may 



171	
	

alleviate some of the pathology associated with impaired PI(3,5)P2 function in the adult PNS 

(Renna et al., 2010).  

 

4.6 Is gene therapy feasible for correcting impaired PI(3,5)P2 biosynthesis? 

Previous studies demonstrated that transgenic Fig4 overexpression rescues 

neurodegeneration, hypomyelinaton, and reduced lifespan in Fig4-/- mice (Winters et al., 2011, 

Ferguson et al., 2012b). The NSE promoter is first expressed at E12.5 (Forss-Petter et al., 1990), 

therefore rescue of Fig4-associated pathologies in transgenic mice can be embryonic, postnatal, 

or both. Interestingly, multiple in vitro experiments demonstrated that transfecting WT-Fig4 in 

Fig4-/- fibroblasts and neurons can rescue their vacuolation phenotype, suggesting corrected 

endolysosomal trafficking in postnatally isolated populations (Lenk et al., 2011, Campeau et al., 

2013, Lenk et al., 2016a). It is not clear, however, whether LE/Lys clearance actually leads to 

functional improvements. We have demonstrated that adult inducible Fig4 deletion causes rapid 

and devastating defects in mice including reduced survival, strongly suggesting the importance 

of FIG4 and PI(3,5)P2 for normal physiology (Chapter III). A reverse experiment of introducing 

Fig4 postnatally to Fig4-deficient mice at different ages has not been done, but is of great 

importance. Fig4 viral delivery to the neural tissue is a potentially more clinically relevant 

approach than a transgenic Fig4 knock-in.  For example, it would be intriguing to assess whether 

adenoviral Fig4 delivery to retinal ganglion cells (RGCs) can non-cell-autonomously rescue 

optic nerve hypomyelination observed in Fig4 germline or conditional mutants. Furthermore, 

given the extreme vulnerability of DRGs to FIG4 loss of function at all developmental and 

postnatal stages, it would be exciting to examine whether overexpressing Fig4 in that cell 
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population would lead to lysosomal clearance, regeneration and remyelination of peripheral 

fibers, and restoration of functional deficits.  

 

4.7 Concluding remarks 

Myelin constitutes up to 50% of adult human brain, and increased white matter volume is 

evolutionarily correlated with cognitive superiority of higher vertebrates.  Significant progress 

has been made in studying myelin formation, maintenance, and repair, but many questions 

remain unanswered. Our contribution to the field of myelin biology is identifying the low 

abundant, but highly significant phosphoinositide PI(3,5)P2,  as a critical regulator of myelin 

dynamics. In particular, the characterization of cultured OPCs from PI(3,5)P2-deficient mice has 

provided new insight into the role of PI(3,5)P2 in myelin biosynthesis. Revealing the precise 

mechanisms of PI(3,5)P2 –mediated axoglial interaction is of great interest, as it will provide 

additional insights into neuropathology of myelin and neurodegenerative disorders.  

 

4.8 Author contributions 

The PI(3,5)P2 regulates trafficking of myelin building blocks  paragraph was written together 

with Roman J. Giger.  
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Figure 4.1 Correlation between PI(3,5)P2 levels and OL dynamics. OPC differentiation and 
maturation requires extensive membrane expansion and trafficking of myelin building blocks. 
Theoretically, as the OL matures and generates myelin, its demand for properly functioning 
PI(3,5)P2 would increase. In Fig4-/- OPCs, PI(3,5)P2 levels are presumably reduced to 50% of the 
WT value. At the OPC stage, even reduced PI(3,5)P2 may be sufficient for normal OL lineage 
proliferation. As a Fig4-/- OPC/OL undergoes differentiation and begins generating myelin 
sheath, its supply of PI(3,5)P2 is no longer adequate to its demand, thus resulting in impaired 
differentiation and hypomyelination. In Pikfyve-deficient OPCs, there is no PI(3,5)P2, and 
therefore even at the precursor stage OPCs have impaired proliferation and are completely 
incapable of differentiation.  
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Figure 4.2 Live imaging of GFP+ OL lineage cells in acutely isolated cortical slices. A 
representative image of white matter OPCs/OLs in acute PdgfrαCreER,LacZ/EGFP mouse 
cortical slice preparation. Red, anti-MAG-Alexa-555; blue, Hoechst; Green, GFP. Scale bar as 
indicated. XZ (top) and YZ (right) projections.  
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APPENDIX 

Searching for Mechanistic Clues in PI(3,5)P2-Mediated Aspects of Myelination 

 

A1. A high-throughput analysis of gene expression in PI(3,5)P2 deficiency mutants  

RNA-seq of Fig4-/- forebrain tissue reveals a selective reduction of mature OL enriched 

transcripts.  

We employed multiple strategies to demonstrate that PI(3,5)P2 biosynthesis is critical for the OL 

terminal differentiation (Chapter II). To more accurately determine the stage of OL lineage 

differentiation at which Fig4 function is required, we dissected the neocortex and hippocampus 

from Fig4+/+ and Fig4-/- pups and subjected samples to RNA sequencing and gene ontology 

(GO) analysis (Figure A1).  We chose P10 brain tissue because this represents an OL 

developmental stage in vivo that is comparable to the primary OLs studied in vitro.   Of note, 

transcripts of genes implicated in PI(3,5)P2 synthesis or signaling are not significantly altered in 

Fig4-/- forebrain (Table A1).  However, many OL specific transcripts are significantly reduced in 

Fig4-/- tissue, the majority encoding proteins enriched in the myelin sheath.  The strongest 

reduction was observed for Mobp (-15 fold), Opalin (-11 fold), Mag (-6 fold), Plp1 (-3 fold), 

Mbp (-3 fold) and transmembrane protein 125 (-3 fold).  GO analysis further revealed that 

several genes associated with chromatin structure are significantly reduced in Fig4-/- mice 

(Figure A1.B).  In addition, a striking increase in immune response genes was found in Fig4-/- 

brain tissue (Figure A1.B).  To assess the effect of Fig4 deficiency on expression of neural cell 

type-specific genes, we compared our RNA-seq data with the recently reported cell-type 
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specificity of neural gene expression (Zhang et al., 2014).  Of 37 genes highly enriched in OPCs, 

including Pdgfrα and NG2/Cspg4, none were significantly altered (false discovery rate or FDR 

<0.1) in Fig4-/- mutants (Table A2).  Of 33 genes enriched in newly formed OLs (NFOs), the 

transcripts of only two genes, Kif19a and Enpp6, were significantly reduced in Fig4-/- mutants 

(Table A3).  Of 45 genes enriched in mature OLs, the transcripts of 9 genes were significantly 

reduced in Fig4-/- mutants: Mbp, Mag, Plp1, Cnp, Cldn11, Ugt8a, Opalin/Tmem10, Mobp, and 

the Rab11a GAP Tbc1d9b (Table A4). Together, these studies indicate that OL lineage 

progression from OPC to NFO is largely intact in Fig4-/- deficient brains, but differentiation from 

NFO to mature myelin forming OL is severely compromised. Interestingly, a virtually identical 

list of OL genes is reduced by selective ablation of maturing OLs in transgenic mice by 

expression of diphtheria toxin under the control of the CNPase promoter (Golan et al., 2008).   

Moreover, reorganization of chromatin structure is known to play a critical role in OL 

differentiation and CNS myelination (Liu and Casaccia, 2010). In contrast, expression of neuron 

specific genes is minimally affected by Fig4 deficiency (Table A5). With regard to astrocyte-

enriched genes, Gfap transcripts are significantly increased (4-fold) in Fig4-/- tissue, as 

previously observed (Ferguson et al., 2009), while expression of 47 other astrocyte-enriched 

genes changed minimally, if at all (Table A6).  Of 50 microglia-enriched genes examined, 20 

were significantly upregulated in Fig4-/- tissue (Table A7).  This is consistent with the previously 

reported microgliosis detected by anti-Iba1 immunocytochemistry (Ferguson et al., 2009).  In 

particular, transcripts encoding the CC chemokine ligands CCL2, CCL3, CCL4, CCL12, several 

cathepsin family members of the lysosomal proteolytic system, and the pattern recognition 

receptor CLEC7A/dectin-1 are significantly up-regulated in Fig4-/- tissue.  Overall, Fig4 

inactivation induced a limited number of gene expression changes in functional categories 
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related to late-stage OL differentiation, chromatin structure, lysosomal proteolysis, innate 

immune response and chemokine receptor binding.   

 

Robust differential gene expression in Pikfyve-deficient OPCs/OLs 

Pikfyve-deficient OPCs present with an extremely severe vacuolation phenotype, reduced 

proliferation, and completely impaired differentiation (Chapter II). To test whether these 

phenotypes are associated with transcriptional changes in the Pikfyveflox/flox,Olig2Cre OL lineage, 

the Affymetrix gene expression array was performed on acutely isolated control and Pikfyve-

deficient PDGFRα+ OPCs and O4+ immature OLs (see Appendix.. for methods). The variability 

between samples was low and samples from the same genotype and condition clustered with 

high fidelity (n=4 animals/genotype with the exception of n=3 for control O4. Pifkyveflox/flox pups 

were used as control). Strikingly, there were 1282 genes with at least 1.5 fold change ratio 

between PDGFRα+ Pikyve control and Pikfyveflox/flox,Olig2Cre OPCs and 2831 genes between 

control and Pikfyveflox/flox,Olig2Cre O4+ cells. Notably, the highest fold change of gene 

expression in both OPC and OL groups included bona fide myelin markers Opalin, Plp1, Mag, 

Mog, and Mbp, and Mal (Tables A8 and A9) Interestingly, Pikfyveflox/flox,Olig2Cre OPCs also 

demonstrated significant downregulation of OPC genes such as Pdgfrα and Cspg4, which was 

not observed in Fig4-/- tissue (included in raw data analysis). The gene ontology (GO) analysis 

using logistic regression path (LR path (Kim et al., 2012, Lee et al., 2016) revealed significant 

down-regulation of myelin-specific genes and both OPC and OL groups (Tables A10 and A11). 

Consistent with the function of PIKFYE as a major regulator of intracellular trafficking, both 

PDGFRα+ and O4+ Pikfyve-deficient cells demonstrated significant upregulation in pathways 

associated with vesicular transport. Interestingly, Pikfyve-deficient OLs also showed significant 
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upregulation of pathways associated with chromatin regulation and gene transcription. These 

data pose an intriguing possibility that profound alterations in intracellular transport due to 

reduced PI(3,5)P2 biosynthesis may lead to transcriptional changes in multiple pathways. 

Interestingly, Pikfyve-deficient OPCs and OL had significant increase in gene expression of 

astrocyte markers including Gfap and Aldh1l1. These data may be indicative of astrocyte 

contamination during purification process. It is, however, a possibility that impaired intracellular 

trafficking may result in preferential silencing of OL-specific genes with a concomitant up-

regulation of astrocyte genes (Chapter IV).  

 

A2. Ganglioside levels are not altered in Fig4-/- brain  

Gangliosides have been shown to regulate CNS myelination (Pan et al., 2005, Yao et al., 

2014) and can be transferred between cells by membrane shedding and uptake (Heffer-Lauc et 

al., 2005, Lauc and Heffer-Lauc, 2006). Ganglioside transfer from neurons is a potential 

oligodendrocyte-extrinsic function during myelin development that could be compromised by 

Fig4 deficiency (Yao et al., 2014). We therefore examined P10 brain tissue for total ganglioside 

levels and composition of individual ganglioside species. High performance thin-layer 

chromatography was used for comparison of Fig4 mutant and wildtype littermate tissue. As 

shown in Table A12, Fig4 deficiency does not alter total levels or composition of ganglioside 

species in the developing brain (Figure A2).  
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A3. Hypomyelination in Fig4flox/-,Olig2Cre mice is rescued by neuron-specific 

overexpression of transgenic Fig4  

Previously we reported that transgenic overexpression of recombinant Fig4 specifically 

in neurons (Fig4-/-,NSE-Fig4) on a Fig4-/- background largely rescues defects in CNS 

myelination (Winters et al., 2011). This finding stands in apparent conflict with the 

hypomyelination phenotype identified in Fig4-/flox,Olig2cre mice (Chapter II).  One interpretation 

of these data is that overexpression of recombinant Fig4 in neurons is sufficient to compensate 

[through an unknown mechanism] for the absence of Fig4 in the OL-linage. A potential caveat 

that we investigated was “leakiness” of the NSE promoter resulting in some expression of Fig4 

transcript in the OL-lineage. To address this possibility, primary OPC/OL cultures from NSE-

Fig4 transgenic pups were analyzed by RT-PCR for NSE promoter activity resulting in transgene 

expression. As positive control, strong NSE promoter activity was detected in a neuron-enriched 

fraction from the same brains (Figure A3.1A). There was a very low level of NSE promoter 

activity, in primary OLs, likely due to co-purification of a small number of neurons, as shown by 

the tubb3 signal in OPC/OL cultures. To control for the presence of OPCs in purified fraction, 

we used RT-PCR for Cspg4 (Figure A3.1B).  Surprisingly, cultured Fig4-/-,NSE-Fig4 OPCs 

differentiated normally in vitro, and did not show enlarged vacuolation at any stage (Figure 

A3C-C’’’’, A3E-E’). Furthermore, Fig4-/-,NSE-Fig4 OL lysates probed with anti-FIG4 antibody 

demonstrated similar FIG4 levels to control cultures despite the low level of NSE promoter 

activity (Figure A3.1D). 

In parallel, we performed Fig4 in situ hybridization of optic nerve cross sections of Fig4-

/-,NSE-Fig4 mice. Few Fig4+ cells were observed in optic nerve cross sections. Double-labeling 

with the OL-lineage marker Olig2 revealed minimal, if any, overlap with Fig4+ cells (Figure 
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A3.1B-B’). Collectively, these experiments show selective expression of transgenic Fig4 in 

OPCs/OLs of Fig4-/-,NSE-Fig4 mice. To demonstrate that the NSE-Fig4 transgene is sufficient to 

rescue CNS myelination, NSE transgenic animals were crossed onto a Fig4-/flox,Olig2cre 

background, resulting in Fig4-/flox,Olig2cre, NSE-Fig4 mice (Figure A3.2A).  These mice present 

with apparent normal myelin, as assessed by immunoblotting of brain lysates for MAG, CNPase, 

and MBP (Fig A3.2B-2C).  Electrophysiological studies further showed that defects in optic 

nerve conduction observed in Fig4-/flox;Olig2cre mice (Chapter II) are fully rescued by the NSE-

Fig4 transgene (Fig A3.2D-2F).   

Collectively, neuron specific Fig4 gain-of-function (Winters et al., 2011, Ferguson et al., 

2012b) and loss-of-function studies (Chapter II) indicate that FIG4-dependent mechanism(s) 

extrinsic to the OL lineage are critical for proper CNS myelination and propagation of electrical 

impulses.  Transgenic overexpression of neuronal Fig4 presumably leads to overproduction of a 

pro-myelination signal and, strikingly, this is sufficient to compensate for loss of Fig4 in the OL 

lineage. Other instances of neuron-specific overexpression modulating the OL lineage non-cell-

autonomously have been reported (Stritt et al., 2009, Yao et al., 2014). However, important 

caveats associated with mouse genetics models of transgenic overexpression have to be 

considered. Fig4 mRNA levels are below detection level by RT-PCR in the OL enriched samples 

and ISH in the optic nerve, but it cannot be ruled out that even minimal NSE promoter driven 

expression of Fig4 in the OL lineage is sufficient to provide enough Fig4 transcript for fully 

functioning OLs. Another possibility may be that FIG4 or PI(3,5)P2 itself through an unknown 

mechanism are shared between neurons and the OLs. The latter hypothesis is somewhat unlikely 

given that FIG4 protein has a short half-life and is rapidly degraded by proteasome (Ikonomov et 

al., 2010), and cultured OLs would therefore presumably “run out” of externally supplied FIG4 
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in vitro. As increased VAC14 levels stabilize FIG4 in vitro, it would be of interest to examine 

whether VAC14 levels change homeostatically in response to low FIG4 levels.  As a future 

direction, cell-type specific neuronal Fig4 expression in RGCs via adenoviral or AAV-mediated  

delivery may serve as an additional assessment of the non-cell-autonomous FIG4 function in 

myelination of the optic nerve. Furthermore, more sensitive methods of mRNA detection should 

be employed to fully assess NSE expression in the OL lineage, such as digital droplet PCR.  

 

A4. Fig4-deficient OLs ensheath nanofibers 

Isolated primary oligodendrocyte culture is a powerful tool for studying the OL dynamics 

in vitro. However, the mature OL morphology drastically differs in vitro vs. in vivo (chapter I, 

Figure 1.2). Fully mature OLs expressing MBP, MOG and other myelin markers in vivo are 

always associated with axons and are not observed as an independent entity. It has been shown 

that in vitro OLs are fairly promiscuous and are capable of enwrapping fixed axons and even 

polymer fibers, micropillars, and beads (Lee et al., 2013, Mei et al., 2014). To examine whether 

Fig4 deficiency in primary OLs attenuates ensheathing of axon-like structures, we employed 

polystyrene nanofibers with a diameter of 1-1.5 µm (Lee et al., 2013). Although MBP+ OLs were 

significantly reduced in Fig4-/- cultures, they did retain the ability to ensheath the nanofibers 

(Figure Figure A4A-B).  This observation is consistent with the hypomyelination phenotype in 

Fig4-/flox,Olig2 mice, where the number of mature OLs is significantly reduced, but mature OLs 

that are present are capable of wrapping axons. This result indicates that the molecular programs 

necessary for fiber ensheathment are largely intact in Fig4-/- OLs.   
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A5.  Monitoring PLP intracellular trafficking in Fig4-/- OLs.  

Proteolipid protein (PLP) is the essential component of compact myelin, necessary for 

stabilization of myelin leaflets and maintaining the tightly wrapped structure of the sheath 

(Chapter I). PLP is associated with cholesterol-rich lipid rafts and is trafficked to the nascent 

myelin sheath via the endosome/lysosomal pathway (Trajkovic et al., 2006). We have 

demonstrated that loss of Fig4 function results in accumulation of MAG in the enlarged LE/Lys 

compartment of maturing Fig4-/- OLs, suggesting that myelin building blocks may be transported 

via LE/Lys compartment in a PI(3,5)P2-dependent manner (Chapter II). We have also confirmed 

previous reports that MOG and MAG have distinct localization in living OLs and demonstrated 

that MOG is not present in enlarged LAMP1+ structures observed in Fig4-/- OLs (Winterstein et 

al., 2008). Given that PLP, like MAG, is also trafficked via the LE/Lys compartment, we set to 

examine whether it accumulates in enlarged LAMP1+ vesicles. OLs were co-transfected with 

PLP-YFP and LAMP1-mCherry expression constructs. Consistent with previous studies, 

recombinant PLP formed aggregates (Simons et al., 2002). In Fig4-/- OLs, PLP-YFP and 

LAMP1-mCherry localized to membranes of enlarged vesicles (Figure A5.1A’-C’). This 

suggests that in the absence of Fig4, myelin building blocks trafficked through the LE/Lys 

compartment associate with enlarged vesicles. 

Since PLP overexpression does not represent a physiologically relevant PLP distribution 

in the maturing OLs, rabbit anti-PLP antibody was conjugated to Alexa555 and bath-applied it to 

WT and Fig4-/flox,CMVCreER OLs in culture medium as described before (Chapter II). PLP 

application resulted in bright punctate accumulation of Alexa555+ signal in immature and mature 

WT and Fig4-deficient OLs that partially overlapped with anti-MAG-Alexa488 (Figure A5.2A-

B”).  Enlarged perinuclear structures in Fig4-/flox,CMVCreER cells were Alexa555 and Alexa488-
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positive (Figure A5.2B-B”, arrows). Since rabbit PLP antibody was supplied as a whole serum, 

goat serum was put through the identical Alexa555 conjugation protocol and applied to OL 

cultures in parallel as a nonspecific control. Surprisingly, tagged serum had a similar intracellular 

distribution in WT and Fig4-/flox,CMVCreER OLs, however, the observed signal was 

considerably dimmer (Figure A5.2C-D’’). These experiments suggest that a higher purity anti-

PLP antibody and ideally, Plp1-/- OLs would be necessary to test whether the signal observed 

was specific.  

 

A6. Myelin regulatory factor in Fig4-/- OL lineage  

The identity, proliferation, and differentiation of the OL lineage are tightly regulated by a 

network of transcription factors  (TF) (Emery and Lu, 2015). Noted transcriptional regulators of 

the OL lineage at various stages are Olig2, Olig1, AscI, and Sox10. Recent discovery of myelin 

regulatory factor (MRF) (Emery et al., 2009)  identified it as a critical regulator of later stages of 

myelination. MRF is expressed exclusively by maturing OLs in the CNS and its expression is 

directly regulated by Sox10 (Hornig et al., 2013). Full-length MRF is an ER transmembrane 

protein, but upon autoproteolitic cleavage its N-terminus is transported to the nucleus, where it 

binds directly to the enhancer sequence of late stage myelin markers Mag, Plp1 and Mbp, among 

others (Bujalka et al., 2013). In the absence of Myrf, OLs fail to terminally mature past the 

arborized early postmitotic stage in vitro and express virtually none of the Myrf target genes 

(Emery et al., 2009). Myrf-deficient mutants present with severe hypomyelitation phenotype in 

vivo and increased OL cell death. Furthermore, inducible Myrf inactivation in the adult CNS 

results in severe demyelination within 8 weeks, decreased expression of MAG, MBP, and PLP 

and OL death, suggesting the necessity of MRF function for myelin stability (Koenning et al., 
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2012, McKenzie et al., 2014). Overexpression of Myrf in WT OPCs at DIV2 results in 

precocious expression of the mature OL marker MOG, suggesting that timing of Myrf expression 

is critical for the OL terminal differentiation (Bujalka et. al 2013).  

Impaired PI(3,5)P2 biosynthesis results in a significant decrease in gene expression of 

myelin-associated machinery. Given this observation, we hypothesized that reduced PI(3,5)P2  

levels may be leading, directly or indirectly, to impaired Myrf expression and/or its failure to 

induce myelin-specific gene expression.  

 

Myrf gene expression in Fig4- and Pikfyve-deficient brain and OL samples 

RNA sequencing analysis revealed a small but significant decrease in Myrf  levels 

(LogFC 0.8) in Fig4-/- P10 forebrain samples compared to WT. FDR, however, was 0.4, which 

together with a small fold change suggested minimal difference in Myrf gene expression in Fig4-

/- forebrain. In contrast, gene expression array in Pikfyve-deficient OPCs and OLs demonstrated 

an almost 5-fold decrease in Myrf expression (Table A8). It would be of interest to examine a 

mechanistic relationship between Myrf expression and PI(3,5)P2 biosynthesis.     

 

Myrf endogenous expression in Fig4-/- OLs  

To assess the endogenous localization and expression of MRF in Fig4-deficient OLs, 

Fig4 control and Fig4-/- OLs were cultured in T3 medium for 4 days and stained with the N-

terminus rabbit anti-MRF and anti-MBP antibodies. As reported previously, Fig4-/- OLs had 

reduced MBP expansion and expression (Chapter II) and displayed hallmark enlarged 

perinuclear vacuolation. MRF staining, however was observed faintly throughout the membrane 

portion of the OL and brightly in the nucleus and appeared compatible to WT OLs (Figure A6A-
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B’’’). These data suggest that in the absence of Fig4, MRF can still successfully translocate to 

the nucleus. To test whether loss of Fig4 function results in impaired MRF cleavage, lysates 

isolated from cultured WT, Fig4-/-, Fig4+flox,Olig2Cre, and Fig4-/flox,Olig2Cre OLs were probed 

with antibodies against N and C terminal MRF. As reported elsewhere (Bujalka et al., 2013), a 

faint band representing a full length MRF was observed at ~140 kDa and 75 and 70 kDa bands 

were detected using anti N- and C-terminus antibodies, respectively. The OL-specific marker 

CNPase was used as a loading control. No notable differences in protein levels of either cleaved 

MRF form were observed in Fig4-deficient OLs, suggesting its normal processing in the absence 

of Fig4 (Figure A6C). As was discussed previously (Chapter IV), in vitro Fig4-deficient OLs 

demonstrate a milder terminal differentiation phenotype compared to a severe decrease in the 

density of mature OLs and profound hypomyelination observed in vivo. It would be therefore 

interesting to examine MRF protein levels and processing in acutely isolated immature and 

myelinating Fig4-deficient OLs.  

 

Myrf overexpression induces precocious differentiation in Fig4-/- OLs.  

Myrf expression coincides with the OL maturation and onset of myelination. When Myrf 

is overexpressed in OPCs in vitro, it induces precocious differentiation as evidenced by increased 

OL arborization and premature MOG expression (Bujalka et al., 2013). Fig4-/- and Pikfyve-

deficient OLs present with impaired trafficking and reduced levels of major myelin building 

blocks. To test whether Fig4-/- OPCs can still respond to Myrf overexpression in vitro, the cells 

were cultured for 1 day in the presence of PDGF and NT3 and co-transfected with Myc-Myrf-

Flag and GFP plasmids. GFP only plasmid was used as a control. As reported previously, Myrf 

and GFP co-transfected OPCs presented with arborized morphology as early as the following 
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day after transfection (Figure A6E), whereas GFP only transfected OPCs remained in a simple 

bipolar state (Figure A6D). Similarly, Fig4-/- OPCs also have undergone arborization (Figure 

A6D’-E’), suggesting that Fig4-deficient OPCs were still intrinsically capable of responding to 

Myrf-induced differentiation. In our hands, transfection interferes with the ability of OLs to 

undergo terminal differentiation (more on that below), therefore at this point we cannot conclude 

whether Myrf overexpression rescues impaired terminal differentiation in Fig4-deficient OLs. 

Overexpressing Myrf using lentiviral infection may be a better strategy.  

 

A7. Transfecting and infecting OPCs/OLs in vitro 

The OL lineage is notoriously difficult to manipulate in vitro without impeding on its 

ability to terminally differentiate (Ben Emery, personal correspondence). Among widely utilized 

methods for introducing DNA to OPCs, Amaxa electroporation results in approximately 30% 

transfection efficacy with limited cell death (Emery et al., 2009, Bujalka et al., 2013). However, 

Amaxa electroporation only works for large cell quantities in suspension, which is not always 

feasible. Another commonly used way to introduce DNA to cells is Lipofectamine-mediated 

transfection, which in proliferating cells can lead to high transfection efficiency. Using 

Lipofectamine in post-mitotic populations, however, results in cell death and low transfection 

efficiency (Duan et al., 2014).  Adeno- and lentiviral infection is arguably the safest and the most 

effective way of delivering genetic material to the OPC lineage. When titrated to a correct 

amount, viruses can be used efficiently to overexpress a gene of interest and/or introduce a 

desired reporter. Here, we discuss some of the troubleshooting steps encountered during 

establishing an optimal infection and transfection protocols for cultured OPCs and OLs in our 

lab.  
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Transfecting OPCs and OLs with Lipofectamine-2000 

Given that OPCs actively divide in vitro, we reasoned that they would be receptive to 

transfection with Lipofectamine. 1µg DNA transfection with 4 µl of Lipofectamine (LF) of 

10,000-20000 OPCs yielded a fairly large number of GFP+ cells a day after transfection (Figure 

A7.1A-A’). However, when compared to control cells in a parallel culture, transfected 

populations did not undergo differentiation as readily when placed in T3 supplemented medium 

(data not shown). This phenomenon was observed regardless of whether the cells in transfected 

cultures were GFP-positive or not, suggesting that transfection protocol itself may impede on the 

OL maturation. To sacrifice transfection efficiency in favor of more robust cell health, the 

amount of both DNA and LF was decreased by 75%. Switching to a lower DNA/LF2000 

concentration improved the culture health, however, transfected cells still did not generate a fully 

expanded membrane sheet (Chapter II). Interestingly, it is feasible to transfect postmitotic 

premyelinating OLs (MAG+, O4+, MOG-, Chapter II) as late as DIV5. Transfection efficiency is 

extremely low (less than 1%) and causes substantial cell death, however, this approach is suitable 

for short-term (24-48 hours post-transfection) reporter studies.  

 

OPC infection with Lenti-RSV-GFP-VSVG  

Lenti-and adenoviral gene delivery has been successfully tested in various neuronal 

postmitotic cells both in vitro and in vivo in our lab. We therefore aimed to establish the 

appropriate viral titer that would permit genetic labeling of OPCs/OLs without disrupting their 

differentiative program.  Lenti-RSV-GFP-VSVG stock virus was obtained from the University of 

Michigan Viral Core. GFP expression was under the CMV promoter.  Suggested stock 
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concentration was 10x and was successfully used as such in hippocampal neurons (Baldwin, 

Mironova, unpublished observations). OPCs were isolated from postnatal pups as described 

previously and cultured in proliferative conditions for one day. The following day, the GFP virus 

was diluted to 1x in 1.5ml of PDGF medium and added to OPCs. While the GFP signal typically 

takes approximately 72 hours to become detectable in neuronal cultures, primary OPCs were 

brightly green the following day and infection efficacy was fairly high (Figure A7.1C’). 

However, the overall health of infected culture was poor compared to uninfected controls (Figure 

A7.1B-C’). Not all infected cells perished and surviving OPCs were expanded under 

proliferative conditions, passaged and differentiated in T3 supplemented medium (Figure A7.1D-

D’). To test whether lowering the viral concentration would improve cell survival, OPC cultures 

were passaged and infected with the GFP virus at higher dilutions (diluting the original stock as 

20x and 50x). Cells were less brightly GFP+ the following day compared to the 10x infected 

population, however, cell health was more robust (Figure A7.1E-F’). Differentiating OLs 

remained GFP+ even at the membrane sheet stage. Altogether, these data suggested that the 

Lenti-RSV-GFP-VSVG virus can be safely used in cultured OPCs at fairly low concentrations, 

which makes it a powerful and easily attainable tool for genetic manipulation in the OL lineage.  

 

OPC infection with Lenti 3.7.-RSV-dsREd 

Aiming to find a suitable alternative to the GFP reporter virus, we tested Lenti-3.7.-RSV-

dsRed available as a stock virus at the University of Michigan Vector Core. Similar to Lenti-

RSV-GFP-VSVG, the dsRed virus infection was highly efficient and dsRed signal was readily 

detectable one day after infection of OPCs when used as instructed (diluted 10x, data not 

shown). However, the 10x concentration was detrimental to OPC health. Therefore, 20x, 50x, 
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and 100x dilutions were tested. All three higher dilutions resulted in bright dsRed fluorescence in 

OPCs that decreased somewhat in ramified/membrane sheet OLs (Figure A7.2A-C). dsRed+ OLs 

were capable of surviving for multiple weeks in neuronal co-culture, however, it is possible that 

their myelinating capability was compromised by viral infection (see Appendix A9). 

 

Infection of OPCs by AAV2-CBA-UFF1  

AAV viral vectors are extremely useful in biological research, as their cell-type specific 

isotypes allow preferential in vivo infection (Zincarelli et al., 2008). Here, we tested AAV2-

CBA-UFF1 virus obtained from the University of Florida Vector Core. This virus demonstrated 

high efficacy of neuronal infection in vivo (data not shown). Surprisingly, AAV2 infection of 

primary OPCs was robust and could be readily observed throughout the maturing/mature OL 

structure (Figure A7.2D-E). AAV2 viruses therefore can be employed as a useful tool for 

studying OLs in vitro.  

 

A8. SynapsinCre expression in the OL lineage  

Our data demonstrate that conditional Fig4 deletion using SynapsinCre (Fig4-/flox,SynCre) 

results in severe CNS hypomyelination (Chapter II, (Ferguson et al., 2012b). Fig4-/flox,SynCre 

mice show progressive tremor, spongiform degeneration, and early lethality (Ferguson et al., 

2012b). When crossed with the Rosa26LacZ/+ reporter mouse line, SynapsinCre expression is 

robust in neurons (hippocampus, cortex) and is rarely observed in white matter structures (Yu 

and Lieberman, 2013). Furthermore, transgenic Fig4 overexpression in neurons using the NSE 

promoter rescues CNS hypomyelination in Fig4-deficient mice, suggesting the possibility of 

non-cell autonomous Fig4 function in myelination (Winters et al., 2011, Ferguson et al., 2012b). 
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Similarly, conditional deletion of Npc1 in neurons results in severe CNS hypomyelination (Yu 

and Lieberman, 2013), providing more evidence of endolysoomal transport in neurons non-cell-

autonomously regulating CNS myelination. However, there are some caveats associated with 

using SynapsinCre for assessing neuronal contribution to myelination. It has been demonstrated 

previously that Syn1 is expressed in the OL lineage at detectable levels (Zhang et al., 2014). 

Therefore, endogenous Syn1 expression in the OL lineage suggests a possibility that SynCre may 

be active in the OL lineage in vivo at some point during development, and thus may contribute to 

the hypomyelination phenotype observed in Fig4-/flox,SynCre mice. Here, we aimed to examine 

SynCre expression in the Fig4-/- and WT OL lineage in vivo and in vitro. 

 

Fig4-/flox,SynCre OLs demonstrate reduced FIG4 protein levels and abnormal vacuolation in 

vitro.  

In vivo, Fig4-/flox,SynCre mice display impaired terminal OL differentiation in the optic 

nerve (Chapter II). However, the level of anatomical resolution does not permit to further 

examine the morphology of Fig4-/flox,SynCre OLs in vivo. To examine whether Fig4-/flox,SynCre 

derived primary OPCs/OLs display abnormalities in the LE/Lys compartment, Fig4-flox,SynCre 

OPCs were isolated by immunopanning as described previously and cultured  for several days. 

Similar to Fig4-/- and Fig4-/flox,Olig2Cre OPCs, Fig4-flox,SynCre OPCs demonstrated limited 

perinuclear vacuolation at the bipolar OPC stage (data not shown). Strikingly, under 

differentiative conditions, Fig4-flox,SynCre OLs presented with substantially enlarged vacuoles, 

suggesting defects in intracellular trafficking (A8.1B-B’). To assess the endogenous FIG4 levels 

in Fig4-flox,SynCre OLs, cells were lysed and probed with an antibody against FIG4. Compared 

to control cultures, Fig4-flox,SynCre OLs showed drastic decrease in FIG4 protein levels (Figure 



195	
	

A8.1A). Multiple attempts to probe OLs for Cre expression the using Millipore anti-Cre antibody 

were not successful. 

 

Fig4 floxed allele recombination in Fig4+/flox,SynCre optic nerves 

The optic nerve is a homogenous bundle of RGC axons and glial cells, most abundantly 

OLs (Butt et al., 2004). As has been previously shown, neuronal genomic DNA is not present in 

axons (Kim and Jung, 2015). Therefore, any genomic DNA isolated from the optic nerve would 

be non-neuronal and mostly from the OL lineage. To test tissue-specific SynCre activity, nerves, 

brains, and tail tissue were isolated from Fig4+/flox,SynCre and Fig4+/flox,Olig2Cre animals and 

standard genotyping PCR was performed on genomic DNA retrieved from those specimen. As 

expected, Fig4+/flox,Olig2Cre optic nerves and brains demonstrated robust Fig4 floxed 

recombination, as evidenced by a smaller (deleted) 282bp product and a faint (floxed) 679bp 

product, whereas no recombination was detected in the tail tissue (Figure A8.2). Strong Fig4flox 

recombination was detected in Fig4+/flox,SynCre brain tissue and no 282 bp product was detected 

in the tail. Unexpectedly, the deleted product was also detected in SynCre optic nerves, 

suggesting Cre activity in that tissue. To ensure Cre specificity, SynCre-specific primers were 

used and the predicted 300 bp product was detected only in SynCre+, but not Olig2Cre+ positive 

tissues. The presence or absence of Cre was shown in all tissues using the generic Cre PCR 

protocol.  

 

LacZ/EGFP, SynCre OLs are GFP-positive 

To test whether SynCre activity in the OLs can be detected with a genetic reporter, 

SynCre mice were crossed with a LacZ/EGFP line (Chapter II). LacZ/EGFP,SynCre OPCs were 
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isolated and cultured, and the purification fraction (CD45-,PDGFR-,O4-) containing neurons was 

plated in parallel as a positive control. LacZ/EGFP only OPCs, OLs, and neurons were GFP-

negative at all stages (Figure A8.3C-D’). In contrast, LacZ/EGFP,SynCre OPCs and OLs had 

detectable levels of GFP expression (Figure A8.3A-B’, E). A putative neuronal culture presented 

with faint but detectable GFP levels, although the signal appeared less robust than what was 

observed in the OPC enriched cultures.  

 

Discussion 

Overall, our data provide several lines of evidence suggesting that SynCre is active in 

non-neuronal cell types. However, at this point our data are largely correlative and more rigorous 

investigation is required. Due to the logistics of mouse breeding, Fig4-/flox,SynCre OPCs/OLs 

were isolated and cultured only once and therefore it is critical to repeat this experiment to 

confirm or refute the original observations. As was reported previously, in male mice, SynCre is 

mis-expressed in the germline, thus rendering this Cre line non-specific in subsequent 

generations (Rempe et al., 2006). It is, however, unlikely that in our hands the SynCre line ever 

became germline, as SynCre conditional knockout and Fig4 global mutants are phenotypically 

distinct even at earlier stages of their development, and deleted Fig4 product is not detected in 

the tail tissue.  

Conventional genotyping in the optic nerve of Fig4+/flox,SynCre mice strongly suggests 

Cre recombination, presumably in non-neuronal cell types. Given the qualitative nature of the 

experiment, however, it is difficult to gauge the level or recombination observed and it is 

impossible to identify its cellular origin. While a great care was exercised at the optic nerve 

dissection to ensure no RGC/brain tissue contamination, neuronal DNA could still have ended up 
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in the final samples. A digital droplet PCR technology is becoming increasingly popular for 

quantitative assessment of Cre off target expression and would be a more efficient approach here 

than conventional PCR.  

LacZ/EGFP is a conservative reporter and has been shown to under- rather than over-

estimate the level of recombination in the tissue of interest (Dwight Bergles, personal 

communications). Detectable GFP signal in LacZ/EGFP,SynCre OLs strongly indicates that Cre 

recombination did take place at the floxed sites of LacZ/EGFP in these cells but it does not 

necessarily mean the same event occurs at the Fig4 locus in Fig4-flox,SynCre animals. It is also 

not possible at this point to distinguish between Cre mis-expresion or Cre non-cell autonomous 

transfer to non-neuronal cell types by either mRNA or protein delivery, which would be 

independent of the promoter activity (Fruhbeis et al., 2013). 

Given the robust hypomyelination phenotype observed in the OL specific Fig4 

knockouts, it is reasonable to assume that in the event of cell-autonomous SynCre function in the 

OL lineage in Fig4-/flox,SynCre mice the resulting hypomyelination phenotype would be at least 

partially due to reduced FIG4 levels in OPCs/OLs. Nonetheless, even in that case it is not 

possible to conclusively rule out the necessity of neuronal FIG4 contribution to OPC 

differentiation. Fig4-/- neurons present with altered electrical properties (Zhang et al., 2012, 

McCartney et. al, 2014), accumulate LE/Lys vacuoles and eventually degenerate. Given a highly 

interactive relationship between OL lineage and neurons it is possible that disrupting neuronal 

trafficking may alter the OL lineage dynamics. There are several additional experiments that may 

aid us in further dissecting neuronal contribution of PI(3,5)P2 biosynthesis to myelination.  To 

confidently establish the cell-autonomous Fig4 function in the OL lineage, we employed two 

independent OPC/OL specific Cre lines (Olig2Cre and PdgfrαCreER). An additional highly 
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specific neuronal Cre line may provide critical evidence for neuronal contribution to myelination 

in Fig4-/- mice. Nex-CreERT line is highly specific to a particular subset of cortical and 

hippocampal neurons (Goebbels et al., 2006), and the ultrastructural analysis of Fig4-

/flox,NEXCreERT CNS may gain potential insights into the cell-autonomy of FIG4 function in 

myelination. As a less time-consuming approach, neuron-specific viral Cre delivery can be tested 

in Fig4flox/flox animals. For example, Bei et al recently reported high level of specificity and 

recombination efficacy of AAV2-Cre in RGCs (Bei et al., 2016). Furthermore, as was attempted 

and described below, reciprocal Fig4 WT-KO and KO-WT neuron-OL co-cultures can serve as a 

powerful tool for assessing neuronal FIG4 contribution to OL myelinating properties in vitro.  

 

A9. Heterogeneous neuronal-OL co-cultures 

Isolation and culture of primary OPCs/OLs is a powerful tool for studying lineage 

dynamics and monitoring its gene and protein expression. However, in a living brain, 

myelinating oligodendrocytes do not exist unless they are wrapping axons (Hughes et al., 2013). 

The absence of axoglial communication profoundly changes the OL behavior in vitro. For 

example, cultured mature OLs in the membrane sheet stage  (MBP+, MOG+, Figure 1.2) rarely 

survive past 7 days after differentiation. In contrast, when co-cultured with neurons, myelinating 

OLs survive for multiple weeks (Zuchero et al., 2015). Similarly, myelinatng OLs in vivo are 

stable and can be observed over many weeks (Hughes et al., 2013, Hill et al., 2014).  

Our data demonstrate that conditional Fig4 ablation in either neurons or OL lineage 

results in a severe hypomyelination phenotype. However, given a well-documented mis-

expression of employed Cre lines (Zhang et al., 2014), there is a risk of incorrect interpretation 

of observed phenotypes vis a vis their cell origin. Therefore, we aimed to establish an in vitro 
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system where OLs and neurons can be isolated from genetically different animals and examine 

the effect of differential neuron/OL Fig4 genotypes on the OL myelinating properties. Ideally, 

we aimed to isolate neurons from Fig4-/flox,SynCre animals, culture them with either  WT or 

Fig4-/- OLs, and then perform a complementary experiment with WT neurons. However, timely 

generation of cultures from these mutants is logistically very difficult. Instead, we took 

advantage of lentiviral Cre-mediated Fig4flox/flox recombination in neurons, which allowed setting 

up control and experimental cultures from the same cohort of Fig4flox/flox pups, thus greatly 

increasing neuronal yields.  A classical co-culture experiment employs dorsal root ganglia 

neurons (DRGs), as they do not possess dendrites and can be readily myelinated by both 

Schwann cells and OLs. However, DRG isolation is somewhat difficult and neuronal yields are 

limited. To further increase the available cell numbers, instead, a hippocampal neuronal/OL co-

culture was attempted as described by Gardner et al, with modifications (Gardner et al., 2012).  

To avoid overlap between characterizing endogenous OLs present in the hippocampal culture 

and differentiate them from the exogenously introduced ones, a dual reporter strategy was 

employed. First, prior to the OL seeding, Fig4flox/flox and Pikfyveflox/flox neurons were infected with 

neuron-specific viruses Lenti-SynCre-IRES-GFP and Lenti-SynGFP. Second, prior to-culture, 

exogenously introduced WT and Fig4-/flox,Olig2Cre OLs were infected with Lenti-3.7-RSV-

dsRed reporter virus. This system permits genotype-specific analysis based on reporter activity.  

At the time of co-culture seeding at DIV15, Fig4flox/flox and Pikfyveflox/flox neurons treated 

with the Cre lentivirus demonstrated vacuolation indicating successful Cre recombination (data 

not shown). Shortly after, Pikfyve flox/flox cells treated with the Cre virus rapidly deteriorated and 

the co-cultures had to be fixed and stained at DIV21, well before the optimal 3 weeks of co-
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culture.  After prolonged culture, all neurons, regardless of the genotype, tended to form 

aggregates, most likely due to suboptimal substrate conditions (Figure A9A).    

While cultured under proliferative conditions, OPCs maintained their bright dsRed signal. 

However, under differentiative conditions or in the presence of neurons dsRed fluorescence 

noticeably decreased, mostly likely due to metabolic demands of myelinating OL and their 

preferential distribution of protein material in the membrane sheet. In contrast, morphologically 

non-OL dsRed cells (most likely astrocytes) remained brightly dsRed-positive (Figure A9A).  

At DIV33, multiple MBP+ OLs were observed in the co-culture, indicating OL terminal 

differentiation. Some, but not all, were dsRed-positive, suggesting that MBP+/dsREd- cells were 

either present in the original neuronal culture, or were exogenously introduced OLs that did not 

get infected. A large number of dsRed+/MBP- cells were observed on neuronal somal 

aggregations, however, the identity of those cells could not be easily established (Figure A9A).  

Somewhat surprisingly, a very limited number of MBP+ cells were associated with GFP+ 

neuronal processes and internode-like colocalization of GFP and MBP signals was rarely 

observed (Figure A9B). Qualitatively, the number of MBP+ cells and their morphology 

(membrane sheet expansion) was the highest in Fig4flox/flox/Lenti-SynGFP + Fig4 control OLs co-

culture conditions, with less so in the Fig4flox/flox/Lenti-SynCre-GFP+ Fig4 control OLs co-

cultures (A9C). A notably low number of MBP+ OLs was documented in all co-cultures where 

OLs were Fig4-/flox,Olig2Cre, consistent with previous observations (Chapter II; Figure A9D-E).  

A significant amount of optimization was necessary to arrive at the described protocol. In 

particular, optimal conditions necessary for robust neuronal cultures and myelinating OLs were 

not completely compatible, and favoring one over the other resulted in respective cell death. 

Given the differential osmolarity of Neurobasal and DMEM, any substantial (over 25%) medium 
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changes resulted in neuronal blebbing and death. An attempt to “acclimate” neurons by preparing 

their medium with a 50:50 mix of Neurobasal:DMEM did not meet much success, as culture 

health declined under those conditions. The Gardner et al. protocol suggests Ara-C treatment to 

thwart proliferation of mitotic populations present in mixed hippocampal cultures. However, 

both Ara-C and FrdU treatments in postnatal hippocampal cultures were greatly detrimental to 

neuronal health and cells had to be discarded (data not shown). The OL health and survival 

declined gradually over the course of the culture. It may be indicative of suboptimal medium 

conditions. As per Gardner et al., a fairly large volume (400 µl) of neuronal medium has to be 

substituted for myelin medium in the first week of the co-culture, whereas under our conditions 

that would result in rapid neuronal death. A lack of truly myelianting OLs can therefore also be 

attributed to less-than-ideal culture conditions. In contrast, when a co-culture was performed 

with WT rat hippocampal neurons isolated from rats at E18.5, multiple myelinating OLs were 

readily observed (data not shown). Rat neurons were more receptive to substantial media 

changes and were in general more robust than postnatal mouse culture. In addition, in rat cultures 

there was no additional burden of viral infection. As hippocampal neurons get polarized in 

culture and develop dendritic and axonal components that fasciculate together, it perturbs the 

ability of OLs to efficiently myelinate axons. It is also possible that Lenti-dsRed infection even 

at low doses can affect the OL ability to myelinate. Taken together, our experiment, while 

theoretically presenting an ideal and efficient system to asses differential contribution of 

neuronal and OL PI(3,5)P2 to myelination, in practice encountered an exorbitant amount of 

logistical issues. The DRG-OL co-culture, while less efficient neuronal yield-wise may be a 

more feasible option.  
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A10. Enhanced Long-term Potentiation in the Fig4-/- CA3-CA1 circuit. 

Intracellular trafficking is essential for proper synaptic function in neurons (Man et al., 

2000). At the presynaptic site, vesicular formation, transport and neurotransmitter release into 

the synaptic cleft has to be done in a rapid and timely manner. At the postsynaptic site, 

endocytosis and recycling of various synaptic receptors, such as AMPAR, are necessary for 

maintaining synaptic strength. Recent evidence identified that Vac14 – a scaffold protein for the 

PI(3,5)P2 biosynthetic complex – is enriched at excitatory synapses (Zhang et al., 2012). Genetic 

deletion of pharmacological inhibition of Fig4 or Pikfyve results in increased frequency of 

miniature postsynaptic currents, indicating the potential importance of PI(3,5)P2 for regulation of 

synaptic strength. Excitingly, McCartney et al. also demonstrated that dynamic regulation of 

PI(35,)P2 levels has direct consequences on synaptic strength. In particular, reduced PI(3,5)P2 

biosynthesis results in impaired chemical long-term depression (LTD) (McCartney et al., 2014b). 

Here, we investigated whether impaired PI(3,5)P2 biosynthesis changes another form of Hebbian 

synaptic plasticity, long-term potentiation (LTP). Unlike the in vitro whole cell recording 

experiments performed by McCartney et al., we employed hippocampal field recordings in a 

well-studied CA3-CA1 circuit ex vivo. 

To evoke long-term potentiation in Fig4-/- mice, acute hippocampal slices from P19 WT 

and Fig4-/- animals were prepared and recorded from in oxygenated aCSF.  When Schaffer 

collaterals were stimulated and field excitatory postsynaptic potentials (fEPSPs) were recorded 

in the CA1, no obvious differences in the input/output curve were detected in WT and Fig4-/-. 

Furthermore, baseline recordings collected at 50% of maximum stimulus intensity were 

compatible (Figure A10). In contrast, with high frequency stimulation of 2 100Hz trains, Fig4-/- 

slices demonstrated a dramatic post-tetanic-potentiation (PTP, highest value 240%) and 
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sustained LTP at 172.7±0.8% relative to baseline, whereas in WT slices maximum PTP was 

195% and LTP averaged 152.3±0.5% relative to baseline. These data suggest a possibility that 

FIG4 (or more likely, PI(3,5)P2) may be serving as a negative regulator of synaptic potentiation 

and are consistent with impaired chemical LTD as reported previously (McCartney et al., 2014). 

An important caveat for this study is a small sample size – a higher number of recorded slices (at 

least 6-8/group) would be more representative of any potential phenotype. 

 

A11. Methods  

RNA-sequencing: Brains from three Fig4-/- pups and three Fig4+/+ littermates at P10 were 

extracted, rinsed in ice cold PBS and the cortex and hippocampus carefully dissected.  Each 

tissue sample was transferred into a separate tube with TRIzol (Invitrogen, MA) and processed 

separately for RNA extraction.  Total RNA was processed with Ribo-Zero Gold kit (Epicentre, 

WI) to remove ribosomal RNAs. Sequencing libraries were prepared using the Illumina TruSeq 

RNA sample prep kit following the manufacturer's protocol. After library preparation, amplified 

double-stranded cDNA was fragmented into 125-bp (Covaris-S2, Woburn, MA) DNA 

fragments, and 200 ng aliquotes were end-repaired to generate blunt ends with 5’- phosphates 

and 3’- hydroxyls followed by ligation of adapters. The purified cDNA library products were 

evaluated using the Agilent Bioanalyzer (Santa Rosa, CA) and diluted to 10 nM for cluster 

generation in situ on the HiSeq paired-end flow cell using the CBot automated cluster generation 

system. All samples were multiplexed into a single pool in order to avoid batch effects (Auer and 

Doerge, 2010) and sequenced using an Illumina  HiSeq 2500 sequencer (Illumina, San Diego, 

CA) across 2 lanes of 69-bp-paired-end sequencing, corresponding to 3 samples per lane and 

yielding between 52 and 65 million reads per sample. Quality control was performed on base 
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qualities and nucleotide composition of sequences. Alignment to the M. musculus (mm10) refSeq 

(refFlat) reference gene annotation was performed using the STAR spliced read aligner (Dobin et 

al., 2013) with default parameters. Additional QC was performed after the alignment to examine: 

the level of mismatch rate, mapping rate to the whole genome, repeats, chromosomes, key 

transcriptomic regions (exons, introns, UTRs, genes), insert sizes, AT/GC dropout, transcript 

coverage and GC bias. Between 89 and 92% (average 90.4%) of the reads mapped uniquely to 

the mouse genome. Total counts of read-fragments aligned to candidate gene regions were 

derived using HTSeq program (www.huber.embl.de/users/anders/HTSeq/doc/overview.html) 

with mouse mm10 (Dec.2011) refSeq (refFlat table) as a reference and used as a basis for the 

quantification of gene expression. Only uniquely mapped reads were used for subsequent 

analyses. Differential expression analysis was conducted with R-project and the Bioconductor 

package edgeR (Robinson et al., 2010) and limma-voom (Law et al., 2014).  Statistical 

significance of the differential expression was determined at false discovery rate (FDR) <0.1.  

RNAseq data has been deposited within the Gene Expression Omnibus (GEO) repository 

(www.ncbi.nlm.nih.gov/geo).   

Affymetrix assay: 2 litters of P10 control littermates (PIKfyveflox/flox, n=4) and PIKfyve flox/flox, 

Olig2Cre (n=4) were processed for OPCs and OL immunopanning as described previously 

(Chapter II). PDGFRα+ and O4+ cells were collected directly off the panning plates using a cell 

scraper and RNA was isolated using the RNAEasy kit (Qagen) according to manufacturer’s 

instructions. Total RNA was collected in 1.5 ml Eppendorf tubes and frozen at -80C. The 

following day, RNA samples were submitted to the University of Michigan Sequencing Core for 

the Affymetrix Gene Array. Only the probesets with ratio change of 1.5 or greater and p<0.05 

were used in the final analysis.  
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Fibers: Fig4 control and Fig4-/- OPCs were isolated and cultured as described previously 

(Chapter II). Polysterne fibers were kindly generated and provided by Samuel Tuck as described 

(Lee et al., 2013). OPCs were cultured under proliferative conditions for 7 days. Afterwards, 

they were gently passaged onto PDL coated fibers at a high density (150K/coverslip). OPCs 

were allowed to adhere to the fibers overnight in a drop of medium overnight, after which the 

wells were flooded with extra medium. OLs were allowed to differentiate and wrap the fibers for 

7 days. Afterwards, they were fixed and stained for MBP as described previously (Lee et al., 

2013). For quantification, at least 10 non-overlapping images of OLs on fibers in the middle of 

the well were taken per coverslip. Whenever possible, two coverslips/genotype were analyzed. 

Four independent experiments were used for quantification.  

OPC Infection/transfection: OPC transfection was performed as described previously (Chapter 

II). For OPC infection, the medium was aspirated from DIV1 OPCs and fresh proliferative 

medium containing the viral stock diluted to indicated concentrations was applied for 48 hours, 

after which the medium was replaced completely. The next day, cells were switched into 

differentiative medium and cultured for a desired amount of time.  

Brain gangliosides: Gangliosides were isolated and purified from lyophilized P10 brain from 

Fig4+/+ and Fig4-/- mice using previously described procedures (Hauser et al., 2004, Baek et al., 

2009).  The resorcinol assay was used to estimate the amount of ganglioside sialic acid in tissue 

samples as described (Hauser et al., 2004). Individual ganglioside species were analyzed 

qualitatively and quantitatively by high-performance thin-layer chromatograph (HPTLC) and 

densitometric scanning according to previously described methods (Ando et al., 1978, Baek et 

al., 2009, Arthur et al., 2011).   
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MRF experiments: OPCs were transfected as described previously (Chapter II). For anti-MRF 

westerns, DIV3 OLs were lysed in RIPA buffer and triturated ten times using a 21G syringe. 

Lysates were centrifuged at 14,000g for 15 minutes, supernatants were collected and boiled with 

2x Laemmli buffer and BME. Equal protein amounts were using for Western blotting as 

described previously.  

RT-PCR - To assess potential leakiness of the transgenic NSE promoter in the OL lineage, 

primary OPCs from Fig4-/-,NSE-Fig4 and Fig4+/+,NSE-Fig4 littermates were isolated by 

immunopanning, as described above. The cellular fraction containing neurons (cells not captured 

by anti-PDGFRα panning) was spun down at 220g for 15 min, resuspended in TRIzol and stored 

at -80°C.  OPCs were cultured for 3 days in PDGF supplemented culture medium and then 

suspended in TRIzol and processed for RNA isolation and qRT-PCR as described (Winters et al., 

2011). 

Co-culture:  Neuronal culture: For rat neurons, hippocampal cultures were isolated from E18.5 

pups as described previously (Raiker et al., 2010). For mouse neurons, P0-P2 hippocampal 

cultures form Fig4flox/flox and Pikfyveflox/flox pups were established as described previously (Duan 

et al., 2014). Cells were cultured on 12mm glass coverslips (coated with 5 µg/ml laminin and 

100µg/ml PDL) at 60,000 cells/coverslip density in 600µl of standard neuronal culture medium 

(Neurobasal/1x Pen/Strep/1x B27). Five days after plating, Lenti-SynGFP and LentiSynGFP-Cre 

viruses were added to the culture medium. At 72 hours post-infection, ½ medium was replaced 

with fresh neuronal medium. OPC culture: Fig4 control and Fig4-/flox,Olig2Cre OPCs were 

isolated as described previously (Chapter II) and plated at 30,000 cells/well of a 12 well plate. At 

DIV1, OPCs were infected with Lentilox-3.7.-dsRed virus at 0.1x concentration of the core 

supplied stock virus. As tested previously, this virus concentration provided high infection rate 
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without impeding on the OPC ability to successfully differentiate. OPCs were kept in 

proliferation medium to prevent them from differentiating. Myelinating co-culture: Two days 

before starting a co-culture, 1/3 of neuronal medium was replaced. At neuronal DIV15, OPCs 

were gently trypsinized off the culture plates, spun down at 300rcf for 15min and plated onto 

neuronal cultures at 60,000 cells/well in 100 µl of neuronal medium. The following day, 250 µl 

of the medium was removed and 150 µl myelin medium (see (Gardner et al., 2012) for the 

recipe) was added. For subsequent days, 200 µl of medium was replaced with myelin medium 

every third day. At DIV34, cells were fixed with 4% PFA for 14 min and stained with anti-MBP, 

anti-dsRed, and anti-GFP as described previously (Chapter II).  

Slice electrophysiology:  Fig4+/+ and Fig4-/- P18-P19 animals were sacrificed and their brains 

rapidly dissected in oxygenated ACSF as described previously (Toth et al., 2013). Transverse 

hippocampal sections were collected and allowed to rest in oxygenated aCSF for at least 2 hours 

prior to recording session. Stable baseline recordings were obtained at the 50% stimulus intensity 

of Schaffer collaterals in the CA1 region. LTP was induced as described previously (Lee et al., 

2008). After potentiation, LTP recordings were performed for at least an hour. Slices with 

unstable baseline or fiber volley PTP change exceeding 10% were excluded from analysis.  
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Figure A1. Profiling of Fig4-dependent gene expression in the developing mouse. 
(A) Graphic representation of GO enrichments for genes that are down-regulated in Fig4-/- 
forebrain tissue prepared from P10 pups.  Genes associated with late-stage OL development are 
significantly reduced.  In addition, genes associated with chromatin structure are down-regulated. 
A total of 6 littermate mice were subjected to RNA-sequencing, Fig4-/- pups (n= 3) and Fig4+/+ 
pups (n= 3).  Statistical analysis: BiNGO, FDR <0.01.  The size of the circle is proportional to 
the number of genes in the category. (B) Graphic representation of GO enrichments for genes 
upregulated in P10 forebrain tissue of Fig4-/- mice.  The majority of genes fall into “immune 
system processes”, suggesting that loss of Fig4 triggers a strong neuro-inflammatory response. 
Statistical analysis: BiNGO, FDR <0.01. The size of the circle is proportional to the number of 
genes in the category. Data/Image credit: Drs. Riki Kawaguchi and Giovanni Coppola, UCLA.   
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Figure A2. High Performance thin-layer chromatogram of whole brain ganglioside 
distribution in WT and Fig4-/- mice. Approximately 1.5 µg of gangiloside sialic acid was 
spotted for each sample. The plate was developed by one ascending run with 
chloroform:methanol:water: (55:45:10 by vol) that contained 0.02%CaCl2:H2O. The bands were 
visualized by the resorcinol-HCL spray and heating at 95ºC for 10 min. Data/image credit: Dr. 
Thomas Seyfried and Kevin Santos.   
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Figure A3.1 Abundance of the NSE-Fig4 mRNA in OLs is below detection limit, but Fig4-/-

,NSE-Fig4 OPCs/OLs display normal morphology and detectable FIG4 protein. (A) RT-
PCR analysis of primary OPCs prepared from Fig4+/+,NSE-Fig4 and Fig4-/-,NSE-Fig4 pups 
using the anti-PDGFRα immunopanning method. NSE promoter-driven transgene expression 
was detected with a forward primer in exon 1 of the NSE gene and a reverse primer in exon 2 of 
the Fig4 gene. As a positive control for the NSE-Fig4 RT-PCR, we used cells not captured by the 
anti-PDGFRα immunopanning (Neuron Fig4-/-,NSE-Fig4 lane) and obtained a 228-bp product.  
In OPCs from Fig4+/+,NSE-Fig4 or Fig4-/-,NSE-Fig4 mice transgene expression is greatly 
decreased and near the detection limit. The small amount of NSE-Fig4 in OPC cultures is likely 
the result of a small amount of neuronal contamination, as assessed by RT-PCR 
for Tubb3 transcript (228-bp product).  cDNA prepared from wildtype brain, spinal cord (s.c) 
and liver served as negative controls.  As positive control for neuronal expression, RT-PCR for 
tubb3 was performed.  As positive control for OPCs, we used PCR primers specific for Cspg4 
(336-bp product).  (B) Coronal view of optic nerve section from a P21 Fig4-/-,NSE-
Fig4 mice. Distribution of Fig4 expression was independently assessed by Fig4 in situ 
hybridization on optic nerve cross-sections of P21 Fig4-/-,NSE-Fig4 mice. A small number of 
labeled cells are found in the optic nerve. (B’) The same section was stained with anti-Olig2 to 
assess distribution of OPCs/OLs. The vast majority of Olig2+ cells do not 
express Fig4 mRNA. (C-C’’’’) Phase contrast images of Fig4-/-,NSE Fig4 OPCs/OLs at different 
stages of maturation. The OPCs/OLs are from the same preparation used for RT-PCR in (A). 
Unlike Fig4-/- OPCs/OLs, Fig4-/-,NSE-Fig4 OLs do not demonstrate abnormal vesicular 
accumulation in proliferative (PDGF+) or differentiative (T3+) culture conditions. (D) Western 
blot analysis of Fig4+/+, Fig4-/-, and Fig4-/-,NSE-Fig4 OLs probed with anti-FIG4, anti-actin, and 
anti βIIITub. Fig4-/-,NSE-Fig4 lanes are duplicates of the same sample. (E) Representative 
images of mature Fig4 control and Fig4-/-,NSE Fig4 OLs stained with anti-LAMP1 (red), anti-
MAG (green), and nuclear marker TO-Pro-3. Abnormal LAMP1 structures are not observed in 
Fig4-/-,NSE-Fig4 OLs. Scale bar = 20µm. n=1 experiments for biochemistry and n=2 for cell 
culture. Data/image credit: Figure A: Dr. Guy Lenk, Figure B-B’: Dr. Roman Giger.  
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Figure A3.2 Overexpression of recombinant Fig4 in neurons rescues the hypo-myelination 
phenotype in Fig4-/flox,Olig2Cre mice. (A) Breeding strategy for generating Fig-

/flox,Olig2Cre,NSE-Fig4 mice. (B) Western blot analysis of P26-P48 brain membranes prepared 
from control mice (Fig4-/flox, and Fig4+/flox, n= 3 brains) and Fig4-/flox,Olig2Cre,NSE-Fig4 mice (n 
= 4 brains) probed with anti-MAG, anti-CNPase, anti-MBP and the neuronal marker class III β-
tubulin (βIII Tub).  (C) Quantification of relative protein signals for MAG, CNPase, and MBP 
normalized to βIII Tub.  Results are shown as mean value ±SEM, unpaired two-tailed Student’s 
t-test revealed no significant differences. (D and E) Representative CAP traces recorded from 
P36 (control) NSE-Fig4,Fig4-/flox (n= 4 nerves, 2 animals) and NSE-Fig4,Fig4-/flox,Olig2Cre (n= 6 
nerves, 3 animals) littermates reveal no difference in the population of fast conducting fibers.  
(F) Quantification of average conduction velocity of largest amplitude peaks identified in D and 
E.  Results are shown as mean value ±SEM, Unpaired Student’s t-test. P-value = 0.29.  
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Figure A4. Primary OLs from Fig4-/- mice do ensheath nanofibers.  (A-A’) Primary OLs 
from Fig4 control (Fig4+/+ or Fig4+/-) and Fig4-/- pups were plated on 1-1.5 µm polystyrene 
fibers and cultured for 7 days.  To visualize mature OLs, cultures were fixed and stained with 
anti-MBP (green) and Hoechst 33342 dye to monitor total cell density. (B) Quantification of the 
number of MBP+ cells ensheathing nanofibers normalized to total number of Hoechst+ cells per 
region of interest.  While the number of MBP+ cells in Fig4-/- cultures is reduced, these cells do 
ensheath fibers. Results are shown as mean value ±SEM, unpaired Student’s t-test. **p-value = 
0.0011.  



215	
	

 

 

 

Figure A5.1 In Fig4-/- OLs, PLP-YFP is present in LAMP1-mCherry positive vacuoles. 
Representative confocal images of (A-C) Fig4 control (Fig4+/+ or Fig4+-/ OLs) and (B’-C’) Fig4-

/- OLs transfected with PLP-YFP and Lamp1-mCherry expression constructs. In Fig4+/+ and in 
Fig4-/- OLs, PLP-YFP shows co-localization with LAMP1-mCherry. In Fig4 control and mutant 
OLs, PLP-YFP forms aggregates. In Fig4-/- OLs, this includes large perinuclear vacuoles. Scale 
bar = 7.5 µm.  
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Figure A5.2 Labeled PLP antibody trafficking in WT and Fig4-deficient OLs. (A-B’’’) 
Representative images of live Fig4 control and Fig4-/flox,CMVCreER DIV3 OLs incubated with 
anti-MAG-Alexa488 and anti-PLP-Alexa555. Large vacuoles intensely positive for PLP are 
observed in Fig-/flox,CMVCreER OLs, but in not control cells (arrows) (C-D”) Representative 
images of the same cell cohort incubated with anti-MAG-Alexa488 and goat serum conjugated 
to Alexa555. Some Alexa555 signal is observed in both control and Fig4-/flox,CMVCreER cells, 
albeit at diminished intensity compared to anti-PLP-Alexa555. All images are maximum Z stack 
projections with XZ and YZ orthogonal sections shown as indicated. Scale bar = 20µm. N=1.  
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A6. Myelin regulatory factor (Myrf or MRF) is expressed and processed normally in Fig4-/- 
OLs. (A-B’’’) Representative confocal images of DIV4 Fig4 control and Fig4-/- OLs stained with 
antibodies against MBP, MRF N-terminus and nuclear marker To-Pro-3. The anti-MRF antibody 
recognizes full length MRF localized to the ER and the cleaved N-terminus portion that gets 
transported to the nucleus. A similar MRF signal distribution is observed in Fig4 control and 
Fig4-/- OLs despite their altered morphology and diminished MBP signal. Scale bar = 10 µm, 
N=2. (C) Western blots of Fig4 control, Fig4-/-, and Fig4-/flox,Olig2Cre DIV3 OL lysates probed 
with antibodies against N- and C-terminus MRF and CNPase as a loading control. Full-length 
MRF is detected by both antibodies at 140 kDa and both cleaved forms are ~70-75kDa. No 
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obvious differences in MRF cleavage and expression levels are observed in Fig4-deficient OLs 
when accounted for CNPase levels. (D-E’) Representative images of Fig4 control and Fig4-/- 

OPCs transfected with either GFP or GFP+Flag-Myrf-Myc at 24 hours post-infection (DIV2). 
With GFP transfection only, both Fig4 control and Fig4-/- OPCs maintain simple morphology. 
Myrf co-expression induces precocious differentiation and ramified morphology in both Fig4 
control and Fig4-/- OPCs.  Scale bar = 50 µm. N=2. 
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A7.1 Transfection and infection strategies for cultured OPCs/OLs in vitro. (A-A’) DIV2 
OPCs transfected with 1 µg GFP DNA and 4 µl Lipofectamine-2000. A high percentage of GFP+ 
cells is observed as early as the following day after transfection. Scale bar = 200 µm. (B-C’) 
Control (B, no virus), and Lenti-RSV-GFP-VSVG (C-C’) infected cells at DIV2, 24 hours post-
infection. A high number of GFP+ cells is observed, but cell health is poor compared to the 
control cultures. (D-D’) Cells pictured in (C-C’) were passaged and allowed to differentiate in 
T3 medium for 3 days. Ramified GFP+ cells are easily observed. (E-F’) Passaged OPCs were 
infected with diluted GFP virus stock and allowed to differentiate in T3 medium for 3 days. 
Robust GFP expression is observed at lower viral titer, and GFP+ cells are capable of making 
membrane sheets (F’, arrow). Scale bar = 200 µm.  
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A7.2 Transfection and infection strategies for cultured OPCs/OLs in vitro. (A-C) Passaged 
OPCs were infected with Lentilox-3.7.-dsRed, cultured in T3 medium for 3 days and treated with 
anti-MAG-Alexa488 antibody. Scale bar = 200 µm. (D-E) Representative images of OLs treated 
with AAV2-CBA-UFF1 virus 3 days after infection. A robust GFP signal is observed even in 
fully flattened, mature OLs (E).  Scale bar = 100 µm (D), 50 µm (E). 
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Figure A8.1 SynapsinCre expression in the OL lineage. (A) Western blots of Fig4 control 
(WT) and Fig4-/flox,SynCre DIV3 OL lysates probed with anti-FIG4 and anti-actin as a loading 
control. Duplicate wells were loaded for Fig4-/flox,SynCre OLs. No detectable FIG4 100kDa band 
is observed in Fig4-/flox,SynCre cultures. N=1. (B-B’) Representative phase contrast images of 
Fig4 control and Fig4-/flox,SynCre OLs at DIV3. Increased vacuolation is observed in Fig4-

/flox,SynCre, but not control, cultures. Scale bar = 200 µm. N=1.  
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Figure A8.2 Fig4 floxed allele recombination in various tissues. Representative genotyping 
PCR of tail, brain, and whole optic nerve biopsies isolated from Fig4+/flox,Olig2Cre (1-4), Fig4 
flox/+ (5), Fig4flox/flox (6-7), and Fig4+/flox,SynCre (8-10) mice. The Cre genotyping product at 200 
bp is readily observed in the tail tissue and somewhat less robustly in the optic nerve samples. 
Fig4 floxed (679 bp) and WT (558 bp) products are detected in tail biopsies. In the optic nerves 
and brain tissue, “deleted” Fig4 product (282 bp) was observed in both Olig2Cre and SynCre 
samples. SynCre-specific 300 bp product was observed only in the SynCre+ tissue  (with the 
exception of the animal #6 most likely due to contamination). 
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Figure A8.3 Reporter expression in LacZ/EGFP,SynCre OL lineage.  (A-B’) Representative 
images of cultured DIV1 OPCs isolated from LacZ/EGFP and LacZ/EGFP,SynCre pups. Faint 
GFP signal is detected in LacZ/EGFP,SynCre cultures. (C-D”) Representative images of the 
“flowthrough” culture (PDGFRα-, O4-), presumably containing neurons. Faint GFP signal is 
detected in LacZ/EGFP,SynCre cultures. Scale bar = 200 µm. (E) A higher magnification image 
of LacZ/EGFP,SynCre OLs expressing GFP at DIV2. Scale bar = 50 µm. N=1. 
 



224	
	

 

Figure A9. Differential Fig4 expression in neuron-OL co-cultures. (A) A representative 
image of a hippocampal neuron – OL co-culture at DIV34. Lenti-Synapsin-GFP neurons are 
robustly GFP-positive and dsREd+ cells are observed with or without MBP expression 
(magenta). Scale bar = 10µm. (B-E) Representative confocal images of neuron-OL co-cultures 
with Fig4flox/flox neurons either infected with Lenti-Synapsin-GFP or Lenti-Synapsin-GFPCre, and 
dsRed infected OLs are either Fig4 control, or Fig4-/flox,Olig2Cre. (B) A robust, fully mature 
MBP+ OL is observed making myelinating contact with a GFP+ axon. (C) Qualitatively, fewer 
MBP+/dsRed+ OLs are observed in cultures where neurons are infected with Lenti-Synapsin-
GFPCre. Fig4-flox,Olig2Cre OLs display reduced membrane MBP+ sheet expansion regardless of 
neuronal genotype . Scale bar =10µm. 
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A10. Enhanced hippocampal LTP in Fig4-/- juvenile CA3-CA1. (A) Raw data traces of WT 
and Fig4-/- hippocampal LTP, individual slice recordings. (B) Averaged traces demonstrating a 
trend towards enhanced LTP in Fig4-/- slices.  Data collected from two animals/genotype.  
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Table A1. Expression of gene products previously implicated in PI(3,5)P2 metabolism or 
signaling is not regulated in Fig4-/- forebrain tissue. As expected, Fig4 transcript levels are 
significantly reduced in Fig4-/- tissue.  However other components of the PI(3,5)P2 biosynthetic 
complex or molecules implicated in PI(3,5)P2 signaling are not regulated at the transcriptional 
level in the absence of Fig4. The log2 fold-change in gene expression of Fig4-/- versus WT tissue 
is shown (logFC Fig4-/- vs WT).  p values and false discovery rates (FDR) were calculated.  
Genes with an FDR of < 0.1 are highlighted in pink. The “rank” indicates the relative abundance 
of expression in WT forebrain tissue. 
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Table A2. Analysis of OPC enriched transcripts.  RNA-sequencing was performed on P10 
forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent changes in gene 
expression were compared to transcripts enriched in oligodendrocyte progenitor cells (OPC) 
described by Zhang and colleagues (Zhang et al., 2014).  A heat-map with log2 fold-change in 
gene expression of Fig4-/- versus WT tissue is shown (logFC Fig4-/- vs WT). p values and false 
discovery rates (FDR) were calculated.  Changes in gene expression with p values < 0.05 are 
shown in red (if increased) or in green (if decreased). The “rank” indicates the relative 
abundance of expression in WT forebrain. 
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Table A3. Analysis of newly formed OL enriched transcripts.  RNA-sequencing was 
performed on P10 forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent 
changes in gene expression were compared to transcripts enriched in newly formed 
oligodendrocytes, (Zhang et al., 2014).  A heat-map with log2 fold-change in gene expression of 
Fig4-/- versus WT tissue is shown (logFC Fig4-/- vs WT). p values and false discovery rates 
(FDR) were calculated. Changes in gene expression with p-values < 0.05 are shown in red (if 
increased) or in green (if decreased). Genes with an FDR of < 0.1 are highlighted in pink. The 
“rank” indicates the relative abundance of expression in WT forebrain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



229	
	

 
 
 
 
Table A4. Analysis of mature OL enriched transcripts.  RNA-sequencing was performed on 
P10 forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent changes in 
gene expression were compared to transcripts enriched in oligodendrocytes, (Zhang et al., 2014).  
A heat-map with log2 fold-change in gene expression of Fig4-/- versus WT tissue is shown 
(logFC Fig4-/- vs WT). p values and false discovery rates (FDR) were calculated. Changes in 
gene expression with p-values < 0.05 are shown in red (if increased) or in green (if decreased). 
Genes with an FDR of < 0.1 are highlighted in pink. The “rank” indicates the relative abundance 
of expression in WT forebrain. 
 
 
 
 
 
 



230	
	

 
 
Table A5. Analysis of neuron enriched transcripts.  RNA-sequencing was performed on P10 
forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent changes in gene 
expression were compared to transcripts enriched in neurons, (Zhang et al., 2014).  A heat-map 
with log2 fold-change in gene expression of Fig4-/- versus WT tissue is shown (logFC Fig4-/- vs 
WT). p values and false discovery rates (FDR) were calculated. Changes in gene expression with 
p-values < 0.05 are shown in red (if increased) or in green (if decreased). Genes with an FDR of 
< 0.1 are highlighted in pink. The “rank” indicates the relative abundance of expression in WT 
forebrain.  In Fig4-/- forebrain tissue, there was a 2-fold reduction in Fig4 transcripts, consistent 
with the mutational mechanism described for the pale tremor (plt) mouse.  This Fig4 null allele 
was inactivated by insertion of an ETn2b transposon into intron 18, but partial transcripts are 
produced (Chow et al., 2007). 
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Table A6. Analysis of astrocyte enriched transcripts.  RNA-sequencing was performed on 
P10 forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent changes in 
gene expression were compared to transcripts enriched in astrocytes, (Zhang et al., 2014).  A 
heat-map with log2 fold-change in gene expression of Fig4-/- versus WT tissue is shown (logFC 
Fig4-/- vs WT). p values and false discovery rates (FDR) were calculated. Changes in gene 
expression with p-values < 0.05 are shown in red (if increased) or in green (if decreased). Genes 
with an FDR of < 0.1 are highlighted in pink. The “rank” indicates the relative abundance of 
expression in WT forebrain. 
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Table A7. Analysis of microglia enriched transcripts.  RNA-sequencing was performed on 
P10 forebrain tissue from Fig4+/+ (WT) and Fig4-/- littermate pups. Fig4 dependent changes in 
gene expression were compared to transcripts enriched in microglia, (Zhang et al., 2014).  A 
heat-map with log2 fold-change in gene expression of Fig4-/- versus WT tissue is shown (logFC 
Fig4-/- vs WT). p values and false discovery rates (FDR) were calculated. Changes in gene 
expression with p-values < 0.05 are shown in red (if increased) or in green (if decreased). Genes 
with an FDR of < 0.1 are highlighted in pink. The “rank” indicates the relative abundance of 
expression in WT forebrain. 
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Table A8. Differential gene expression in acutely isolated Pikfyve-deficient PDGFRα+ 
OPCs. Gene transcripts are sorted by p-value (smallest to highest), top 50 hits displayed.  
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Table A9. Differential gene expression in acutely isolated Pikfyve-deficient O4+ OLs.  
Gene transcripts are sorted by p-value (smallest to highest), top 50 hits displayed.  
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Table A10. The LR path analysis of GO network in acutely isolated control and Pikfyve-
deficient PDGFRα OPCs. Only differentially expressed genes were used in the analysis.  
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Table A11. The LR path analysis of GO network in acutely isolated control and Pikfyve-
deficient O4+ OLs. Only differentially expressed genes were used in the analysis. 
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Table A12. Loss of Fig4 does not alter total content of brain gangliosides or relative 
abundance of individual ganglioside species. (A) Total content of brain gangliosides 
(µg/whole brain) and ganglioside concentration (µg/100 mg dry weight) in P10 Fig4+/+ and Fig4-

/- littermate mice is indistinguishable. (B) Individual ganglioside species were analyzed 
qualitatively and quantitatively by high-performance thin-layer chromatograph, including GM1, 
GD3, GD1a, LD1, GD1b, GT1b, and GQ1b.  No significant differences were observed between 
P10 Fig4+/+ and Fig4-/- littermate brains.  
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