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Abstract of the Thesis 

 

Low-density lipoprotein receptor-related protein 1 (LRP1) expression is decreased in a model of 

Schwann cell differentiation in vitro and during early developmental myelination in vivo. 

 

by 

 

Katherine Michelle Fichter 

Master of Science in Biology 

University of California San Diego, 2019 

Professor Wendy M. Campana, Chair 

Professor Randolph Y. Hampton, Co-Chair 

 

During early postnatal development in rats, Schwann cells form myelin and insulate 

large-diameter axons to promote saltatory conduction and maintain axonal integrity. After injury 

in adults, Schwann cells promote transcription of regeneration-associated genes and 

downregulate myelin program to generate repair Schwann cells. The LRP1 receptor is 

upregulated after injury and is important to the Schwann cell repair program, but the roles of 

LRP1 during developmental myelination are unknown. To establish the relationship between 

LRP1 and myelination, changes in LRP1 gene expression were analyzed over the course of 

development and in myelinating Schwann cells in vitro. An in vitro model of developmental 

myelination was established from primary rat Schwann cells, as confirmed by upregulation of the 



 x 

myelin marker proteins MBP and P0 and downregulation of p75NTR. LRP1 expression was 

downregulated after differentiation in vitro. Differentiation altered activation of Schwann cell 

signaling pathways associated with development and nerve injury. Phosphoprotein analysis 

showed differentiation reduced activation of c-Jun, increased activation of Akt, and did not 

change activation of ERK1/2. Differentiation also reduced activation of ERK1/2 signaling in 

response to NRG1 and the LRP1 ligand α2M*, and furthermore impaired the ability of Schwann 

cells to internalize myelin debris by phagocytosis. Together, these results indicate that LRP1 

expression is inversely associated with myelination, is expressed by non-myelinating Schwann 

cells, and reduction of LRP1 altered Schwann cell signaling. Given these data, we hypothesize 

that LRP1 may instead be important to non-myelinating Schwann cell during development and 

possibly facilitate removal of myelin debris after nerve injury. 
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Introduction 

10.1 Development and anatomy of the peripheral nerve 

10.1.1 Overview of the peripheral nerve 

Peripheral nerves are structures that conduct information to and from the central nervous 

system (CNS). They contain the axons of both sensory and motor neurons, which originate in the 

dorsal root ganglion (DRG) and ventral horn, respectively (Purves et al., 2001). Axons, 

connective tissue, blood vessels, and glial cells are organized into structures called fascicles 

(Figure 1), and groups of fascicles form nerves (Jessen et al., 2015; Menorca et al., 2013). 

 

Figure 1. Diagram of an adult peripheral nerve fascicle. Adapted from (Jessen et al., 2015) 

Non-neuronal cells in the peripheral nerve include fibroblasts, macrophages, and 

Schwann cells (SCs). Endoneurial fibroblasts are derived from Schwann cell precursors and 

secrete the extracellular matrix protein collagen (Jessen & Mirsky, 2005; Joseph et al., 2004), 

while macrophages are immune cells that originate from blood monocytes and perform 

phagocytosis (Epelman et al., 2014; van Furth & Cohn, 1968). Myelinating SCs ensheathe large-

diameter axons to form the cholesterol-rich membranes of the myelin sheath, which insulates and 

promotes efficient signal propagation along axons (Jessen et al., 2015; Saher & Simons, 2010). 
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Non-myelinating SCs form Remak bundles and are also present in the peripheral nerve. The 

development of SCs into these mature phenotypes is discussed below. We will discuss how cells 

in the peripheral nerve support development, respond to injury, and promote regeneration. 

 

10.1.2 Origins, development, and functions of Schwann cells 

During early embryonic development, Schwann cell precursors (SCPs) are derived from 

neural crest cells (Jessen et al., 2015) (Figure 2). Neuregulin-1 (NRG1) signaling is required for 

gliogenesis and survival of SCPs (Birchmeier & Nave, 2008; Dong et al., 1995). NRG1 signaling 

required the ErbB3 receptor, and mice genetically deficient for ErbB3 did not develop SCPs. 

Furthermore, a lack of SCPs contributed to neuronal death in the late stages of embryonic 

development (Riethmacher et al., 1997), suggesting that neurons also rely on SCPs. 

By the late stages of embryonic development, SCPs in normal embryos differentiate into 

immature SCs (Figure 2). Immature SCs were shown to generate autocrine circuits that allowed 

them to survive in the absence of axons in vitro (Meier et al., 1999). Additionally, proliferation 

of immature SCs was induced by cAMP elevation (Arthur-Farraj et al., 2011; Mogha et al., 

2013). Following birth and through postnatal development, immature SCs differentiate into two 

mature SC phenotypes, myelinating and non-myelinating SCs (Figure 2). 
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Figure 2. Main transitions in the Schwann cell lineage. From (Jessen & Mirsky, 2019) 

While cAMP elevation was shown to induce SC proliferation, high levels of cAMP 

elevation promoted differentiation into the myelinating phenotype instead (Jessen et al., 1991). 

Neuregulin signaling is also required for developmental myelination. At developmental day 11, 

ErbB3/4 mutant mice had hypomyelinated sciatic nerves and died shortly thereafter (Brinkmann 

et al., 2008). Another requirement for developmental myelination is the expression of the 

transcription factor Krox20; sustained expression of Krox20 is required to maintain the myelin 

sheath (Decker et al., 2006; Topilko et al., 1994). 

Myelinating SCs are highly structured and have both radial and longitudinal polarization 

(Özçelik et al., 2010). Several layers of myelin membranes are compacted between the outer 

(abaxonal) and inner (adaxonal) membrane surfaces (Pereira et al., 2012; Salzer, 2015). These 

membranes are enriched with cholesterol and contain 70% lipid by weight. Additionally, PNS 

myelin contains the membrane-bound myelin basic protein (MBP) and myelin protein 0 (P0) 

(Saher & Simons, 2010). 
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Myelinating SCs ensheathe large-diameter axons and promote signal propagation by 

saltatory conduction (Menorca et al., 2013). Compared to healthy control animals, axonal 

conduction velocity decreased in the sciatic nerves of genetically hypomyelinated mice (de 

Waegh & Brady, 1990). Furthermore, myelinating SCs are also required to provide trophic 

support to neurons. This may be because axons are almost completely ensheathed by myelin 

(Nave, 2010). Dysfunction of SC mitochondria was shown to cause progressive demyelination 

and subsequent development of peripheral neuropathy in mice (Viader et al., 2013). 

Non-myelinating SCs, also known as Remak cells, surround groups of small-diameter 

axons and form Remak bundles. The level of NRG1 type III released by an axon is a 

developmental signal that determines whether axons become myelinated or ensheathed 

(Taveggia et al., 2005). The number of axons grouped into a Remak bundle is dependent on their 

distance from the spinal cord and the identity of the nerve to which they belong. For example, in 

Remak bundles in the sciatic nerve can contain over a dozen axons individually ensheathed by 

the cytoplasm of a single SC (Murinson & Griffin, 2004). 

A single Remak bundle can also contain axons derived from multiple types of neurons 

(Murinson, Hoffman, Banihashemi, Meyer, & Griffin, 2005). However, electrophysiological 

studies performed on nonhuman primates demonstrated that individual nerve fibers contained 

both non-myelinated and myelinated regions (Griffin & Thompson, 2008; Peng, Ringkamp, 

Campbell, & Meyer, 1999), indicating that the developmental processes that determine nerve 

structure are complex. Furthermore, studies performed on mice showed that normal development 

of Remak bundle structure and myelination required the gene Lrp1 (Orita et al., 2013) (see 

Overview of LRP1). While less is known about Remak cells than myelinating SCs, they have 
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also been shown to provide metabolic support to axons (Beirowski et al., 2014; Viader et al., 

2011). 

 

10.2 Wallerian degeneration after peripheral nerve injury and mechanisms of 

regeneration 

10.2.1 Overview of peripheral nerve injury 

Peripheral nerve injury is common, particularly in young men. Most cases are caused by 

vehicle accidents or trauma (Kouyoumdjian, 2006). While the peripheral nerve is capable of 

regeneration after injury (see Regeneration of the peripheral nerve after injury), a prolonged 

period of denervation is associated with poor functional recovery (Fu & Gordon, 1995b, 1995a). 

Surgical reconstruction aids regeneration by rejoining segments of the injured nerve, therefore 

decreasing the distance axons are required to regenerate. When reconstruction was delayed, SCs 

in sectioned peripheral nerves of rats deactivated and experienced increased death. Immediate 

reconstruction of the nerve promoted axonal outgrowth and protected SCs from deactivation 

(Tsuda, Kanje, & Dahlin, 2011). Unfortunately, one longitudinal study done on humans found 

that surgery only facilitated functional recovery in ½ of cases (Kallio & Vastamäki, 1993). 

Furthermore, nerve injury may lead to neuropathic pain (Colloca et al., 2017), a condition that 

affects an estimated 10-25% of the adult population worldwide (Goldberg & McGee, 2011). 

Factors that have been reviewed to impact a patient’s capacity for regeneration are complicated 

and are based on the patient’s age, type of injury received, and how long reconstruction is 

delayed after injury (Maripuu et al., 2012). Given these data, the scope and consequences of 

peripheral nerve injury are great. Both timely reconstruction of peripheral nerves after injury and 
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interventions designed to improve the nerve’s capacity for regeneration may be needed to 

address the problem of peripheral nerve injury. 

 

10.2.2 Wallerian degeneration and the Schwann cell response to injury 

Wallerian degeneration is the coordinated physiological response to nerve injury after 

which regeneration and functional recovery may occur (Rotshenker, 2011). A latent phase 

follows injury during which no gross physical changes to the nerve are observed (Waller, 1850). 

After the 2-day latent period, damaged axons distal to the injury site were shown to undergo 

degeneration in mice (Beirowski et al., 2005). 

Both non-myelinating and myelinating SCs in the distal stump transdifferentiate into the 

repair phenotype, which is specialized to promote regeneration after injury (Gomez-Sanchez et 

al., 2017; Jopling, Boue, & Belmonte, 2011). The transcription factor c-Jun is robustly activated 

in SCs after peripheral nerve injury and is a key regulator of transdifferentiation. However, other 

negative regulators of myelination such as Notch and Sox-2 are also hypothesized to have an 

important role in nerve repair (Jessen & Mirsky, 2008; Jessen et al., 2015). In SCs, sustained c-

Jun activation prevents remyelination by inhibiting expression of the transcription factor Krox20 

(Parkinson et al., 2008). Repair SCs provide guidance to regenerating axons, initiate the 

clearance of myelin debris, and recruit macrophages to the injury site. 

Regenerating axons in the proximal stump form structures called growth cones and are 

guided toward the distal stump by SCs and fibroblasts. Repair SCs stimulate axonal growth by 

producing nerve growth factor (NGF) and by forming bands of Bungner (regeneration tracks) to 

guide axons toward distal targets (Arthur-Farraj et al., 2012; Heumann et al., 1987). Fibroblasts 

were shown to generate signals to which SCs respond and subsequently reorganize into 



 7 

regeneration tracks (Parrinello et al., 2010). Another transcription factor, STAT3, has been 

shown to protect repair SCs from apoptosis and is required for SC autocrine survival signaling, 

which is important because SCs may experience prolonged denervation after injury (Benito et 

al., 2017). Chronic denervation of rat SCs reduced the expression of glial cell line-derived 

neurotrophic factor (GDNF) and resulted in persistent deficits in SCs’ ability to express GDNF 

(Höke, Gordon, Zochodne, & Sulaiman, 2002), thereby impairing SCs from promoting 

regeneration after injury. Given these data, the timely and appropriate response of the peripheral 

nerve environment to injury is crucial for recovery. 

Macrophages also play a role in Wallerian degeneration. Resident macrophages in the 

peripheral nerve became activated in response to injury (Mueller et al., 2003). Additionally, SCs 

were shown to recruit macrophages to the nerve by secreting leukemia inhibitory factor (LIF) 

and monocyte chemoattractant protein-1 (MCP-1) (Lutz et al., 2017; Tofaris et al., 2002). The 

primary function of macrophages is to remove both axonal and myelin debris from the nerve 

after injury (Hirata & Kawabuchi, 2002; Lutz et al., 2017; Rosenberg, Wolman, Franzini-

Armstrong, & Granato, 2012). Clearance of myelin debris is crucial for regeneration because 

myelin-associated glycoprotein (MAG) has been shown to inhibit neurite outgrowth in adult 

DRG neurons (Mukhopadhyay, Doherty, Walsh, Crocker, & Filbin, 1994) (see Regeneration of 

the peripheral nerve after injury). 

 

10.2.3 Mechanisms of myelin clearance by Schwann cells 

After injury, SCs initiate the clearance of myelin debris from the peripheral nerve (Perry 

et al., 1995). Later, the second wave of myelin degradation requires SC recruitment of 

macrophages (Vargas et al., 2010). SCs use two mechanisms, autophagy and phagocytosis, to 
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internalize myelin debris. Phagocytosis is a process where large particles or debris are 

recognized and internalized by the cell, then degraded within acidic cellular compartments 

known as lysosomes (Richards & Endres, 2014; Rosales & Uribe-Querol, 2017). Approximately 

4-6 days after injury, SCs use phagocytosis to internalize fragments of myelin membranes called 

ovoids (Lutz et al., 2017). Autophagy is a related process that involves self-degradation. The 

gene Atg7 is required for SCs to perform autophagy of myelin debris (Gomez-Sanchez et al., 

2015). Additionally, myelin degradation can be enhanced pharmacologically; the antibiotic 

rapamycin (RAPA) was shown to promote SC autophagy in rats after sciatic nerve transection 

(Ko et al., 2018). 

 

10.2.4 Regeneration of the peripheral nerve after injury 

Axons derived from the CNS demonstrate greater regenerative potential when 

transplanted into the PNS (David & Aguayo, 1981). This occurs because the CNS environment 

inhibits regeneration, but also because the PNS environment is better adapted to support it 

(reviewed by Huebner & Strittmatter, 2009). In the CNS, myelin-associated proteins such as 

MAG, Nogo-A, and oMgp were shown to inhibit neurite outgrowth (Chen et al., 2000; Kottis et 

al., 2002; McKerracher et al., 1994). While MAG also inhibited neurite outgrowth in the PNS 

(Mukhopadhyay et al., 1994), a higher capacity for regeneration in the PNS is possible because 

SCs and macrophages are more efficient at myelin clearance than oligodendrocytes and 

microglia (reviewed by Alizadeh, Dyck, & Karimi-Abdolrezaee, 2015). 

Oligodendrocytes in the CNS required axons for survival cues and subsequently died 

after optic nerve transection (Barres et al., 1993). While remyelinating oligodendrocytes are 

derived from oligodendrocyte progenitor cells (OPCs) (Blakemore & Keirstead, 1999), OPC 
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differentiation is inhibited by the presence of myelin debris (Kotter, Li, Zhao, & Franklin, 2006; 

Plemel, Manesh, Sparling, & Tetzlaff, 2013). Inefficient clearance of myelin debris in the CNS 

therefore represents a challenge to both regeneration and remyelination. This is in contrast to the 

PNS, where although proliferation decreased after extended denervation, SCs were shown to 

survive and retain the capacity for remyelination after injury (Gordon, Wood, & Sulaiman, 

2018). 

 

10.3 Overview of LDL receptor-related protein-1 (LRP1) and functions in Schwann 

cells 

10.3.1 Overview of LRP1 

The low-density lipoprotein receptor-related protein-1 (LRP1) belongs to the LDL 

receptor family, a group of endocytic scavenger receptors (Canton et al., 2013; Fernandez-

Castaneda et al., 2013; Herz & Strickland, 2001). The general structure of LRP1, including the 

receptor’s modular domains and location of the α/β chains, is shown in Figure 3. 
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Figure 3. Structure and binding domains of LRP1. Adapted from (Lillis, Van Duyn, Murphy-

Ullrich, & Strickland, 2008) 

LRP1 is a transmembrane protein that contains two subunits, the α- and β-chains. The 85 

kDa β-chain spans the plasma membrane and is bound to the 515 kDa α-chain, which lies 

outside of the cell (Herz et al., 1990). The LRP1 α-chain contains complement-like cysteine-rich 

repeats that act as ligand binding sites. Each LRP1 receptor contains multiple binding sites, and 

each binding site is capable of recognizing multiple ligands such as α2-Macroglobulin (α2M), 

tissue-type plasminogen activator (tPA), matrix metalloproteinase-9 (MMP-9), and the binding 

inhibitor receptor-associated protein (RAP) (Strickland et al., 2002; Willnow et al., 1994). NPxY 

motifs on the LRP1 β-chain bind to adaptor and scaffold proteins (Herz & Strickland, 2001) that 

allow LRP1 to participate in cell signaling (Flütsch et al., 2016; Mantuano, Lam, Shibayama, 
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Campana, & Gonias, 2015). Additionally, LRP1 is required for embryonic implantation (Herz et 

al., 1992). 

 

10.3.2 Expression and general functions of LRP1 

LRP1 expression in humans is ubiquitous and has been documented in the major organs 

of the reproductive, secretory, musculoskeletal, immune, and nervous systems (Figure 4). The 

wide expression of LRP1 explains its broad range of functions, including cholesterol 

metabolism, reproduction, and immuno-modulation (Brifault, Gilder, Laudati, Banki, & Gonias, 

2017; Herz et al., 1992; Rohlmann, Gotthardt, Hammer, & Herz, 1998). 

LRP1 is present in both the central and peripheral nervous systems. In the CNS, LRP1 is 

found in all cell types (Wolf, Lopes, VandenBerg, & Gonias, 1992), including neurons, 

astrocytes, oligodendrocytes, and microglia (Marzolo, von Bernhardi, Bu, & Inestrosa, 2000). In 

the PNS, LRP1 expression in SCs is upregulated after injury and LRP1 may play an important 

role in the SC response to injury (see Functions of LRP1 in Schwann cells). 

 

Figure 4. LRP1 protein expression overview by organ. From tissue expression of LRP1 – 

summary at the Human Protein Atlas; see (Uhlen et al., 2015) 

 

https://www.proteinatlas.org/ENSG00000123384-LRP1/tissue
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10.3.3 Functions of LRP1 in Schwann cells 

Signaling with co-receptors. Scaffold proteins connect the LRP1 β-chain to the N-

methyl-D-aspartate receptor (NMDA-R) to form a co-receptor complex (Mantuano et al., 2015). 

Together, LRP1 and the NMDA-R detect and activate SC signaling in response to injury (Flütsch 

et al., 2016) and mediate the functions of LRP1 in SCs described below. 

Survival. Denervated primary SCs were shown to promote survival through autocrine 

signaling (Meier et al., 1999). Because autocrine signaling requires communication between 

SCs, mechanisms that prevent apoptosis after injury may be important for long-term survival and 

regeneration. LRP1 expression increased in response to treatment with TNF-α and was shown to 

protect primary cultured rat SCs from apoptosis through activation of the PI3K/Akt signaling 

pathway (Campana et al., 2006). The unfolded protein response (UPR) promotes apoptosis by 

inhibiting activation of the PI3K pathway. LRP1 was shown to block the UPR in cultured mouse 

SCs (Mantuano et al., 2011). Additionally, trophic factors such as insulin-like growth factor-1 

(IGF-1) and prosaposin bind LRP1 and activate the PI3K pathway to regulate SC survival in 

vitro (Campana, Darin, & O’Brien, 1999). 

Migration. Furthermore, after injury SCs must guide regenerating axons toward the distal 

stump. LRP1 has been shown to play a role in primary SC migration in vitro. Matrix 

metalloproteinase-9 (MMP-9) binds to LRP1 with the hemopexin domain and activates 

signaling, which promoted migration of cultured SCs by regulating activity of the GTPases Rac1 

and RhoA (Mantuano, Inoue, et al., 2008; Mantuano, Jo, Gonias, & Campana, 2010). The amino 

acid glutamate has also been shown to promote migration of SCs in vitro by a mechanism that 

uses LRP1 and the NMDA-R (Campana et al., 2017; Mantuano et al., 2015). 
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Injury. Previous work demonstrated that while axonal regeneration was accelerated in 

Lrp1-/- mice after injury, deletion of Lrp1 caused abnormalities in the formation of new Remak 

bundles and the mice developed neuropathic pain (Poplawski et al., 2018). Even though LRP1 

was not required for regeneration, LRP1 appears to regulate functions associated with the SC 

response to injury and the regeneration of normal peripheral nerve structure. 

 

10.3.4 LRP1 is a potential phagocytosis receptor for myelin in Schwann cells 

SCs gain the ability to perform phagocytosis after injury (Gomez-Sanchez et al., 2015). 

Increasing evidence points to LRP1 as a possible receptor for myelin phagocytosis. Gaultier and 

others (Gaultier et al., 2009) showed that MBP is an LRP1 ligand and that MBP binding was 

blocked by the addition of RAP in vitro. When the authors treated cultured oligodendrocytes 

with myelin vesicles (MVs), they observed internalization of MVs by phagocytosis. To show 

that LRP1 specifically mediated myelin phagocytosis, they used two approaches. One, they used 

RAP to prevent MVs from binding to LRP1 and showed that phagocytosis did not occur. Two, to 

confirm these results they also performed LRP1 gene silencing.  

SCs have been shown to use receptors other than LRP1 to perform myelin phagocytosis. 

A second group used a measure of gene enrichment known as fragments per kilobase million 

(FPKM) to identify phagocytic receptors enriched in purified rat SCs at 0, 3, 5, and 7 days after 

sciatic nerve crush injury. At 5 days post-injury, Axl and Mertk were the most highly enriched 

phagocytosis receptors in SCs (Lutz et al., 2017). These data contradict previous studies that 

showed LRP1 expression in the sciatic nerve, specifically in SCs, increases after injury 

(Campana et al., 2006). These contradictory data may be due to discrepancies in the age of 

animals studied, the type of injury performed, and the timing of LRP1 expression. Because 
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clearance of myelin debris after injury is important for regeneration (Mukhopadhyay et al., 

1994), it is important to identify the role of LRP1 in Schwann cell phagocytosis and whether 

induction of LRP1 expression is capable of enhancing myelin clearance. 

 

10.4 Objectives 

LRP1 expression increases in the peripheral nerve after injury and mediates functions of 

the SC repair program such as signaling, survival, and migration. However, the roles of LRP1 in 

SC development and myelination are not known. To understand the relationship between LRP1 

expression and myelination, our objectives are to (1) produce a model of developmental 

myelination in vitro; (2) analyze LRP1 gene expression over the course of development in vivo 

and determine the relationship between myelination and LRP1 expression; and (3) apply our 

model to understand how changes in LRP1 expression alter SC behavior following 

differentiation.  

LRP1 is known to be a phagocytic receptor for oligodendrocytes in the CNS, but some 

data suggest that LRP1 is not important for myelin phagocytosis by SCs. However, our 

laboratory previously showed that LRP1 is upregulated in SCs after injury. Due to this 

contradictory data, a role for LRP1 in myelin phagocytosis has yet to be tested experimentally. 

Because myelin clearance is important for regeneration, we aim to determine whether SCs use 

LRP1 for phagocytosis of myelin debris, and whether inducing LRP1 expression can enhance 

SCs’ ability to internalize MVs. 
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Materials & Methods 

11.1 Proteins and reagents 

α2-Macroglobulin (α2M) was purified from human plasma by the method of Imber and 

Pizzo (Imber & Pizzo, 1981) and activated for binding to LRP1 (to form α2M*) by reacting with 

200 mM methylamine HCl as previously described (Gonias, Reynolds, & Pizzo, 1982).  

Modification of α2M by methylamine was confirmed by demonstrating the characteristic increase 

in α2M electrophoretic mobility by non-denaturing PAGE (Barrett, Brown, & Sayers, 1979). 

Bovine pituitary extract (BPE) and laminin were purchased from Sigma-Aldrich. Recombinant 

human neuregulin-1 (NRG1) was from R&D Systems. Forskolin was purchased from Cell 

Signaling Technology. 

 

11.2 Schwann cell culture 

Rat SCs were isolated from the sciatic nerves of 1-day old Sprague-Dawley rats. Primary 

SC cultures were purified of fibroblasts with Thy1.1 antibody (M7898; Sigma-Aldrich) and 

rabbit complement cytolysis (Sigma-Aldrich) as previously described (Campana et al. 1998). 

Primary cultures consisted of 98% pure SCs as confirmed by I.F. microscopy for S100β. SCs 

were cultured on 1 μg/μL Poly-D-Lysine (PDL)-coated plates and grown in complete medium 

consisting of low-glucose DMEM, 10% heat inactivated fetal bovine serum (HI-FBS), 1% 

Penicillin/Streptomycin, 4 μM forskolin, and 21 μg/mL BPE. 

For differentiation, SCs were plated on PDL and 0.5 μg/mL laminin-coated flasks in the 

presence of complete medium. Cells were allowed to adhere and proliferate until they reached 

the appropriate confluency (70-90%) for each assay. Then, SCs were supplied differentiation 

medium (advanced DMEM/F-12, 2 mM L-glutamine, 18 μM forskolin, 4 μM NRG1, 1% 
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Penicillin/Streptomycin) or control medium (low-glucose DMEM, 10% HI-FBS, 1% 

Penicillin/Streptomycin) for 48 h. 

 

11.3 Immunoblot analysis and phosphoprotein array 

Schwann cells were extracted in RIPA buffer (20 mM sodium phosphate, 150 mM NaCl, 

pH 7.4, 1% Triton X‐100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with complete 

protease inhibitor cocktail and phosphatase inhibitor (Roche Diagnostics). Protein content was 

determined by bicinchoninic acid (BCA) assay (ThermoFisher Scientific). 

For immunoblot analysis, 5 μg of total protein from each sample was loaded into a 10% 

Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) and subjected to gel electrophoresis at 

100V for 1 h. Proteins were transferred to a 0.45 μm PVDF membrane using the Trans-Blot 

Turbo Transfer System (Bio-Rad). The membranes were blocked in TBST (Tris-buffered saline, 

0.1% Tween-20) containing 5% non-fat milk for 1 h at RT and incubated overnight at 4 ºC with 

the following primary antibodies: anti-P0 (ab31851; Abcam), anti-β-actin (3700, Cell Signaling 

Technology), anti-phospho-Akt (9271; Cell Signaling Technology), anti-phospho-ERK1/2 

(4695, Cell Signaling Technology), anti-GAPDH (ab9485, Abcam), and anti-LRP1 β-chain 

(L2170, Sigma-Aldrich). After three washes in TBST, primary antibodies were detected with 

species-specific Horseradish peroxidase-conjugated secondary antibody (Cell Signaling 

Technology).  

Phosphoprotein array was performed using the Proteome Profiler Human Phospho-

Kinase Array kit (ARY003B, R&D Biosystems). Briefly, an equivalent amount of cellular 

protein (200 μg) was applied to nitrocellulose membranes coated with primary antibodies for the 
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detection of 43 phosphorylated proteins. Species-specific secondary antibodies coupled to HRP 

were used according to the manufacturer’s instructions. 

All membranes were revealed with ECL reagent ProSignalTM (Prometheus) and the 

Azure C300 Chemiluminescent Western Blot Imaging System (Azure Biosystems). 

Densitometry analysis was performed with ImageJ software. 

 

11.4 Immunoblot analysis 

 After treatment, protein samples were lysed in RIPA buffer. Protein concentration was 

determined by BCA assay and 5 μg total protein from each sample was loaded into a 10% Mini-

PROTEAN® TGX™ Precast Protein Gel (456-1034, Bio-Rad) and subjected to gel 

electrophoresis at 100V for 1 h. Proteins were transferred to a 0.45 μm PVDF membrane using 

the Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were blocked in 5% non-fat 

milk (NFM) for 1 h and incubated overnight at 4 ℃ with the following primary antibodies: anti-

P0 (ab31851; Abcam), anti-β-actin (3700, Cell Signaling Technology), anti-phospho-Akt (9271; 

Cell Signaling Technology), anti-phospho-ERK1/2 (4695, Cell Signaling Technology), anti-

GAPDH (ab9485, Abcam), and anti-LRP1 β-chain (L2170, Sigma-Aldrich). Primary antibodies 

were detected with a Horseradish peroxidase-conjugated species-specific antibody (Cell 

Signaling Technology). Conjugated antibodies were detected with ProSignal™ ECL reagent 

(Prometheus) and the Azure C300 Chemiluminescent Western Blot Imaging System (Azure 

Biosystems). Densitometry analysis was performed with ImageJ software. 
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11.5 Gene expression analysis 

For gene expression analysis in cultured cells, Schwann cells were washed with PBS and 

total RNA was isolated and purified using the NucleoSpin® RNA kit (Macherey-Nagel). For 

analyzing gene expression during development, Sprague-Dawley rats at postnatal days 0, 7, and 

29 were sacrificed by decapitation, sciatic nerves were collected, and the epineurium was 

removed. Nerve pieces were homogenized in Trizol reagent (ThermoFisher Scientific) and total 

RNA was extracted using the phenol-chloroform method (Chomczynski & Sacchi, 1987) and 

purified using the NucleoSpin® RNA kit (Macherey-Nagel).  

RNA was then reverse transcribed into cDNA using the iScript™ cDNA Synthesis Kit 

(Bio-Rad). RT-qPCR was performed with TaqMan™ gene expression products and the 

StepOnePlus Real-Time PCR System (Applied Biosystems) as previously described (Brifault et 

al., 2017). Relative changes in gene expression were calculated with the 2-∆∆CT method using 

GAPDH mRNA as a normalizer. The following TaqMan™ primers were used: GAPDH 

(Rn99999916), MBP (Rn01399616), p75NTR (Rn00561634) and LRP1 (Rn01503901). 

 

11.6 Fluorescence microscopy 

SCs were differentiated on NuncTM Lab-Tek™ Chamber Slides (154526PK, 

ThermoFisher Scientific). After differentiation, cells were washed with PBS, fixed in 4% 

paraformaldehyde (PFA) and permeabilized in 0.1% Triton X-100 (Sigma-Aldrich). The cells 

were blocked in phosphate buffered saline (PBS) containing 5% normal donkey serum (NDS; 

Sigma-Aldrich) for 1 h at RT and incubated at 4 ℃ for 16 h in labeling buffer (PBS, 1% serum, 

0.001% Triton X-100) with the following primary antibodies: anti-p75NTR (1:500; 07-476; EMD 

Millipore) and anti-P0 (1:250; ab31851; Abcam). As a control, cells were incubated in labeling 
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buffer without primary antibodies. After washing with PBS, cells were incubated with a species-

specific secondary antibody: Alexa Fluor® 594-conjugated donkey anti-rabbit IgG (1:500; 

R37119; Invitrogen) or Alexa Fluor® 488-conjugated donkey anti-mouse IgG (1:500; R37114, 

Invitrogen) for 1 h at RT. Slides were mounted using Fluoroshield Mounting Medium with DAPI  

(104139; Abcam) and visualized with a Leica DMi8 Inverted Fluorescent Microscope (Leica 

Biosystems). 

 

11.7 Myelin vesicle purification and labeling 

Myelin vesicles (MVs) were purified from the brain (CNS) and sciatic nerve (PNS) 

according to a modified protocol (Larocca & Norton, 2007). Adult male Sprague-Dawley rats 

were sacrificed by CO2 inhalation and decapitation. Harvested sciatic nerves were homogenized 

in 0.32M sucrose solution with a battery-operated pestle motor mixer (Argos Technologies) or 

Dounce homogenizer (DWK Life Sciences) and passed through a syringe to ensure 

homogeneity. Myelin was recovered by sucrose gradient centrifugation and washed extensively 

in water. The myelin pellets were resuspended in 0.32M sucrose and layered over 0.85M sucrose 

in a 1:2 ratio before centrifugation at 32,000 rpm for 45 min. The purified myelin layers were 

collected from the interface and centrifuged again at 32,000 rpm for 20 min. The MVs were 

resuspended from the pellet in 50 μL of PBS (pH 8) for labeling. MVs were labeled with 

pHrodo™ Red succinimidyl ester (P36600, ThermoFisher Scientific) as described elsewhere 

(Hendrickx et al., 2014) to visualize internalization. pHrodo™ dye was dissolved in 1 mL of 

dimethyl sulfoxide (Sigma-Aldrich) for a final concentration of 1 mg/mL. The reconstituted dye 

was incubated with MVs for 45 min at RT on a rocking platform. The labeled MVs were 

centrifuged at 15,000 rpm for 30 min to remove excess dye and resuspended in PBS (pH 7.4) for 
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biological assays or PBS (pH 4) to determine the degree of fluorescence. Extracellular protein 

concentration was quantified by BCA assay. The purity of the preparation was analyzed by 

Coomassie Blue staining and immunoblot analysis for MBP (CNS) or P0 (PNS) protein. Labeled 

MVs were used fresh or stored at -80 ℃. 

 

11.8 Phagocytosis assays 

SCs were treated with 25 μg/mL of PNS myelin and incubated at 37 ℃ for 1 h to permit 

internalization and endosome acidification to occur. SCs were briefly washed with PBS and 

fixed in 4% PFA for 15 min at RT. To explore the phagocytic activity of SCs by 

immunofluorescence, cells were cultured in PDL- and laminin-coated chamber slides in the 

presence of control or differentiation medium. After 48 h, SCs were washed with PBS and fixed 

in 4% PFA. Slides were then mounted with Fluoroshield Mounting Medium with DAPI (104139; 

Abcam) and allowed to dry overnight. The slides were visualized using a Leica DMi8 Inverted 

Fluorescent Microscope (Leica Biosystems). 

For flow cytometry experiments, SCs were cultured on 6-well plates in control and 

differentiation medium. After 48 h, cells were treated with PNS myelin as described above. 

Adherent SCs were detached from the culture plate(s) using 0.25% trypsin and trypsinization 

was stopped by adding a 10-fold volume of DMEM medium. After centrifugation, SCs were 

resuspended in PBS and subjected to flow cytometry analysis. 

 

11.9 Statistical analysis 

All results are expressed as mean ± SEM. Statistical analysis was performed using 

GraphPad Prism 8.0 (GraphPad Software Inc.). Comparisons between two groups were made 
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using two-tailed unpaired t-test or Mann-Whitney test when variances within groups were 

significant. Comparisons between more than two groups were performed using one-way 

ANOVA followed by Dunnett’s post-hoc test to compare means to a control. For all tests, 

significance was set as p<0.05.  
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Results 

12.1 Establishing myelinated primary rat Schwann cells in vitro 

To establish a model for developmental myelination in vitro, we prepared primary rat 

SCs from neonatal rat pups and cultured them as previously described (Brockes, Fields, & Raff, 

1979). Primary SCs were cultured in control or differentiation medium for 48 h. Following 

differentiation, SCs were observed by phase contrast microscopy. Non-differentiated SCs had a 

rounded morphology and were loosely organized, whereas differentiated SCs had an elongated, 

spindle-like morphology and formed a wave shape (Figure 5A) consistent with SCs grown on a 

laminin substrate (Weiner, Fukushima, Contos, Scherer, & Chun, 2001). 

To determine whether differentiation induced myelination, we analyzed the expression of 

myelin protein zero (P0) and p75 neurotrophin receptor (p75NTR) proteins by 

immunofluorescence. We chose P0 as a marker for myelination because it is abundantly 

expressed in PNS myelin (Saher & Simons, 2010), and p75NTR as a negative marker for 

myelination because it is known to be downregulated during myelination. In contrast to non-

differentiated SCs, differentiated SCs upregulated P0 and downregulated p75NTR as seen by 

immunofluorescence (Figure 5B). 

To quantify the change in expression of p75NTR and myelin genes, we also analyzed the 

relative abundance of MBP and p75NTR mRNA by RT-qPCR. We used MBP as a secondary 

marker for myelination because it is one of the major proteins expressed in PNS myelin. 

Differentiated SCs expressed 79.4 ± 33.2-fold more MBP relative to non-differentiated SCs. In 

differentiated SCs, relative expression of p75NTR decreased 2.4 ± 0.1-fold (**p<0.05; **p<0.05; 

Figure 5C, D). 
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As an additional confirmation of myelin protein expression, we decided to quantify 

changes in protein expression and performed immunoblot studies to detect p75NTR and P0 in non-

differentiated versus differentiated SCs. Non-differentiated SCs expressed only a faint band at 

the expected molecular weight of P0 (25 kDa), while expression of P0 protein increased in 

differentiated SCs (Figure 5E). Densitometry analysis revealed a 7.8 ± 1.1-fold increase in P0 in 

differentiated SCs compared to non-differentiated SCs (***p<0.001; Figure 5F). Together, these 

data suggest that differentiation downregulated proteins associated with development and repair, 

increased expression of myelin proteins, and therefore guided primary cultured SCs to a 

myelinating phenotype in vitro. 
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Figure 5. Primary rat Schwann cells are induced to a myelinating phenotype in vitro. Primary rat 

SCs were cultured for 48 h in control or differentiation medium to induce myelination. (A) Phase 

contrast microphotograph of non-differentiated (top panel) or differentiated (bottom panel) SCs. 

(B) Fluorescent imaging of non-differentiated and differentiated SCs. The middle panels show 

myelin protein zero (P0, green) and the right panels show p75 neurotrophin receptor (p75NTR, 

green). DAPI (blue) identifies SC nuclei. Scale bars: 100 μm. (C, D) RT-qPCR experiments 

were performed to quantify the relative abundance of (C) myelin basic protein (MBP) and (D) 

p75NTR mRNA (mean ± SEM; n=6; **p<0.05, **p<0.05, Mann-Whitney U-test). (E) Cell 

extracts were immunoblotted to detect P0 protein. β-Actin was used as a loading control. (F) 

Densitometry analysis was performed to determine the relative level of P0 protein standardized 

against the loading control (mean ± SEM; n=4; ***p<0.001, unpaired t-test). 
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12.2 Differentiation alters Schwann cell signaling pathways in vitro 

Because signaling plays an important role in the SC response to injury (Campana et al., 

2017; Flütsch et al., 2016; Mantuano et al., 2010), we wanted to understand whether or not the 

signaling pathways that are important for the SC repair program are activated in uninjured 

myelinating SCs. Primary rat SCs were placed in control or differentiation medium for 48 h. 

Following differentiation, non-differentiated and differentiated SCs were analyzed using the 

Phospho-Kinase Array Proteome Profiler kit. The 43 phosphorylated and 2 unphosphorylated 

total proteins analyzed by the array allowed us to quickly identify proteins that were most highly 

regulated in our model system. 

The array revealed that 8 proteins appeared to be strongly regulated between non-

differentiated and differentiated SCs, including phospho-Akt1/2/3, phospho-c-Jun, phospho-

CREB, phospho-ERK1/2, phospho-GSK-3α/β, phospho-JNK1/2/3, phospho-STAT3, and 

phospho-WNK1 (Figure 6A). Densitometry analysis was performed to quantify the change in 

protein phosphorylation of the 8 regulated targets we identified.  Protein phosphorylation 

increased following differentiation in all of the targets except for c-Jun, where phosphorylation 

decreased following differentiation (Figure 6B). 

To confirm the results of our phospho-array, we analyzed phosphorylation of known SC 

signaling proteins by immunoblot: Akt, c-Jun, and ERK1/2 (Figure 6C). 

Immunoblotting and densitometry analysis confirmed a 2.5 ± 0.3-fold increase of 

phospho-Akt in differentiated compared to non-differentiated SCs (*p<0.05; Figure 6C, D). The 

activation of Akt in differentiated SCs is consistent with the observation that the PI3K/Akt 

signaling pathway regulates myelin sheath thickness in the PNS during development 

(Domènech-Estévez et al., 2016).  
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We then decided to analyze c-Jun because it is robustly activated in SCs after injury, 

suppresses myelination, and activates expression of genes associated with the SC repair 

phenotype (Arthur-Farraj et al., 2012; Parkinson et al., 2008). As expected, densitometry analysis 

of the immunoblots for phospho-c-Jun revealed that levels of phospho-c-Jun were 5.6 ± 0.1-fold 

lower in differentiated cells as compared to non-differentiated cells (**p<0.05; Figure 6C, D). 

Because extensive roles for the MAPK/ERK signaling pathway during the SC response to 

injury have been described (Harrisingh et al., 2004; Mantuano et al., 2010; Mantuano, Lam, & 

Gonias, 2013), we also analyzed ERK1/2 phosphorylation by immunoblot. ERK1/2 

phosphorylation appeared to increase in differentiated SCs versus non-differentiated SCs. 

However, when densitometry analysis was performed, we did not observe a significant 

difference in ERK1/2 phosphorylation in non-differentiated versus differentiated SCs (p=0.8872; 

Figure 6C, D). These data led to the conclusion that differentiation alters activation of signaling 

pathways associated with SC survival, repair, and myelination. 

  



 27 

 

Figure 6. Differentiation in vitro alters signaling pathways associated with Schwann cell 

survival, repair, and myelination after injury. Primary rat SCs were cultured in either complete 

(non-differentiated SCs) or differentiation (differentiated SCs) medium for 48 h. (A) Protein 

phosphorylation was determined using the Phospho-Kinase Array Proteome Profiler. The 

membranes have internal controls to ensure equal loading of cell extracts and exposure. The 

blots are annotated with proteins that demonstrated altered phosphorylation. (B) Arrays were 

subjected to densitometry analysis. Changes in phosphorylation are shown (n=1). (C) To confirm 

the results of the array, immunoblot analysis was performed to detect the indicated proteins, 

including p-Akt, p-c-Jun, and p-ERK. GAPDH was used as a loading control. (D) Densitometry 

analysis was performed to quantify the relative levels of p-Akt, p-c-Jun, and p-ERK1/2 

standardized against the loading control (mean ± SEM; n=3; *p<0.05, **p<0.01, n.s. non-

significant, unpaired t-test). 
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12.3 LRP1 expression decreases during the course of development in vivo and after 

differentiation in vitro 

Previously, our laboratory showed that LRP1 expression in Schwann cells increases in 

vivo following nerve crush injury and in vitro after treatment with TNF-α (Campana et al., 

2006), suggesting that LRP1 expression may play a role in transitioning Schwann cell 

phenotype. However, the pattern of LRP1 expression during SC development remains unknown. 

Therefore, we wanted to see whether or not LRP1 is expressed by developing SCs and after 

differentiation. 

In rats, myelination begins at birth and continues through the first 1-2 weeks of 

development. We harvested sciatic nerves from rats at postnatal developmental days 0, 7, and 29 

(P0, P7, and P29) for gene expression analysis. To demonstrate the progression of myelination, 

we analyzed changes in the expression of MBP mRNA. By P7, expression of MBP increased 5.6 

± 1.8-fold (**p<0.01). At P29, MBP expression remained 4.8 ± 0.7-fold higher relative to what 

we observed at P0 (*p<0.05; Figure 7A). 

To assess the relationship between development and LRP1 expression, we also analyzed 

changes in LRP1 mRNA over time. By P7, expression of LRP1 significantly decreased 3.2 ± 

0.1-fold (*p<0.05). However, at P29 expression of LRP1 was similar to what we observed at P0 

(Figure 7B). These data suggest a negative relationship between myelination and that LRP1 is 

expressed in the early stages of postnatal development. 

Next, we sought to determine whether LRP1 expression decreases following SC 

differentiation. Primary rat SCs were cultured in control or differentiation medium for 48 h. 

Differentiated SCs were analyzed for changes in LRP1 gene expression by RT-qPCR and protein 

expression by immunoblot. 
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We found that compared to non-differentiated SCs, differentiated SCs expressed 3.9 ± 

0.1-fold less LRP1 mRNA (***p<0.001; Figure 7C). To confirm changes in the expression of 

LRP1 at the protein level, we performed western blot experiments to detect the 85 kDa β-chain 

of LRP1. In cell extracts isolated from non-differentiated SCs, we clearly detected a band at the 

expected 85 kDa size for the LRP1 β-chain. By contrast, the intensity of the signal was reduced 

in differentiated cells (Figure 7D) Densitometry analysis confirmed that differentiated SCs 

expressed 2.4 ± 0.04 less LRP1 protein than non-differentiated SCs (*p<0.05; Figure 7E). 

Collectively, these data show that LRP1 expression varied with the differentiation state of SCs. 

LRP1 expression appears to be highest during early postnatal development in vivo and in non-

differentiated SCs that are similar to an immature phenotype in vitro, and then decreases 

following both myelination in vivo and SC differentiation toward a myelinating phenotype in 

vitro. 
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Figure 7. LRP1 expression decreases during development in vivo and following differentiation in 

vitro. (A, B) Sciatic nerves were harvested from rats at developmental days 0, 7, and 29 (P0, P7, 

and P29). Total RNA was extracted, and RT-qPCR experiments were conducted to quantify 

relative levels of (A) MBP and (B) LRP1 mRNA (mean ± SEM; n=4; *p<0.05, **p<0.01, n.s. 

non-significant, one-way ANOVA followed by Dunnett’s post-hoc test). (C-E) Schwann cells 

were cultured in control or differentiation medium. After 48 h mRNA encoding for LRP1 was 

quantified by RT-qPCR (C) (mean ± SEM; n=4; ***p<0.001, unpaired t-test). LRP1 protein was 

detected by immunoblot analysis (D), and β-actin was used as a loading control. (E) 

Densitometry analysis was performed to quantify the relative level of LRP1 standardized against 

the loading control (mean ± SEM; n=4; *p<0.05, unpaired t-test). 
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12.4 ERK1/2 activation by 𝛂2M* and NRG1 is reduced in differentiated Schwann cells 

in vitro 

Next, we wanted to show that the decrease in LRP1 protein after differentiation led to a 

decrease in LRP1-dependent signaling. Primary rat SCs were cultured in control or 

differentiation medium for 48 h. Following differentiation, SCs were treated with activated 10 

nM α2-Macroglobulin (α2M*) or 12 nM NRG1 for 15 min. α2M is an LRP1 ligand (Willnow et 

al., 1994) previously shown to trigger ERK1/2 phosphorylation in primary SCs (Mantuano et al., 

2015). NRG1 was used as a positive control for ERK1/2 phosphorylation. 

Figure 8A shows that NRG1 and α2M* induced ERK1/2 phosphorylation in non-

differentiated SCs as determined by immunoblot analysis. However, phosphorylation of ERK1/2 

was reduced in differentiated SCs. Densitometry analysis confirmed this observation and 

revealed that in differentiated cells, phospho-ERK1/2 expression was reduced 4.5 ± 0.03 and 6.1 

± 0.01-fold following α2M* and NRG1 treatment, respectively (Figure 8B). While these data are 

not yet significant, they suggest that differentiation reduces both LRP1-mediated and NRG1-

induced ERK1/2 activation. 
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Figure 8. Cell signaling activated by LRP1 ligand is reduced in differentiated Schwann cells. 

Primary rat SCs were cultured in control or differentiation medium for 48 h. Following 

differentiation, SCs were treated with 10 nM 2M* or 12 nM NRG1 for 15 min. (A) Protein 

extracts were subjected to immunoblot analysis to detect p-ERK. GAPDH was used as a loading 

control. Representative immunoblots of 2 independent experiments are shown. (B) Densitometry 

analysis was performed to quantify p-ERK standardized to the loading control (mean ± SEM, 

n=2). 
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12.5 Phagocytosis of myelin vesicles is impaired in differentiated Schwann cells in vitro 

SCs were shown to use autophagy and phagocytosis to clear myelin debris after injury 

(Lutz et al., 2017). Previous work also showed that oligodendrocytes, astrocytes, and fibroblasts 

in the CNS use LRP1 to internalize myelin debris by phagocytosis (Gaultier et al., 2009). In this 

context, we decided to determine whether our model could be applied to study the role of LRP1 

in phagocytosis of myelin vesicles (MVs) by SCs. MVs were prepared from rat sciatic nerves 

and labeled with pHrodo™, which is a dye that fluoresces under low-pH conditions such as 

within lysosomes and therefore allowed us to visualize only the MVs internalized by SCs. 

SCs were treated with MVs for 1 h and immunofluorescence studies were performed to 

visualize the internalized MVs. Representative immunofluorescence images are shown (Figure 

9A, B). We observed a sub-population of non-differentiated SCs that internalized MVs, as 

indicated by pHrodo™ labelling (red) around the nucleus (DAPI, blue) (Figure 9A). Because no 

fluorescence was observed in differentiated SCs, this strongly suggested that internalization of 

MVs by phagocytosis is impaired in SCs after differentiation (Figure 9B). To quantify these data, 

we performed flow cytometry experiments. The height of peaks on the graph represent cell 

counts. We consistently observed a lower cell count in the differentiated samples. Along the X 

axis, we observed a shift in fluorescence intensity of non-differentiated cells treated with MVs. 

This showed that internalization of MVs occurred. To quantify the number of non-differentiated 

cells that internalized MVs, we calculated the area under the peak and found that 11.4% of non-

differentiated cells internalized MVs (Figure 9C). Together, these preliminary data suggest that 

PNS myelin is internalized by non-differentiated SCs, but not differentiated SCs. 
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Figure 9. Phagocytosis of myelin vesicles is impaired in differentiated primary rat Schwann cells 

in vitro. Primary rat SCs were cultured in control or differentiation medium for 48 h and treated 

for 1 h at 37 ºC with 25 μg/mL PNS myelin vesicles (MVs) labeled with pHrodo™ Red 

Succinimidyl ester. (A, B) Representative images of immunofluorescence studies showing the 

internalized MVs (pHrodo, red). DAPI (blue) identifies SC nuclei. Images are representative of 2 

independent experiments. Scale bars: 75 μm. (C) After treatment, non-differentiated and 

differentiated SCs were prepared for flow cytometry analysis and lifted from the culture plate 

using 0.25% trypsin. Flow cytometry was performed to show MV internalization. A shift in the 

mean fluorescence intensity indicates that internalization occurred in 11.4% of non-differentiated 

cells treated with MVs (red line). 
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Discussion 

13.1 Development of control and differentiation media 

Mouse SCs required NRG1 and cAMP to myelinate (Arthur-Farraj et al., 2011). 

Therefore, we supplemented differentiation medium with forskolin, which is known to increase 

cAMP (Dolci, Pesce, & De Felici, 1993), and with NRG1. The role of NRG1 in developmental 

myelination has been well established (Brinkmann et al., 2008; Riethmacher et al., 1997). 

SCs’ response to cAMP is dose-dependent. At lower concentrations, cAMP induces 

proliferation of SCs. Instead, high levels of cAMP were shown to induce differentiation (Jessen 

et al., 1991). SC complete medium contains 4 μM forskolin and is designed to support 

proliferation in vitro. To suppress proliferation and promote differentiation, we supplemented 

differentiation medium with 18 μM forskolin instead. 

Because SCs cultured in complete medium received a lower dose of forskolin, they 

proliferated much faster than SCs in differentiation medium. To suppress proliferation but 

maintain non-differentiated SCs in vitro, we also prepared control medium that lacked forskolin 

and bovine pituitary extract (BPE). 

 

13.2 Differentiation is a model for developmental myelination in primary rat Schwann 

cells 

This model is significant because it allows us to study myelinating Schwann cells in vitro 

without the influence of neurons. Because myelination was established in homogenous cultures, 

the principal advantage of this model is that our results specifically reflect the behavior of 

myelinating Schwann cells. However, the absence of neurons is a potential limitation for this 

model because communication between SCs and neurons is known to be important for 
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development in vivo (Corfas, 2004). Furthermore, the absence of neurons in our model prevents 

us from studying the regulation and maintenance of SC structure in vitro. To address this 

potential limitation, we supplemented differentiation medium with NRG1, a factor derived from 

axons that is required for developmental myelination (Brinkmann et al., 2008). Previously 

established models of developmental myelination used co-cultures of neurons and either primary 

SCs or immortalized SC lines (Hyung et al., 2015; Takaku et al., 2018). These models have a 

broad range of applications, from strategies that enhance myelination or permit the study of 

demyelinating neuropathies in vitro. 

Given our goal to establish a model for developmental myelination in vitro, we isolated 

primary SCs from the sciatic nerves of neonatal rats. During peripheral nerve development, 

immature SCs differentiate into both myelinating and non-myelinating SCs (Jessen et al., 2015). 

After injury in adults, both myelinating and non-myelinating SCs differentiate into repair SCs 

(Gomez-Sanchez et al., 2017). Because multiple phenotypes exist for SCs both during 

development and after injury, we analyzed the expression of phenotype markers in non-

differentiated and differentiated SCs to confirm that we directed immature SCs toward a 

myelinating phenotype. 

We showed that differentiated SCs upregulated MBP and P0 (Figure 5), both of which are 

proteins found in PNS myelin (Saher & Simons, 2010). Furthermore, differentiated SCs 

downregulated expression of both p75NTR mRNA and protein (Figure 5B, D), which is consistent 

with the observation that p75NTR is downregulated during myelination (Jessen & Mirsky, 2008). 

Because differentiation medium induced myelin gene expression in our model system, we 

concluded that we successfully differentiated SCs toward a myelinating phenotype in vitro. 
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However, in addition to expressing p75NTR, non-differentiated SCs also expressed 

markers of repair SCs. For example, we observed activation of c-Jun in non-differentiated SCs 

(Figure 6). Because c-Jun is a transcription factor known to reprogram SCs into repair SCs after 

injury (Arthur-Farraj et al., 2012; Hantke et al., 2014), this finding was consistent with a repair 

phenotype and distinct from the myelination model we established in vitro. Furthermore, 

although myelin phagocytosis is a function associated with injury and not development (Gomez-

Sanchez et al., 2015; Lutz et al., 2017), we also observed phagocytosis in non-differentiated SCs 

(Figure 9). Because non-differentiated SCs expressed markers of more than one phenotype, we 

chose the neutral terms “non-differentiated” and “differentiated” to describe our cells. 

 

13.3 ERK1/2 activation decreased after differentiation and may be downregulated to 

protect Schwann cells from demyelination 

Differentiated SCs downregulated both LRP1 mRNA and proteins (Figure 7), so we 

wanted to understand how this affected signaling. Because previous work has shown that α2M* 

activated ERK1/2 through LRP1 (Mantuano, Mukandala, Li, Campana, & Gonias, 2008), we 

treated differentiated SCs with 10 nM α2M*. We also treated differentiated SCs with 12 nM 

NRG1 as a positive control for ERK1/2 activation, as NRG1 is known to activate the 

ERK/MAPK pathway through the ErbB3 receptor (Newbern et al., 2011). 

 After differentiation, we observed decreased activation of ERK1/2 in response to 

treatment with both activated α2M* and NRG1 (Figure 8). We were surprised to observe that 

ERK1/2 activation in response to NRG1 also decreased after differentiation. Previously, Raf 

overexpression in mice was shown to increase levels of ERK1/2 activation and triggered 

demyelination (Napoli et al., 2012). It is possible LRP1 and other receptors that activate ERK 
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signaling, such as ErbB3, are downregulated to control the level of ERK1/2 activation during 

development and protect SCs from demyelination. 

 

13.4 Other signaling pathways are regulated by SC differentiation 

Using our model of developmental myelination, we also identified increased 

phosphorylation of WNK1 in differentiated SCs by phospho-array (Figure 6A, B). WNK1 is a 

serine/threonine protein kinase associated with a human hypertensive disorder known as 

Gordon’s syndrome. WNK1 mutations contribute to hypertension by disrupting blood pressure 

control mechanisms in the kidneys (Wilson et al., 2001). However, previous work also 

demonstrated that Wnk1 is widely expressed outside the kidneys and generates tissue-specific 

isoforms (O’Reilly, Marshall, Speirs, & Brown, 2003). Of relevance to our research, the 

Wnk1/Hsn2 isoform is expressed in the nervous system of mice, including SCs, and mutations in 

the Hsn2 exon are associated with human hereditary sensory neuropathy type II (Shekarabi et al., 

2008). Other work in mammals identified WNK1 in the rat brain where it was shown to 

phosphorylate MBP (Xu et al., 2000), but not much is known about WNK1 in SCs. Excitingly, 

the role of WNK1 in SC development and the signaling pathways associated with WNK1 

represent an unexplored area for future research. 

 

13.5 LRP1 expression varies with Schwann cell phenotype 

Extensive roles for LRP1 in the SC repair program have been described in vivo after 

injury and in primary rat SCs (Campana et al., 2006; Flütsch et al., 2016; Mantuano, Inoue, et al., 

2008), but the roles for LRP1 in SC development and myelination are not known. We showed 

that LRP1 expression in the sciatic nerve was highest at birth (P0) and significantly decreased 
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after 7 days of development (Figure 7B). However, the relative level of LRP1 mRNA at P29 was 

not significantly different from the level of LRP1 at birth (Figure 7B), suggesting that LRP1 

expression was lowest during early development. Because 90% of nucleated cells in the 

peripheral nerve are SCs (reviewed by Campana, 2007), we believe the change of LRP1 

expression in the sciatic nerve reflects a change of expression in SCs. Because LRP1 expression 

decreased after differentiation in vitro (Figure 7), we hypothesize that the increased expression of 

LRP1 at P29 is specifically due to the proliferation of non-myelinating SCs. 

Because LRP1 was downregulated during early development (Figure 7B) and 

upregulated in non-myelinating SCs during late development, LRP1 may not be required for 

developmental myelination. Previous work has shown that mice with conditional deletion of 

scLrp1 had normal numbers of myelinating axons, but thinner myelin sheaths (Orita et al., 2013). 

In the PNS, myelin structure is regulated by Akt signaling and accordingly, myelination was 

blocked by the addition of the inhibitor LY294002 (Domènech-Estévez et al., 2016). 

Consequently, our laboratory demonstrated that activation of Akt by LRP1 was also blocked by 

LY294002 (Campana et al., 2017). If these signaling pathways are connected, then it is possible 

for LRP1 to regulate myelin structure through this mechanism. However, this is unlikely given 

that protein expression of LRP1 is significantly downregulated during differentiation (Figure 7D, 

E). 

Conditional deletion of scLrp1 also showed that LRP1 is required for correct Remak 

bundle formation in mice (Orita et al., 2013). Because LRP1 was predominantly expressed by 

non-myelinating SCs, the most likely role for LRP1 during development is the regulation of 

Remak bundle structure. Consistent with this hypothesis, LRP1 is known to regulate the 

formation of new Remak bundles after injury (Poplawski et al., 2018). 



 40 

 

13.6 A potential role for LRP1 in the phagocytosis of myelin debris by Schwann cells 

after injury 

SCs initiate the clearance of myelin debris from the peripheral nerve after injury (Perry et 

al., 1995). Two mechanisms for these observation have been described: autophagy (Gomez-

Sanchez et al., 2015) and phagocytosis (Lutz et al., 2017). LRP1 is a phagocytosis receptor 

(Strickland et al., 2002) known to be upregulated in the sciatic nerve after injury (Campana et al., 

2006). Previously, MBP derived from CNS myelin was shown to be an LRP1 ligand. Further 

experiments then showed that LRP1 was a phagocytosis receptor for myelin in oligodendrocytes, 

the myelinating glia of the CNS (Gaultier et al., 2009). Given this context, we hypothesized that 

SCs also use LRP1 to remove myelin debris by phagocytosis. 

Our experiments with non-differentiated and differentiated SCs revealed that 

differentiation impaired the ability of SCs to internalize myelin debris (Figure 9). However, we 

only demonstrated that a sub-population of non-differentiated cells were capable of myelin 

phagocytosis (Figure 9A). One explanation for this observation is that while non-differentiated 

SCs expressed higher levels of LRP1 protein than differentiated SCs (Figure 7D, E), we did not 

measure whether these receptors are present on the cell surface and available to bind myelin. 

Furthermore, previous work claimed that LRP1 was not enriched in SCs after injury, and 

investigated other phagocytosis receptors that remove myelin debris in SCs (Lutz et al., 2017). 

These data contradict the observation that LRP1 expression in the sciatic nerve and in SCs 

increased after crush injury (Campana et al., 2006). However, discrepancies in the methods used 

to collect these data may explain the contradictory results. For example, our laboratory analyzed 

LRP1 expression after axotomy in neonates and adults. We showed that LRP1 gene expression 
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after axotomy is enhanced in adults and does not change in neonates. However, the Lutz group 

performed sciatic nerve crush injury to rats at P18, which may explain why no enrichment of 

LRP1 was observed. These data suggest that the type of injury and maturity of the animal impact 

the expression of LRP1 and consequently, whether it may function as a phagocytic receptor. It is 

also possible that after injury, SCs use LRP1 primarily as a signaling receptor, and instead use 

other phagocytosis receptors to remove myelin debris. Therefore, future experiments are 

necessary to clarify the scientific role of LRP1 in myelin phagocytosis. 

 

13.7 Future directions 

Our model of developmental myelination in vitro can help us determine the mechanisms 

myelinating SCs use to respond to injury. Unpublished work in our laboratory showed that a high 

dose of the amino acid glutamate triggered activation of c-Jun in differentiated SCs but did not 

downregulate myelin gene expression. Glutamate is known to activate the LRP1 and NMDA-R 

signaling complex (Campana et al., 2017), implicating a potential role for these receptors in the 

SC response to injury. Previously, TNF-α treatment was shown to induce LRP1 expression in 

primary SCs (Campana et al., 2006). By treating differentiated SCs with TNF-α, we may 

determine if activation of c-Jun is enhanced by LRP1 expression, and whether enhanced c-Jun 

activation is sufficient to downregulate myelin gene expression. 

Previous research showed that sustained activation of ERK1/2 in response to Raf 

overexpression triggered demyelination (Napoli et al., 2012). Therefore, we hypothesized that 

SCs downregulate LRP1 and ErbB3 during differentiation to prevent demyelination caused by 

over-activation of ERK1/2. To test this hypothesis, we will begin by analyzing changes in the 
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expression of ErbB3 during differentiation. Then, we can induce ERK1/2 activation to measure 

demyelination and determine whether LRP1 and ErbB3 are involved.  

To decipher the involvement of LRP1 in phagocytosis of myelin, we will determine 

whether SCs use LRP1 to internalize myelin and whether upregulation of LRP1 after injury 

promotes phagocytosis. Because P0 is more abundant in peripheral myelin than MBP, we can 

show that P0 is an LRP1 ligand and that RAP blocks them from binding to each other. Then, flow 

cytometry experiments with RAP will show whether peripheral MVs specifically bind to LRP1 

and become internalized by SCs. Furthermore, treatment with TNF-α has been shown to increase 

LRP1 mRNA expression in Schwann cells (Campana et al., 2006). To understand whether 

upregulation of LRP1 in SCs after injury contributes to phagocytosis, we would apply TNF-α to 

differentiated SCs prior to treatment with MVs and see if injury enhances the ability of SCs to 

internalize MVs. 
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