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ABSTRACT
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The myelin basic protein (MBP) family arises from different transcription start
sites of the Golli (gene of oligodendrocyte lineage) gene, with further variety generated
by differential splicing. The “classic” MBP isoforms are peripheral membrane proteins
that facilitate compaction of the mature myelin sheath, but also have multiple protein
interactions. As an intrinsically disordered protein, MBP has proven to have complex
structural and functional relationships with proteins in vitro including actin, tubulin, Ca2+calmodulin, and multiple protein kinases.
The investigations reported in this thesis were to further examine the
multifunctionality, and protein:protein interactions of MBP with cytoskeletal and SRC
homology 3 domain (SH3) proteins in cells using an oligodendrocyte (OLG) model
system to better understand MBP’s contributions to membrane structure, formation, and
elaboration in the developing OLG.
A new function of MBP has been described showing that classic MBPs can
modulate voltage operated calcium channels (VOCCs) by direct or indirect proteinprotein interactions at the OLG cytoplasmic leaflet. These interactions contribute to
global calcium homeostasis, and may play a complex developmental and spatiotemporal

role in the regulation of oligodendrocyte precursor cell (OPC) migration and OLG
differentiation.
The importance of MBPs SH3 ligand binding domain within its central amino
acid region was investigated with the protein-tyrosine kinase Fyn. Co-expression of MBP
with a constitutively-active form of Fyn in OLGs resulted in membrane process
elaboration, a phenomenon that was abolished by amino acid substitutions within MBP’s
SH3-ligand domain. These results suggest that MBP’s SH3-ligand domain plays a key
role, and may be required for proper membrane elaboration of developing OLGs.
Lastly, interactions of MBP with the OLG cytoskeleton were investigated in
OLGs transfected with fluorescently-tagged MBP, actin, tubulin, and zonula occludens 1
(ZO-1). MBP redistributes to distinct ‘membrane-ruffled’ regions of the plasma
membrane where it had increased co-localization with actin and tubulin, and with the
SH3-domain-containing proteins cortactin and ZO-1, when stimulated with PMA, a
potent activator of the protein kinase C pathway.
The results presented here advance our understanding regarding protein:protein
interactions of MBP, and its multifunctionality in OLGs with regards to membrane
formation and elaboration.
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CHAPTER 1: INTRODUCTION
1.1 Multiple Sclerosis
1.1.1 General features and classification of multiple sclerosis
Multiple Sclerosis (MS) is a complex, chronic, neuro-degenerative disease
that affects million of people worldwide. In humans, the disease is characterized by
the degradation of myelin due to physical destabilization followed by autoimmune
attack (Trapp and Nave, 2008). Epidemiological studies examining the distribution
of the disease have shown that as a country, Canada has one of the highest rates of
multiple sclerosis in the world, having 30 cases per 100,000 people. Females are
twice as likely to develop MS compared to males especially in temperate regions
of the world including, Canada and Europe, where the disease is most prevalent
(Beck et al., 2005; Kurtzke, 2000; Rosati, 2001). The first clinical symptoms of
MS are usually exhibited between ages of 20 and 40 years old and initial symptoms
may include vision problems, muscle fatigue and abnormal sensory feelings such
as numbness, or prickling sensation (Minden et al., 2006).
Although MS is not considered to be a hereditary disease, there is evidence
that both environmental and genetic factors are responsible for the onset of the
disease along with an autoimmune component.

More recently, an alternative

hypothesis has been proposed to explain the pathogenesis of MS and its associated
symptoms. This hypothesis suggests that MS is a disease that arises from vascular
obstruction and complications (Chronic cerebrospinal venous insufficiency
1

(CCSVI) (Zamboni et al., 2009; Al-Ohmari and Rousan, 2010). This will be
discussed in more detail in section

1.1.2 CCSVI and the ‘inside out’ model of MS. Research efforts have provided a
wealth of information and insight about different aspects of MS, but the precise
cause of the disease still remains unclear.
Although there had been previous historical accounts of MS (as described
by Poser, 1994; Firth, 1948), French neurologist Jean-Martin Charcot in 1868 was
credited as the first person to corroborate previous reports along with his own
neuropathological observations to describe MS as a separate and distinct disease
(Charcot, 1868). In his report entitled ‘Histologie de la sclerose en plaques’,
Charcot outlines several phenotypic observations including inflammation,
demyelination along with ‘relative’ preservation of the axon within the white
matter of the central nervous system (CNS). These histological observations still
remain as some of the fundamental hallmarks of MS. In 1906, Dr. Otto Marburg
published additional neuropathological findings describing a more aggressive form
of MS leading to significant axonal loss compared to that previously reported by
Charcot (Marburg, 1906). This severe form of MS is now considered to be a
variant of MS known as Marburg-type, or fulminating sclerosis distinguished by a
rapid and aggressive demyelination of the CNS (reviewed by Capello and
Mancardi, 2004). Taken together, these different observations suggested that there
were two or more forms of MS, which varied in rate of clinical progression as well
as severity of demyelination. We now know that MS can take on several different
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forms, some having discrete subtle attacks, while others may follow a steady
progressive degeneration of the CNS. Furthermore, a less severe form of MS can
develop into a more aggressive form illustrating the unpredictable and complex
nature of the disease.
To date there are several drugs, mostly anti-inflammatory corticosteroids,
used to manage the acute physical symptoms of MS but none have shown any
evidence for reducing the progression of the disease long term (Ciccone et al.,
2008).

Other treatments using interferon (anti-inflammatory) and mitoxantron

(immunosuppressant) to treat MS have been shown to delay the onset, but not cure
the disease (Kappos, 2007; reviewed by Fox, 2006). To date, there is no cure for
MS.
1.1.2 CCSVI and the ‘inside out’ model of MS
In 2008, Dr. Paolo Zamboni and colleagues put forth a hypothesis that MS
is caused by poor blood circulation in the vein of the CNS, and coined this
condition chronic cerebrospinal venous insufficiency (CCSVI). Zamboni and
colleagues used colour-coded Doppler sonography to detect abnormalities in vein
drainage from the brain to the heart in 65 people with MS and compared these
results with those of 235 people who were either healthy, or who had other
neurological disorders (Zamboni et al., 2009; Al-Ohmari and Rousan, 2010).
These initial experiments showed in individuals clinically diagnosed with multiple
sclerosis demonstrated abnormalities in venous blood outflow compared to healthy
control individuals, and that this CCSVI pattern plays a key role in determining the
3

clinical course of MS. Since then, this study has received a great deal of attention
from social media and also from the scientific community, whose consensus
opinion is that this study supports exaggerated claims that have led to excessive
expectations by the general public. The initial investigation was criticized for not
being blinded, and ongoing studies are continuing to establish and clarify if there is
a relationship between MS and CCSVI using similar methods to Zamboni's initial
study. Several additional studies to date have found contradictory evidence that
challenge CCSVI model and its role in MS as initially proposed by Zamboni
(Doepp et al., 2010; Sundström et al., 2010; Wattjes et al., 2011; Baracchini et al.,
2011).
Investigations performed by Doepp and colleagues also used sonography to
examine stenosis, and insufficiencies of venous blood outflow in patients
diagnosed with MS. No cerebrocervical venous congestion was detected in patients
diagnosed with MS, and therefore the study challenged the CCSVI hypothesis that
cerebral venous congestion plays a significant role in the pathogenesis of MS
(Doepp et al., 2010). This study did not include a healthy control population and
only examined patients confirmed with MS. Baracchini and colleagues performed
another study with a healthy control group, and employing Dopplar sonograph and
also concluded from their experiments that there was no cause-effect relationship
between CCSVI and MS (Baracchini et al., 2011). Sundström et al. performed a
complementary study that examined venous congestion using T2-weighted MRI.
In this study, individuals diagnosed with MS as well as a healthy control group
were examined.

The investigations were not able to reproduce the findings

4

originally reported by Zamboni, which also provided evidence that challenged the
vascular MS hypothesis, or CCSVI (Sundström et al., 2010). A second MRI study
investigating venous backflow also proposed that differences observed in venous
drainage was most likely random variation among both MS, and healthy
individuals rather than clinically relevant venous outflow obstructions (Wattjes et
al., 2011). In this study they were unable to distinguish any differences in stenosis
between MS individuals and a healthy control group. Further studies are warranted
to clarify whether CCSVI is associated with later disease stages and characterizes
the progressive forms of MS.
Dr. Peter Stys has also proposed that MS may result primarily from a
cytodegenerative process originating in the oligodendrocyte/myelin complex (Stys,
2010) (Figure 1.1). As described in section 1.1.1, MS has been traditionally
considered a complex autoimmune inflammatory demyelinating disease of the
CNS, but Stys has proposed that MS may be a "cytodegenerative" disease, possibly
first involving the oligodendrocyte/myelin unit, as opposed to CNS antigens that
are targeted by the CNS as the primary disease event (Stys, 2010). This model
proposes that gradual demyelination and disruption of myelin structure lead to an
autoimmune response and a cycle of further degeneration, which is characteristic
of the most common relapsing-remitting manifestation of MS. As the disease
progresses, and along with the inflammatory degenerative contributions from the
immune system, chronic demyelination eventually results in complete axonal
degeneration that is analogous to other well known primary neurodegenerative
5

Figure 1.1. The “inside-out” model of MS (adapted from Dr. Peter Stys, Stys,
2010) illustrating how a cytodegenerative process may primarily cause MS
originating in the oligodendrocyte/myelin complex. Gradual demyelination and
disruption can then lead to an autoimmune response and a cycle of further
degeneration, characteristic of the most common relapsing-remitting manifestation
of MS. Chronic demyelination results eventually in complete axonal degeneration.
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diseases. The research conducted in our group focuses on the functional and
structural modifications of the major CNS protein myelin basic protein (MBP),
which is involved in numerous aspects of myelin homeostasis and oligodendrocyte
development (see sections 1.2.2 The oligodendrocyte, and 1.2.4 OLGs and
myelination).

1.2 Structure and cell-types of the central nervous systems (CNS)
1.2.1 CNS cell types
The mammalian nervous system is a complex systematic array of
specialized tissues and cells. It is divided into two basic regions namely, the CNS
and the peripheral nervous system (PNS). The CNS comprises the brain and spinal
cord, while the PNS extends from the CNS to the outer regions of the body. Both
nervous systems contain neuronal cells, which are responsible for the efficient
transmission of electrical impulses, and the main glial cells such as astrocytes and
oligodendrocytes (OLGs), which function to nutritionally support, maintain and
repair neuronal cells (Baumann and Pham-Din, 2001; Bradl and Lassmann, 2010;
Miron et al., 2011). It is estimated that glial cells outnumber neuronal cells in a
ratio of ten to one (Pfrieger and Barres, 1995). The majority of research presented
in this thesis has been performed with cell-types arising from the CNS.
Neurons are highly specialized electrically excitable cells that are
responsible for the transmission of electrical signals (Kandel, et al. 2000). These
cells are highly variable in diameter and can transmit electrical signals over a
7

distance of one millimeter, up to three meters. The soma (cell body) of the neuron
contains the nucleus and gives rise to two different kinds of extensions:dendrites
and axons. Dendrites are branching cellular extensions, responsible for receiving
signals from neighboring cells while the axon is responsible for transmitting
electrical impulses over long distances (Kandel et al., 2000).

It is currently

speculated that there are four types of glial cells that are required for growth and
maintenance of neurons in the CNS: astrocytes, ß neuroglial cells, microglia and
oligodendrocytes (Peters, 2004).
Astrocytes are dynamic cells involved in many important roles within the
CNS, including physical structuring of the brain, synaptic functioning, and
metabolic processes, and are known to release signaling molecules such as
glutamate by elevations in intracellular Ca2+ concentration. (reviewed by Faulkner
et al., 2004; Pekny and Nilsson, 2005). Astrocytes are capable of communicating
with neurons and other glial cells such as OLGs via gap junctions present in their
plasma membranes (Orthmann-Murphy et al., 2008).

Interestingly, astrocytes

undergo astrogliosis and hypertrophy (proliferation and increases in GFAP
staining), have altered gene expression of cytokines, protease inhibitors, as well as
other important signaling molecules in response to pathological diseases such as
MS (reviewed by Williams et al., 2007; Eddleston and Mucke, 1993).
Microglia are small, ubiquitous, mobile cells that act as ‘sensors’ during
immune responses within the CNS. In the healthy adult brain, these cells exist in a
quiescent state, but are activated in response to CNS injury or disease. Active
microglia undergo rapid proliferation, migrate to the site of injury and quickly
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respond by releasing inflammatory molecules including cytokines, proteases,
reactive oxygen intermediates and nitric oxide (NO) (Gehrmann et al., 1995;
Hanisch, 2002). Many of these signaling molecules are important for astrocyte
activation, initiation of cell adhesion molecule expression as well as recruitment of
T-cells to the site of injury. During prolonged periods of neuronal and/or synaptic
degeneration, as seen in MS, microglia will transform into intrinsic brain
phagocytes which remove unwanted cellular material and further up-regulate the
inflammatory response.
Peters and colleagues have described a new cell-type within the CNS
named ß neuroglial cells (Peters, 2004). To date, limited research has been done to
elucidate the functions of this new cell-type, but electron microscopy (EM) reveals
that they resemble astrocytes. In contrast to astrocytes, however, cytological
ultrastructure demonstrates that the ß neuroglial cells differ in having no
intermediate filaments, thinner mitochondria and contain numerous centrioles in
their cytoplasm (Peters, 2004). The mechanisms and function of ß neuroglial cells
still remain to be investigated.
The last cell type of the CNS is the oligodendrocyte, which is discussed in
further detail below in section 1.2.2. The oligodendrocyte.
1.2.2 The oligodendrocyte
OLGs have been extensively studied and are directly involved in human
diseases such as optic neuritis and MS (Roth et al., 2005; Lucchinetti et al., 1999).
OLGs are a developmentally regulated lineage of cells in the CNS that help
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maintain and nurture the neurons but are particularly known for their role in
myelinating the axon (Baumann and Pham-Dinh, 2001; Bradl and Lassmann, 2010;
Miron et al., 2011). Myelination is a process where an OLG extends and wraps a
cellular extension around the axon condensing to form myelin, a multilamellar,
fatty, proteinaceous electrical insulator (Bunge et al., 1962; Bunge, 1968). Myelin
is essential for the efficient propagation and transmission of electrical action
potentials along the axon of neurons. All myelinating OLGs arise from OLG
progenitor cells (OPC/O2As) located within a distinct regions of the CNS, namely
the subventricular zone, which is rich in neural stem cells (Nishiyama et al., 1999;
Altman, 1963). OLGs undergo a series of developmental stages defined and
characterized by biochemical, and antigenic markers before reaching full maturity
when they are capable of initiating myelination (Figure 1.2).
For example, antigens such as ganglioside GD3 and platelet-derived growth
factor-alpha receptor subunit (PDGF-alphaR), are abundant during early stages of
development, but as the cells differentiate into mature OLGs, the expression of
these antigens is lost (Baumann and Pham-Dinh, 2001; Grinspan, 2002; Emery,
2010). As OPCs approach terminal differentiation, they initiate the synthesis of
intermediate biochemical markers including the glycolipids galactosylceramide
(GalC) and sulfatide, and also express the proteins 2',3'-cyclic nucleotide 3'phosphodiesterase (CNP) and myelin-associated glycoprotein (MAG). Expression
of these intermediate developmental makers is used to define
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Figure 1.2. A current description and cartoon adapted form Espinosa et al., 2009
depicting the majority of well-known oligdendrocyte lineage progression markers
of maturation. All OPC are derived from neural stem cells. Numerous markers,
such as ganglioside GD3 and platelet-derived growth factor-alpha receptor (PDGFalphaR), are typical of early OPC progenitors, which eventually lose sensitivity to
growth factors such as glycolipids galactosylceramide (GalC) and sulfatide, and
express the proteins 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNP) that mark
immature OLGs. Mature OLGs express myelin proteins such as proteolipid
protein (PLP), myelin basic protein (MBP), and myelin-associated glycoprotein
(MAG) that mark the final stages of terminal differentiation of OLG in the CNS.
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immature OLGs, which usually contain multiple membrane processes, but are still
migratory, unlike mature OLGs. OLGs also undergo a dramatic change in
morphology as well as cell migratory abilities during differentiation (Hardy and
Reynolds, 1993; Pfeiffer et al., 1993). Mature OLG markers, including myelin
basic protein (MBP) and proteolipid protein (PLP), are expressed towards the
terminal stages of differentiation. As the migratory abilities of OLG decrease, they
start to generate an extensive number of processes, and form myelin-like sheets
that extend around an axon.
Each OLG can support and myelinate multiple axons depending on the size
and thickness of each axon, and therefore the myelin sheath requirements (Butt et
al., 1995; Baumann and Pham-Din, 2001). In addition, axons also communicate
with and regulate OPC/OLGs, which influence their number and phenotype (Burne
et al., 1996; Duncan et al., 1997). Recent studies have demonstrated that OPC
cells have a high number of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA)/kainate (KA) receptors (or GABAA receptors).

Furthermore,

unmyelinated axons in the CNS white matter may use glutamate signaling to
provide developmental signals that instruct nearby OPCs to stop proliferating and
initiate myelination of nearby axons (Emery, 2010; Lin et al., 2004; Kukley et al.,
2007). Overall, OLGs have a number of important roles in the CNS and have a
complex maturation process defined by many biochemical markers that define their
developmental stage.
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1.2.3 OLG cytoskeleton and membrane composition
As described above, oligodendrocytes are under complex developmental
regulation and are highly specialized cells of the CNS, and it is no surprise that
they also possess a complex cytoarchitecture enabling them to migrate and
myelinate axons. Oligodendrocytes use cytoskeletal structural proteins including
actin and tubulin to support and produce membrane extensions that are essential for
myelination.

Like many other mammalian cells, OLGs express actin in high

abundance, which plays an important role in membrane process formation and
branching (Song et al., 2004). Actin stablization of cell shape, is very important
for cell migration, and function of cellular protrusions such as filopodia and
lamellipodia. Unlike most mammalian cell types, but similar to neurons, OLGs are
devoid of intermediate filaments, and the stability of the cytoskeleton can be
heavily reliant on microtubule networks and microtubule-associated proteins such
as tau proteins (Rumsby et al., 2003; reviewed by Richter-Landsberg, 2008).
Microtubles are required for organelle movement and are important for
efficient transport of mRNA to distal regions of the cell processes where myelin
synthesis occurs. For example, it has been demonstrated that OLGs microinjected
with fluorescently labeled mRNA coding for MBP, a major structural protein of
myelin, forms mRNA granules in the cell body, which are subsequently
transported through OLG extensions to active areas of myelin synthesis (Ainger et
al., 1993; Ainger et al., 1997). The translocation of these granules was reported to
be at a velocity 1-2 µm/s. The movement could be abolished with tubule inhibitors
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demonstrating that these mRNA granules were trafficking to the distal regions of
the cell in a microtubule-dependent manner. The translocation is proposed to aid in
the immediate insertion of newly translated and highly positively-charged MBP
directly into the OLG plasma membrane (Hardy et al., 1996; Maier et al., 2008). In
vitro, purified recombinant and bovine sources of MBP have demonstrated the
capacity to polymerize and bundle actin and tubulin (Bamm et al., 2010; Boggs et
al., 2005; Hill et al., 2005a; Hill et al., 2005b). Furthermore, MBP has been show
to tether polymerized actin filaments to lipid vesicles (Boggs et al., 2011). MBP
and its various protein:protein interactions will be discussed in more detail in
sections below.
1.2.4 OLGs and myelination
In 1878, French pathologist Louis-Antoine Ranvier discovered myelin by
employing microscopy and histological techniques (described by Ranvier, 1878).
During this time, pathologists and investigators relied on metallic stains such as
silver chromate and osmic acid to distinguish the neuroglial cell-types and their
structures from one another using light microscopy. Santiago Ramon y Cajal was
amongst the first neurobiologists to stain, describe and draw the structure of the
myelinated axon (Cajal, 1928 and references therein). Many observations made by
Cajal about myelin were correct, but the first ultrastructural micrographs of myelin
in the CNS acquired using transmission electron microscopy (TEM) revealed its
complex structure and organization (Bunge et al., 1962).
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Figure 1.3. (A) A cartoon depiction of a cross section of a myelinated axon. Figure
is adapted from Ahmed et al., 2010. (B) The major dense line and the intraperiod
space can be observed within the concentric wraps of compact myelin. The dry
mass of myelin is ~ 70% lipid and is enriched with cholesterol and the remaining
mass is composed of proteins. There can be nearly 100 concentric wraps of myelin
surronding an axon to form the myelin sheath. The main function of myelin is to
enhance the transmission and propagation of electrical signals along the axon
resulting in saltatory conduction. (C) There are three potential amphipathic helices
in MBP shown in the figure (examined in detail in Bamm et al., 2011), which may
peripherally interact with lipids and represent putative lipid binding domains and
other proteins at the cytoplasmic leaflet of the OLG. The details of protein-lipid
binding are not known, and the arrangement shown in this figure is one out of
many possibilities.
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Myelin is a lipid-rich electrical insulator, which wraps around the nerve
axon forming a multilamellar sheath responsible for efficient transmission of nerve
impulses (Lazzarini, 2004).

Destruction of the myelin sheath, also know as

demyelination, is a pathological condition that contributes to several diseases
including MS. Myelin is biochemically simplistic and is composed of
approximately 70% lipid along with structural proteins such as proteolipid protein
(PLP) and myelin basic protein (MBP). Although PLP is the most abundant
protein in myelin, MBP has been shown to be the only essential structural protein
required for the proper compaction of the myelin sheath (Dupouey et al., 1979;
Kirschner and Ganser, 1980; Moscarello, 1997).
The process of myelination is indeed complicated, and requires temporal
and spatial coordination and expression of myelin structural proteins, lipids, and
other signaling molecules (Miller, 2002; Frederick and Wood, 2004; Cohen et al.,
2003; reviewed by Fulton et al., 2010a). From early developmental events there
are many signaling molecules associated with myelination, including integrins,
focal adhesion kinase, activation of growth cone associated pathways such as the
family of Rho GTPases including Rac and Cdc42, and notably the fyn signaling
pathway (Chun et al., 2003; Hoshina et al., 2007; Klein et al., 2002; Lu et al.,
2005).
Our research group and others have examined the fyn kinase pathway,
which plays a key regulatory role in OLG development and myelination. The fyn
knockout mouse presents severe hypomyelination, aberration in mRNA for
structural proteins, such as MBP, and an overall decreased acceleration of
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myelination (Lu et al., 2005). Fyn is up-regulated during OPC transition into
mature OLGs in primary culture, and down-regulated during active myelinogenesis
(Osterhout et al., 1999; Scarlato et al., 2000; Umemori et al., 1994; Kramer et al.,
1999). As previously mentioned in section 1.2.3, actin and tubulin are required for
the formation of OLG membrane processes and are stabilized by the microtubule
associated protein (MAP) tau, which is also regulated via phosphorylation by fyn
(Lee et al., 2004). Fyn tyrosine kinase is important for intermediate regulatory
proteins involved in actin polymerization/branching and regulation of cell-cell
adhesion (Calautti et al., 2002). The data presented in Chapter 3 will emphasize
the importance of active fyn kinase and its SH3-domain-mediated interactions with
MBP, and the resulting contributions to membrane branching and OLG
development.

1.3 The genes of oligodendrocyte lineage (golli) and the myelin basic protein
(MBP) family
1.3.1 The golli proteins and MBP
The golli murine gene complex is ~105Kb in length, and contains three
distinct transcriptional start sites that give rise to two different subfamilies of
proteins, namely genes of oligodendrocyte lineage (golli)-MBPs and classic MBPs
(Priybl et al., 1993; Campagnoni et al., 1993; Fulton et al., 2010a) (Figure 3). The
golli-MBPs arise from transcription start site one, are expressed in the CNS as well
as the immune system, and have been observed throughout the thymus, spleen and
lymph node systems. The classic-MBPs are exclusively expressed in the nervous
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Figure 1.4. (A) The organization of the mouse golli gene complex with the three
transcription start sites (TSS) labeled. Figure is adapted from Givogri et al., 2000
and Harauz and Libich, 2009. The human golli complex is similar except that it
comprises only 10 exons since exons VI and VII are combined. (B) The exons that
contribute to the ‘classic’ MBP isoforms are labeled with Roman numerals. The
exon-6/II containing isoforms (MBP 21.5 kDa and MBP 17.22 kDa) are
translocated between the nucleus and the cytoplasm, whereas the other primary
isoforms are mainly found associated with the plasma membrane and within the
cytoplasm of the OLG plasma membrane. (C) The differential splicing that
contributes to the golli-MBPs is shown for murine isoforms. The golli isoforms
(BG21, J37, and TP8) arise from transcription start site 1 and encompass 133
amino acids arising from exons 1-3. Both BG21 and J37 also encompass some
classic MBP sequences, but not TP8 due to a frame-shift. Golli proteins are
expressed earlier in development compared to MBPs and are localized to the
nucleus, cytoplasm, and the plasma membrane of OLGs.
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system (Campagnoni et al., 1993; Landry et al., 1997). The three golli-MBPs,
namely BG-21, J37 and TP8 in mouse, are speculated to contribute to signal
transduction pathways, to regulate T-cell activation and to regulate calcium influx
in developing OPC/OLGs (Feng et al., 2004; Feng et al., 2006). More recently,
golli proteins have been shown to increase cell migration and proliferation by
regulating calcium influx from outside the cell and from intracellular stores (via
PKA-mediated pathways) (review by Fulton et al., 2010a; Fulton et al., 2010b;
Paez et al., 2007; Paez et al., 2009). This process was shown to be dependent on
targeting of golli to the plasma membrane via myristolation.
MBPs are essential structural proteins that arise from the same gene
complex as golli proteins, but arise later in development. To date, there have been
six identified ‘classic’ MBP isoforms that arise from transcription start sites two
and three along with alternative splicing of the 11 exons within the MBP gene to
produce proteins that range in molecular weight from 14 kDa to 21.5 kDa
(Campagnoni et al., 1993). Interestingly, the proportion of these isoforms appears
to be developmentally regulated in the brain with the 17.22 and 21.5 kDa isoforms
having higher expression during early myelination compared to the 14 and 18.5
kDa isoforms. Moreover, the 17.22 and 21.5 kDa isoforms show a steady decline
in expression compared to the 14 kDa and 18.5 kDa isoforms after thirty days in
the developing mouse brain (Barbarese et al., 1978).
The shiverer mouse is an autosomal recessive mutant mouse, which is
devoid of MBP, giving rise to non-compact myelin and poor myelination during
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development (Dupouey et al., 1979; Kirschner and Ganser, 1980).

By

transgenically expressing one isoform of MBP in the shiverer mouse, one can
restore proper compaction of the myelin sheath, demonstrating the important
structural role of MBP during myelin development and maintenence (Kimura et al.,
1989; Popko et al., 1987; Readhead et al., 1987; Readhead and Hood, 1990).
Classic MBPs can be highly modified by post-translational modifications
including

phosphorylation,

deamidation,

ribosylation,

methylation

and

deimination, which can change the overall net-charge of the protein (reviewed by
Moscarello et al., 1994; Boggs et al., 2006; Harauz et al., 2009). MBP is naturally a
highly positively-charged protein and can exist as a number of ‘charge isomers‘,
which can be eluted using cationic exchange chromatography. The MBP C1 isomer
is the unmodified form of MBP found with a positive charge of +19 in the CNS of
healthy adults. The C8 isomer is deiminated (a conversion of an arginine residue
to a citrulline residue resulting in a net charge loss of +1) along with other
modifications including phosphorylation, has a charge of +13, and is found at
elevated levels in infants and adults with MS (Kim et al., 2003; Moscarello et al.,
1994). These two charge isomers in particular have been studied due to their
implicated involvement in MS (Musse et al., 2006).
1.3.2 MBP - an intrinsically disordered multifunctional protein
Conventionally, molecular biology has widely accepted the ‘structure
dictates function’ paradigm based on the spontaneous folding and order of many
proteins. With the ever-increasing understanding of the cellular proteome, it has
become evident that there are a significant number of intrinsically disordered
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proteins (IDPs) that do not possess a native structure and/or folded conformation
(Dyson and Wright, 2005; Ward et al., 2004). IDPs have disproportionately large
binding surface and multiple contact points for a protein of a given size, thus
having functional advantages compared to folded proteins, such as enhanced
binding specificity and increased binding partner associations (Tompa, 2002;
Dyson, 2011). IDPs have a greater variety of structural conformations allowing
them to have a greater number of binding partners compared to natively folded
proteins.
MBPs are adaptive, intrinsically disordered and pliable proteins that are
capable of interacting with a number of molecules and are frequently involved in
important regulatory functions within cells. They are multifunctional and their
conformation is often dependent on the surrounding environment and lack of
structure and ability to bind with several different ligands or molecules. MBPs are
thought to be involved in regulating signal transduction pathways controlling
cytoskeletal organization in OLGs (Harauz et al., 2004; Hill, 2002; Dyer, 2002).
The primary function of the classic-MBPs is to compact and maintain the
structural integrity of the myelin sheath (Napolitano et al., 1967; Smith, 1977). The
high net positive-charge of MBP allows it to electrostatically interact with
negatively charged phospholipids within myelin (Wood et al., 1997).

These

interactions stabilize compact myelin by assisting in the adhesion of cytosolic
surfaces to one another in OLGs acting as a molecular “Velcro” (Boggs et al.,
2006; Harauz et al., 2009; Readhead et al., 1990; Smith, 1977). Minor MBP
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isoforms (including 17.2 kDa and 21.5 kDa) are localized to multiple subcellular
localizations in the cell including the cytoplasm, plasma membrane, but
predominantly the nucleus. These MBP isoforms are therefore likely involved not
only in cytoskeletal assembly, but also signal transduction pathways and other
important cellular interactions (Boggs, 2006; Harauz et al., 2004; Harauz et al.,
2009). Recently, overexpression of 21.5 kDa MBP has been shown to increase
proliferation of N19-OLGs and cell cultures by elevating levels of active ERK1/2
kinase (Smith et al., 2012 unpublished results).
Structural studies reported by Polverini and colleagues employing circular
dichroism spectroscopy have demonstrated that the proline-rich segment of MBP
forms a polyproline type-II helix under physiological conditions (Polverini et al.,
2008). MBP also contains a minimal SH3 consensus sequence (PXXP)
(Moscarello, 1997) that can interact with SH3-proteins such as Src kinases
(Polverini et al., 2008). Thr92 and Thr95 amino acids (murine numbering) are
phosphorylation sites for mitogen-activated protein kinases (MAPKs), which have
been shown to decrease the efficiency of actin polymerization and bundling in
OLGs (Boggs et al., 2006).

It was also shown that the type-II helix was further

stabilized by phosphorylation at residues Thr92 and Thr95.
In vitro, MBP has been shown to have interactions with phospholipid
membrane, Ca2+-calmodulin, actin, tubulin, and several SH3-domain proteins. The
18.5-kDa MBP isoform has demonstrated a partial induced disorder to order
transition, including several α-helical or poly-proline type II (PPII) domains that
are postulated to function as “molecular switches” (Harauz et al., 2004; Harauz and
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Libich, 2009; Libich et al., 2010; Bamm et al., 2011). These interactions will be
explored and further extended in Chapters 3 and 4 in this thesis.
1.4 Confocal fluorescent microscopy and live-cell imaging
Confocal microscopy was first invented (and patented) in 1957 by Marvin
Minsky and became commercially available to the biological research community
in the late 1980’s (Hibbs, 2004). It has only been in the last 20 years that there has
been an increased interest in using confocal microscopy mainly due to the
discovery of GFP. This fluorescent protein was first isolated and studied from the
jellyfish Aequorea victoria in 1962, but its broad applications in molecular biology
were not realized until the isolation of a cDNA clone in 1992 (Shimomura et al.,
1962; Prasher et al., 1992). GFP has been further engineered to have improved
photostablity and brightness and has also been manipulated to produce color-shift
variants including blue, cyan, red, and yellow fluorescent proteins (reviewed in
Shaner et al., 2007).
Laser scanning confocal microscopy (LSCM) uses a finely focused laser
spot and scans an object to obtain an image, while multiphoton confocal
microscopy (MPCM) uses far-red laser pulses to fluorescent dyes to produce an
image. More recently spinning disk confocal microscopy (SDCM) uses a special
“Nipkow” spinning-disk containing several thousand pinholes arranged in a spiral
manner to scan an object to acquire an image (Hibbs, 2004). LSCM and MPCM
are useful in obtaining very high resolution images of optical slices within various
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tissues while SDCM is best employed in applications involving real-time imaging
of sensitive biological samples.
All of these microscopy studies were required to generate images and/or
time-lapse videos to generate the results presented in this thesis. LSCM and
MPCM have provided the means of obtaining very sharp high-resolution 2D, and
3D micrographs for determining protein localization, colocalization of multiple
proteins and OLG process morphology. Live-cell imaging using SDCM along
with epifluorescence microscopy was essential for assessing changes of
intracellular calcium, cell migration, and real-time protein trafficking in OLGs.
1.5 Statement of Thesis
To date, there have been a limited number of studies examining
fluorescently labeled chimeric proteins of classic-MBPs in vivo (Pedraza and
Colman, 2000; Nawaz et al., 2009). Previously, Pedraza and Colman investigated
the properties of ectopically expressed fluorescently labeled MBP isoforms in rat
Schwann cells and observed that they exhibited different intracellular localizations
dependent on the exon-II encoding region of MBP (Pedraza and Colman 2000).
Moreover, they observed that the Schwann cells expressing these chimeric proteins
under correct conditions were capable of myelinating dorsal root ganglion cells.
Pedraza and Colman concluded that the GFP moiety did not interfere with MBP
intracellular trafficking. Real-time and time-lapse investigations of fluorescently
tagged MBPs in primary OLGs have not yet been performed. With increasing
evidence that MBP is involved in signal transduction and cytoskeletal

24

regulation/rearrangement in OLGs, we propose that MBP is more than just a
structural protein and is involved in other regulatory processes. The objectives of
this research were to generate a library of fluorescently-tagged MBP and to use
these variants to examine in vivo protein:protein interactions of MBP with
membrane-associated proteins such as voltage operated calcium channels
(VOCCs), fyn non-tyrosine receptor kinase, and the OLG cytoskeleton.
Chapter 2 describes the initial experiments where we generated
fluorescently tagged MBP constructs (GFP- and RFP-MBPs) and assessed their
expression in the immortalized N19 OLG model. Moreover, to address efficiency
of protein trafficking within the OLG, we also produced plasmid constructs that
code for RFP-MBP proteins possessing an inherent 21 nucleotide 3’UTR, normally
coded by the golli gene complex in vivo, which we demonstrated was necessary for
proper sub-cellular trafficking of MBP mRNAs to the cytoplasmic leaflet of the
plasma membrane. The early developmental golli isoforms have previously been
shown to promote process extension and enhance Ca2+ influx into primary and
immortalized oligodendrocyte cell lines.

In this study, we show that over-

expression of classic MBP isoforms significantly reduces Ca2+ influx in N19 and
primary OPCs. Using pharmacological inhibitors, we demonstrate that this effect
is mediated by (VOCCs), and not by ligand-gated Ca2+-channels or Ca2+ release
from intracellular stores. These studies are significant in that they shed light on the
roles of regulating Ca2+ release throughout OLG development. Reductions in Ca2+
levels in OLGs may play an important role in OLG proliferation, migration, and
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activation of downstream protein machinery required for the process of
myelinogenesis.
Chapter 3 is an investigation of SH3-mediated protein:protein interactions
between MBP and the non-receptor tyrosine kinase fyn both in vitro, and in cells.
We have previously shown that 18.5 kDa MBP binds to the SH3 domain of fyn, a
member of the Src family of tyrosine kinases involved in a number of signaling
pathways during CNS development. In this study, we have produced several MBP
variants specifically targeting phosphorylation sites and key structural regions of
MBP’s SH3-ligand domain. Using isothermal titration calorimetry, we have
demonstrated that, compared to the wild- type protein, these variants have lower
affinity for the SH3-domain of fyn. Moreover, over-expression of N-terminal GFPtagged versions in cultured N19 OLG result in aberrant elongation of membrane
processes and increased branching complexity, and inhibits the ability of MBP to
decrease Ca2+-influx. Co-expression of MBP with a constitutively-active form of
fyn kinase resulted in membrane process elaboration, a phenomenon that was
abolished by substitutions in MBP’s SH3-ligand domain. The significance of this
research is that interactions mediated by MBP’s SH3-ligand domain play a key role
in membrane elaboration in developing oligodendrocytes in vivo, with fyn playing
a role, and that phosphorylation of Thr92 and Thr95 can regulate this function.
This was the first study showing direct interaction of MBP with the SH3 domain of
some protein(s) in cells, in the regulation of membrane process branching and
elaboration of developing OLGs.
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Chapter 4 is a microscopy intensive investigation that highlights the
involvement of MBP with cytoskeletal proteins in N19 OLG. In this study, N19
cell cultures were stimulated with phorbol ester 12-myristate, 12-acetate and IGF-1
to induce cytoskeletal arrangement. We show that MBP redistributes to distinct
‘membrane-ruffled’ regions of the plasma membrane where it co-localizes with
actin, tubulin, and the SH3-domain-containing proteins cortactin and ZO-1.
Moreover, using phospho-specific antibody staining, we show an increase in
phosphorylated Thr98 MBP (human sequence numbering) in membrane-ruffled
OLGs. Previously, Thr98 phosphorylation of MBP has been shown to affect its
conformation, interactions with other proteins, and tethering of other proteins to
the membrane in vitro. Also, MBP and actin were co-localized in new membrane
domains, possibly focal adhesion contacts, induced by IGF-1 stimulation in cells
grown on laminin-2. This study supports a role for classic MBP isoforms in
cytoskeletal and other protein-protein interactions during membrane and
cytoskeletal remodeling in OLGs. Furthermore, this study also supports MBPs
involvement with extracellular signals at tight junctions on the cytosolic leaflet of
the OLG membrane, which may regulate cytoskeletal, signaling, and myelin
proteins.
Appendix I is a collaborative project examining the Shc adaptor proteins.
Previously, Shc adaptor proteins have been shown to function within the central
nervous system (CNS), but most of our current understanding is limited to
neuronal development, as their expression has not previously been detected in
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other cells of the CNS under normal conditions. In this study we show that ShcD,
the fourth and most recently characterized Shc protein, is present in OLGs during
mouse embryonic development but not in adulthood. Using the N19 cell culture
model of OLG differentiation, we found that ShcD expression declined throughout
differentiation, and that ectopic ShcD expression induced cells to revert to an
immature phenotype. Furthermore, ShcD promoted migration of N19 cells, and
ShcD-expressing cells enhanced the migration rate of neighboring untransfected
cells, suggesting a non-cell-autonomous mechanism.

Conditioned media from

these cells disrupted axonal migration patterns and delayed OLG maturation in
organotypic brain slice cultures, implying that ShcD signaling may initiate
secretion of soluble factors that influence CNS development. Analysis of ShcD
signaling in OLGs showed that epidermal growth factor (EGF) induced ShcD
tyrosine phosphorylation and colocalization with the activated EGF receptor, and
that ShcD expression significantly enhanced EGF-stimulated internal Ca2+ release.
These

data

reveal

an

important

function

for

ShcD

in

modulating

oligodendrogenesis, and they identify a novel signaling axis that may regulate
OLG plasticity.
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CHAPTER 2 : CLASSIC 18.5 AND 21.5 KDA ISOFORMS OF MYELIN
BASIC PROTEIN INHIBIT CALCIUM INFLUX INTO
OLIGODENDROGLIAL CELLS, IN CONTRAST TO GOLLI ISOFORMS

This work has previously been published in the Journal of Neuroscience Research:
G.S.T. Smith, P.M. Paez, V. Spreuer, C.W. Campagnoni, J.M. Boggs, A.T.
Campagnoni, G. Harauz. Classic 18.5 and 21.5 kDa isoforms of myelin basic
protein inhibit calcium influx into oligodendroglial cells, in contrast to golli
isoforms. Journal of Neuroscience Research, 89 (4), 467-480, 2011.
(doi: 10.1002/jnr.22570)
For this chapter I would like to give a special thank you to Dr. Pablo Paez who has
contributed greatly to my knowledge of calcium signaling/sensing and has been a
wonderful person and collaborator. Dr. Paez preformed the initial experiments
presented in this chapter, and later transferred his imaging skills to me in person
when I traveled to UCLA. These skills were then used throughout other chapters
in this thesis for further calcium sensing and live cell imaging experiments.
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2.1 Abstract
The myelin basic protein (MBP) family arises from different transcription
start sites of the Golli (Gene of Oligodendrocyte Lineage) complex, with further
variety generated by differential splicing. The “classic” MBP isoforms are
peripheral membrane proteins that facilitate compaction of the mature myelin
sheath, but also have multiple protein interactions. The early developmental golli
isoforms have previously been shown to promote process extension and enhance
Ca2+ influx into primary and immortalized oligodendrocyte cell lines. Here, we
have performed similar studies with the classic 18.5 and 21.5 kDa isoforms of
MBP. In contrast to golli proteins, over-expression of classic MBP isoforms
significantly reduces Ca2+ influx in the oligodendrocyte cell line N19 as well as in
primary cultures of oligodendroglial progenitor cells. Pharmacological experiments
demonstrate that this effect is mediated by voltage-operated Ca2+-channels
(VOCCs), and not by ligand-gated Ca2+-channels or Ca2+ release from intracellular
stores. The deiminated 18.5 kDa and the full-length 21.5 kDa isoforms do not
reduce Ca2+ influx as much as the unmodified 18.5 kDa isoform. However, more
efficient membrane localization (of over-expressed deiminated 18.5 kDa and 21.5
kDa isoforms of classic MBP containing the 21-nt 3’UTR transit signal) further
reduces the Ca2+ response after plasma membrane depolarization, suggesting that
binding of classic MBP isoforms to the plasma membrane is important for
modulation of Ca2+ homeostasis. Furthermore, we have found that the mature 18.5
kDa isoform expressed in oligodendrocytes co-localizes with VOCCs, particularly
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at the leading edge of extending membrane processes. In summary, our findings
suggest a key role for classic MBP proteins in regulating voltage-gated Ca2+channels at the plasma membrane of oligodendroglial cells, and thus also in
regulation of multiple developmental stages in this cell lineage.
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2.2 Introduction
The myelin basic protein (MBP) family comprises developmentallyregulated members arising from different transcription start sites of the Golli (Gene
of Oligodendrocyte Lineage) complex, with further differential splicing and
combinatorial post-translational modifications (Campagnoni et al., 1993; Givogri
et al., 2001; Pribyl et al., 1993). Golli proteins are expressed from transcription
start site 1 in myelin-producing cells (Landry et al., 1996; Landry et al., 1997;
Landry et al., 1998), but also in macrophages and T-cells of the immune system
(Feng et al., 2002; Feng et al., 2006). Golli isoforms promote process extension
and enhance potassium-induced calcium influx into primary and immortalized
(N19) oligodendrocytes (OLGs), a phenomenon dependent on plasma membrane
targeting (Paez et al., 2007).
Classic MBP isoforms arising from transcription start site 3 (which range in
size from 14 kDa to the full-length 21.5 kDa transcript, and henceforth referred to
simply as MBP for simplicity) primarily facilitate compaction of the adult central
nervous system (CNS) myelin sheath, and also interact with actin, tubulin,
calmodulin, and SH3-domain proteins (Boggs, 2006; Boggs, 2008; Harauz et al.,
2009). Classic MBP isoforms have intricate mRNA translocation and regulation
properties. It has been demonstrated by microinjection in primary OLGs that
fluorescently labeled mRNA coding for mouse 14 kDa MBP forms granules in the
cell body, that are subsequently transported through OLG extensions to areas of
compact myelin (Ainger et al., 1993; Ainger et al., 1997). This transportation and
localization of MBP mRNA depends on a minimal 21-nucleotide 3’-untranslated
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region (3’UTR). This minimal sufficient mRNA transport signal (RTS) packages
the mRNA into ‘granules’ that are trafficked in a microtubule-dependent manner to
the peripheral processes of developing OLGs (Ainger et al., 1997). The
translocation is suggested to aid in the immediate insertion of newly translated
MBP directly into the OLG plasma membrane (Hardy et al., 1996), thus targeting
the highly charged protein to the plasma membrane (Maier et al., 2008). In
contrast, although the early 21.5 kDa isoform of MBP is present in compact
myelin, it has predominantly nuclear localization within OLGs, suggesting
additional roles in the nucleus (Pedraza et al., 1997; Pedraza and Colman, 2000).
Here, we have constructed several fluorescently-tagged recombinant
versions of classic murine MBP isoforms: (1) MBP-C1 which emulates the
predominant, minimally modified 18.5 kDa C1 component of healthy myelin
(Bates et al., 2000); (2) MBP-C8 with six R/K-to-Q substitutions to mimic
deimination in the highly modified C8 component (Bates et al., 2002), which is
found in increased proportion in multiple sclerosis (MS) (Moscarello et al., 2007);
and (3) an exon-II-expressing 21.5 kDa isoform (MBP-21.5), which is expressed
earlier in development compared to the 18.5 kDa C1 and C8 isoforms. We show
here that, in contrast to golli proteins, these classic MBP isoforms significantly
decrease calcium influx into OLGs and, furthermore, that the 21-nucleotide 3’UTR
further enhances the calcium response in comparison to MBPs without this signal.
These results demonstrate that efficient transport of MBP to the OLG plasma
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membrane is dependent on its 3’UTR, and that one of the functions of classic MBP
may be to maintain constant levels of Ca2+ within the OLG cytoplasm.
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2.3 Material and methods
2.3.1 Plasmid construction
Recombinant DNA molecules or plasmids were produced using restriction
endonucleases and other enzymes provided by New England Biolabs Ltd.
(Mississauga, ON). Polymerase chain reaction (PCR) amplifications were
performed using a BioRad thermal cycler PCR system using ProofStart DNA
Polymerase (Qiagen Inc., Mississauga, ON) with the following cycling parameters:
initial denaturing temperature of 95°C for 5 min, followed by 45 cycles of 95°C for
30 s, 60°C for 30 s, 72°C for 60 s, followed by a final 4°C hold. For murine MBPRFP constructs, full-length cDNAs coding for 18.5 kDa recombinant murine
MBPC1, MBPC8, and 21.5 kDa MBP21.5 were obtained from previously
described pET22b protein over-expression vectors (Bates et al., 2002). The
MBPC1, MBPC8, and MBP21.5 variants were cloned into the pERFP-C1 vector
using BspEI and XbaI restriction sites. (n.b., The “C1” of the RFP vector
designation is not to be confused with the “C1” charge component of MBP.) The
BspEI restriction site was introduced to all three corresponding cDNAs using the
common forward primer RMBPFp1, and the XbaI site was introduced to MBPC1
and MBP21.5 using primer RMBPRp1. For MBPC8, the primer RMBPRp2 was
used. Amplified products were digested with BspEI and XbaI, and were ligated into
the pERFP-C1 vector. Next, two oligonucleotides, namely UTRFp1 and UTRRp1,
were annealed together to produce a synthetic 21-nucleotide 3’-UTR insert. To
anneal the oligonucleotides, a thermal cycler was programmed for a 1°C/min
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decreasing gradient temperature profile beginning at 94°C, and ending at 65°C,
with a final hold at 4°C. Following this annealing process, a further reaction was
used to phosphorylate the 5’ ends of the annealed complementary oligonucleotides.
Each 100 µL reaction contained: 50 µL of the annealed oligonucleotide PCR
reaction, 10 µL of 10 x T4 polynucleotide kinase buffer (New England Biolabs),
1.3 µL of 2.55 mM ATP, 2.5 µL of T4 polynucleotide kinase, and 36.2 µL ddH2O.
The resulting reaction was precipitated, purified, and ligated into constructed
pERFP-C1-MBPC1, pERFP-C1-MBPC8, and pERFP-C1-MBP21.5 constructs that
were previously digested with XhoI. (Again, the “C1” of the RFP vector is
different from the MBP “C1” charge component.) The resulting constructs were
confirmed by sequencing (Laboratory Services Division, University of Guelph,
ON). The GFP-tagged versions of these MBP isoforms were constructed by the
same procedure using the pEGFP-C1 backbone vector (Clontech, Mountain View,
CA). A complete list of all primers using for recombinant DNA construction can
be found in Table 2.1.
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Table 2.1.
Primers used from the construction of recombinant GFP- and RFP-MBP
expression vectors used throughout this study. All primers were ordered from
University of Guelph Laboratory Services Division.
Primer
RMBPRp
-1
RMBPRp
1
RMBPRp
2
UTRFp1
UTRRp1

Sequence (from 5’ to 3’)
AGAGAGAGAGATCCGGAATGGCATCACAGAAGAGACCCTC
ACA
GAATTCTAGACTCGAGGCGTCTCGCCATGGGAGATCC
GAATTCTAGACTCGAGTTGTCTCGCCATGGGAGATCC
TCGAGTAAGCCAAGGAGCCAGAGAGCATGC
TCGAGCATGCTCTCTGGCTCCTTGGCTTAC
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2.3.2 Primary cultures of cortical oligodendrocyte precursor cells
Enriched oligodendrocytes were prepared as described (Amur-Umarjee et
al., 1993). First, cerebral hemispheres from 1 day old mice were mechanically
dissociated and were plated on poly-D-lysine-coated flasks in Dulbecco´s modified
Eagle´s and Ham´s F12 medium (1:1 vol/vol) (Invitrogen Life Technologies,
Burlington, ON), containing 100 µg/mL gentamycin, and supplemented with 4
mg/mL dextrose anhydrous, 3.75 mg/mL HEPES buffer, 2.4 mg/mL sodium
bicarbonate, and 10% fetal bovine serum (FBS) (Omega Scientific). After 24 h, the
medium was changed and the cells were grown in DMEM/F12 supplemented with
insulin (5 µg/mL), transferrin (50 µg/mL), sodium selenite (30 nM), T3 (15 nM), dBiotin (10 mM), hydrocortisone (10 nM), 0.1% BSA (bovine serum albumin,
Sigma), 1% horse serum, and 1% FBS (Omega Scientific). After 9 days,
oligodendrocytes were purified from the mixed glial culture by the differential
shaking and adhesion procedure as described (Suzumura et al., 1984), and allowed
to grow on polylysine-coated coverslips in defined culture media (Agresti et al.,
1996) with added PDGF (10 ng/mL) and bFGF (10 ng/mL) (Peprotech). Twenty
four hours after plating, the cells were transiently transfected with pERFP-C1MBPC1 and pERFP-C1-MBPC8. Briefly, 1.0 µg of plasmid DNA was mixed with
LipofectamineTM 2000 (Invitrogen), and the mixture was placed on 35-mm Petri
dishes containing 80% confluent oligodendrocytes. Oligodendrocytes were then
further cultured for 48 h in defined culture media (Agresti et al., 1996) with added
PDGF (10 ng/mL) and bFGF (10 ng/mL) before being used for Ca2+ imaging
experiments.
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2.3.4 Cell line culture and transfection
Tissue culture reagents were purchased from Gibco/Invitrogen (Invitrogen
Life Technologies, Burlington, ON). The FuGene HD transfection reagent was
purchased from Roche Diagnostics (Indianapolis, IN). The N19 immortalized
oligodendroglial cell line was grown in DMEM high-glucose media supplemented
with 10% FBS (fetal bovine serum) and 1% penicillin/streptomycin, and cultured
in 10 cm plates at 34°C/5% CO2. At 70-80% confluency (4-7 days), cells were
detached using 0.25% trypsin for 5 min, and were seeded onto 2 cm plates
containing a glass coverslip. Cells were grown overnight to a confluency of 15%
prior to transfection using 100 µL serum-free media, 0.75-3.0 µg of plasmid DNA,
and 4 µL of FuGene HD. The DNA was allowed to complex for 5 min at room
temperature, and was directly added to cells following incubation. Cells were
cultured for an additional 48 h at 34°C prior to treatment, fixation, or
immunoprocessing.
2.3.5 Immunofluorescence, microscopy and image analyses
Following protein expression, untreated cells were fixed directly using 4%
formaldehyde in phosphate-buffered saline (PBS) solution for 15 min with gentle
rocking. Samples requiring immunoprocessing were permeabilized using 0.1%
vol/vol Triton X-100 for 20 min, and were subsequently washed once with 1 mL of
PBS. Slides were blocked for 1 h using 10% normal goat serum (NGS) and,
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following this incubation, the primary antibody (1:100) was added and incubated
for an additional hour. The slides were then washed three times with 1 mL PBS,
and the secondary goat anti- mouse A488 antibody (1:400 dilution) was applied for
20 min. Once again, the slides were washed four times with 1 mL of PBS, and
were mounted using ProLong Gold AntiFade reagent containing DAPI (4',6diamidino-2-phenylindole, Invitrogen). Slides were either viewed using a Leica
epifluorescent microscope (DMRA2), Olympus spinning disc confocal microscope
(IX81), or a multiphoton scanning confocal microscope (Leica TCS SP5). Images
were processed using ImageJ software (National Institutes of Heath), and were
compiled using Adobe Photoshop CS3.
2.3.6 Immunoblotting
The N19 cell cultures grown in 10 cm plates were transfected with 8 µg of
plasmid DNA encoding the various MBP isoforms. Following 48 h of expression,
cells were harvested in 400 µL of PLC (passive lytic components) lysis buffer
supplemented with fresh protease inhibitors (50 mM HEPES-NaOH, pH 7.5, 150
mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, supplemented with 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 µg/mL aprotinin,
and 10 µg/mL leupeptin). From each crude lysate, a 20 µL aliquot from each
sample was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and was transferred using a semi-dry system (Bio-Rad) to a PVDF (polyvinylidene
fluoride) membrane. The following antibodies were obtained from commercial
sources: antibody for β-actin (1:2500 dilution) (Sigma, St Louis, MO A-5316 clone
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AC-74), rabbit polyclonal anti-Cav1.2 (1:100 dilution) (Millipore Catalogue
#AB5156 against the α-subunit), rabbit IgG peroxidase conjugate (Sigma A-9169)
(1:20000

dilution).

Immunoblots

were

detected

using

an

enhanced

chemiluminescence (ECL) advance western blotting detection kit (GE Healthcare
Life Sciences).
2.3.7 Calcium imaging
Methods were similar to those described previously (Colwell, 2000; Michel
et al., 2002; Paz Soldan et al., 2003). Briefly, a cooled CCD camera (ORCA-ER;
Hamamatsu, Hamamatsu City, Japan) was added to the Olympus (Melville, NY)
spinning disc confocal microscope to measure fluorescence. To load the dye into
cells, the coverslips were washed in serum and phenol red-free DMEM, and the
cells were incubated for 45 min at 37°C, 5% CO2 in the same medium containing a
final concentration of 4 µM Fura-2 AM (TefLabs, Austin, TX) plus 0.08% pluronic
F-127 (Invitrogen), washed four times in DMEM, and stored in DMEM for 0–1 h
before being imaged (Paz Soldan et al., 2003). Resting calcium levels were made in
serum-free HBSS containing 2 mM Ca2+ but no Mg2+. Other measurements were
made in HBSS. Calcium influx and resting Ca2+ levels were measured on
individual cells, and the results were pooled from five separate coverslips
representing five separate cell preparations for each condition. The fluorescence of
Fura-2 was excited alternatively at wavelengths of 340 and 380 nm by means of a
high-speed wavelength-switching device (Lambda DG-4; Sutter Instruments,
Novato, CA). Image analysis software (SlideBook 4.1; Intelligent Imaging
41

Innovations, San Diego, CA) allowed the selection of several "regions of interest"
within the field from which measurements were taken. To minimize bleaching, the
intensity of excitation light and sampling frequency was kept as low as possible. In
these experiments, measurements were normally made once every 2 s.
2.3.8 Calibration of Ca2+ signals
Free [Ca2+] was estimated from the ratio (R) of fluorescence at 340 and 380
nm, using the following equation: [Ca2+] = Kd x slope factor x (R – Rmin)/(Rmax – R)
(Grynkiewicz et al., 1985). The Kd was assumed to be 140 nM, whereas values for
Rmin and Rmax were all determined via calibration methods. An in vitro method
(Fura-2 Ca2+ imaging calibration kit; Invitrogen) was used to estimate values. With
this method, glass coverslips were filled with a high-[Ca2+] solution (Fura-2 plus 10
mM Ca2+), a low-[Ca2+] solution (Fura-2 plus 10 mM EGTA), and a control
solution without Fura-2. Each solution also contained a dilute suspension of 15 µm
diameter polystyrene microspheres to ensure uniform coverslip/slide separation and
facilitate microscope focusing. The fluorescence (F) at 380 nm excitation of the
low-[Ca2+] solution was imaged, and the exposure of the camera was adjusted to
maximize the signal. These camera settings were then fixed, and measurements
were made with 380 and 340 nm excitation of the three solutions. Here, Rmin =
F340 nm in low-[Ca2+]/F380 in low-[Ca2+]; Rmax = F340 in high-[Ca2+]/F380 in
high-[Ca2+]; Sf = F380 in low-[Ca2+]/F380 in high-[Ca2+].
2.3.9 Statistical analysis
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Since ectopic protein expression experiments inherently result in
differential protein levels within individual cells throughout an entire cell
population, in this current study, cell cultures for calcium investigations were
transfected with the same quantity (1 µg) of each plasmid for each experiment.
Furthermore, changes in calcium levels were recorded for over 500 cells per
treatment to gather an accurate overall effect of each MBP isoform on VOCC
activity within a cell population. Data are presented as mean ± SEM (standard error
of the mean) unless noted otherwise. For the Fura-2 experiments, statistical
comparison between different experimental groups was performed by analysis of
covariance.
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2.4 Results
2.4.1 Oligodendroglial cells over-expressing classic MBP isoforms exhibit
decreased Ca2+ influx after membrane depolarization
The conditionally immortalized N19 oligodendroglial line was chosen as a
relevant stage-specific cell line to examine expression of different MBP isoforms
in tissue culture (Verity et al., 1993). This cell line stains positive for both the NG2
and A2B5 antibodies, which are markers for oligodendroglial progenitor cells
(OPCs), lacks expression of classic MBP and proteolipid mRNAs (Foster et al.,
1993), and has been successfully employed in other OLG calcium homeostasis
studies, including specifically examining the effect of golli over-expression (Fulton
et al., 2010; Jacobs et al., 2009; Paez et al., 2007).
To determine whether classic MBPs have a similar role in Ca2+ homeostasis
as golli, we first over-expressed different GFP-MBP constructs into N19 cells, and
stimulated the cells using high-[K+] at a concentration of 20 mM. Intracellular
concentrations of Ca2+ were measured in individual Fura-2-loaded cells using an
Olympus spinning disc confocal microscope equipped with calcium-imaging
software. High-[K+] was applied to the cells by a fast and local perfusion system,
and the Fura-2 ratios in selected cells were plotted with respect to the time of
stimulation (Figure 2.1A) (n.b., each line represents an analysis of a single cell).
Using this treatment, we detected a change in intracellular [Ca2+] following 6 min
of K+ treatment, and found that the N19 cells over-expressing MBP-21.5 and
MBP-C1 had significantly lower intracellular Ca2+ concentrations than the
transfected cells with unmodified GFP vector (control) (Figure 2.1A-D).
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Figure 2.1. Ca2+ uptake was stimulated in N19 cells over-expressing different GFPMBP constructs using high [K+] (20 mM). High [K+] was applied to N19 cells by a
fast and local perfusion system. The time of addition of K+-containing external
solution is indicated by the horizontal bar. Note that each trace corresponds to a
single cell. Fura-2 imaging of Ca2+ response in N19 cells transfected with
unmodified GFP vector (control) (A), MBP-21.5 (B), and MBP-C1 (C). (D) The
bar plot shows the average amplitude calculated from the responding cells (n>500
cells for each condition), expressed as percentage of change of the emission
intensities and the percentage of responding cells in each experimental group.
Values are expressed as mean ± SEM of at least four independent experiments.
*p<0.05, **p<0.01 versus cells transfected with unmodified GFP vector (control).
In contrast to golli proteins, classic MBP isoforms appeared to decrease Ca2+
uptake significantly after plasma membrane depolarization in N19 cells.
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2.4.2 The effect of MBP on N19 cell Ca2+ homeostasis is mediated through
voltage-operated Ca2+-channels
Previously, golli proteins were shown to regulate [Ca2+] in OLGs
specifically through voltage-gated calcium-channels (VOCCs) (Fulton et al., 2010;
Paez et al., 2009a). To determine if the decreased calcium levels were due to an
effect of MBP on VOCCs, we used several pharmacological agents that have been
recognized to modulate VOCCs in previous studies (Kostyuk and Krishtal, 1977;
Lansman et al., 1986). Verapamil and nifedipine are specific L-type VOCC
blockers, whereas Bay K 8644 is an L-type Ca2+ agonist that prolongs single
channel open time without affecting the close time. Here, Bay K 8644 enhanced the
amplitude of Ca2+ uptake in control cells by ~30%, but this VOCC agonist was less
effective in N19 cells over-expressing MBP-21.5 and MBP-C1, producing only a
~10% increase in the amplitude of Ca2+ uptake. These data clearly show an
inhibitory effect of classic MBP isoforms on N19 voltage-operated Ca2+-channels.
In support of this conclusion, we observed that the decreases in Fura-2 signal in
N19 cells over-expressing classic MBP isoforms were abolished in the presence of
zero [Ca2+], and were blocked by Cd2+, verapamil, and nifedipine, confirming that
these changes in intracellular Ca2+ result from MBP-mediated inhibition of Ca2+
influx via VOCCs (Figure 2.2). All together, these results indicate that overexpression of MBP modulates Ca2+ levels in N19 cells via VOCCs.
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Figure 2.2. Fura-2 imaging of Ca2+ response to 20 mM K+ in N19 cells overexpressing different GFP-MBP constructs. Decreases in Fura-2 signal in N19 cells
over-expressing classic MBPs (MBP-21.5 and MBP-C1) were abolished in the
absence of Ca2+, and were blocked by Cd2+ (10 µM), verapamil (25 µM), and
nifedipine (25 µM), confirming that these changes in intracellular [Ca2+] result
from Ca2+ influx via VOCCs. In support of this conclusion, Bay K 8644 (5 µM), an
L-type Ca2+ channel agonist, enhanced the amplitude of Ca2+ uptake. Values are
expressed as mean ± SEM of at least six independent experiments (n>500 cells for
each condition). *p<0.05, **p<0.01 versus cells transfected with unmodified GFP
vector (control).
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To examine how MBP regulates calcium homeostasis in its entirety, we
investigated the effect of several agonists that activate or block different routes that
generate Ca2+ signaling in OLGs. We performed a number of additional
stimulation experiments using glutamate, ATP, thapsigargin, and caffeine in N19
OLGs transfected with MBP-C1 and MBP-C8.
To analyze the effect of classic MBP isoforms on ligand-gated Ca2+channels, Ca2+ uptake was stimulated in N19 cells using ATP and glutamate. We
performed these experiments in either the presence or absence of extracellular
Ca2+, which allowed us to assess the participation of metabotropic and ionotropic
ATP and glutamate receptors. Oligodendrocytes can exhibit Ca2+ responses to
ATP, either through P2X receptors, which are ligand-gated, non-selective Ca2+channels; or through P2Y receptors, which are metabotropic receptors linked to Gprotein activation and to IP3-dependent Ca2+ release. Treatment of N19 cells overexpressing MBP-C1 or MBP-C8 with ATP, with or without extracellular Ca2+,
displayed no difference versus control (Figure 2.3A). Glutamate also activates
ionotropic receptors, which gate membrane ion channels permeable to Ca2+ and
metabotropic receptors, which are coupled to G-proteins. Ionotropic glutamate
receptors (i.e., AMPA/kainate) are expressed by OLGs and OPCs. Similarly to
ATP, no significant differences in intracellular Ca2+ responses between groups
were found after glutamate stimulation (Figure 2.3A). Taken together, these data
demonstrate that classic MBPs do not affect ionotropic or metabotropic glutamate
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Figure 2.3. Fura-2 imaging was employed in order to evaluate the ability of a
number of agonists to elicit a Ca2+ response in N19 cells over-expressing different
RFP-MBP constructs. The Ca2+ uptake was stimulated in control N19 cells
(transfected with unmodified RFP vector), and in N19 cells over-expressing MBPC1 and MBP-C8, using glutamate (100 µM) and ATP (100 µM) (A); and
thapsigargin (100 µM) and caffeine (2 mM) (B). The graphs show the average
amplitude calculated from the responding cells, expressed as percentage of change
of the emission intensities. Each agonist was applied for 120 s by a fast and local
perfusion system. Values are expressed as mean ± SEM of at least two independent
experiments (n>250 cells for each experimental condition).
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and ATP receptors, further supporting the notion that classic MBP modulates
calcium homeostasis via VOCCs in OLGs.
To assess Ca2+ efflux from intracellular stores, we analyzed Ca2+ responses
in N19 cells in the presence of caffeine and thapsigargin. Release of Ca2+ from
intracellular stores occurs via IP3 (inositol 1,4,5-triphosphate) or ryanodine
receptors, and Ca2+ is subsequently re-sequestered into stores via sarcoplasmicendoplasmic reticulum Ca2+-ATPases (SERCAs) (Berridge, 2004). In many cell
types, SERCA inhibition leads to elevation of cytosolic [Ca2+], secondary to
leakage of Ca2+ from stores. Thapsigargin is used to inhibit SERCA pumps in
cultured cells, and it has been demonstrated that SERCA-mediated store depletion
activates store-operated Ca2+ entry in glial cells (Simpson et al., 1997). The results
presented here show that inhibition of SERCA pumps by thapsigargin, or
ryanodine receptor activation by caffeine, evoked significant Ca2+ release from
intracellular stores in N19 cells in the presence of normal extracellular [Ca2+]
(Figure 2.3B). Our data clearly indicate that under these pharmacological
treatments, the MBP-transfected N19 cells did not demonstrate a decrease in
intracellular Ca2+ concentration compared to controls (Figure 2.3B). Additionally,
the effect of extracellular Ca2+ on caffeine and thapsigargin responses was
examined in parallel cultures by perfusion with caffeine or thapsigargin in Ca2+free medium. This procedure evoked a slow-onset transient elevation of
intracellular [Ca2+] in all groups. This response was smaller in amplitude and,
under this experimental condition, we did not find any appreciable difference
between MBP-transfected and non-transfected N19 cells (Figure 2.3B), suggesting
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that Ca2+ release from intracellular stores is not affected by the expression of
classic MBP isoforms.
In summary, we found a significant decrease in intracellular Ca2+
concentration only in cells over-expressing classic MBP isoforms depolarized with
high-[K+], indicating that the calcium changes induced by MBP expression are
mediated exclusively by the inhibition of voltage-gated Ca2+ uptake.
2.4.3 OPCs transfected with classic MBP isoforms exhibit decreased Ca2+
uptake
To confirm the notion that MBP proteins play a role in Ca2+ homeostasis in
OLGs, we transfected primary cultures of cortical OPCs with different MBP
constructs and examined the effect of depolarization with high-[K+] to induce Ca2+
uptake in the cells. As expected, the experiment showed a significant decrease in
Ca2+ influx induced by high-[K+] in cells over-expressing MBP-C1 and MBP-C8
versus control OPCs (Figure 2.4). During potassium stimulation, Bay K 8644
enhanced the amplitude of Ca2+ uptake in OPCs, but in cells over-expressing MBPC1 and MBP-C8, this VOCC agonist was significantly less effective than in
control OPCs (Figure 2.4C). In addition, we observed that the decreases in Fura-2
signal in OPCs over-expressing classic MBP isoforms were abolished in the
presence of zero [Ca2+] and were blocked by verapamil, confirming that these
changes in intracellular Ca2+ result from Ca2+ influx via VOCCs (Figure 2.4C).
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Figure 2.4. The Fura-2-based video-imaging approach was employed in order to
evaluate the ability of high [K+] to elicit a Ca2+ response in primary OPCs overexpressing different RFP-MBP constructs. (A) Two OPCs over-expressing RFPMBP-C1 (yellow arrowheads) respond with an increase in Ca2+ uptake after 7 min
of 20 mM K+ stimulation. In the untransfected control cells (yellow asterisks), the
Ca2+ transients induced by high [K+] were significantly higher. An increased Fura2 fluorescence ratio is indicated by warmer colors (going from blue to red). Scale
bar = 25 µm. (B) Fura-2 imaging of Ca2+ response in OPCs transfected with
unmodified RFP vector (control) and RFP-MBP-C1. The time of addition of K+containing external solution is indicated by the horizontal bar. Note that each trace
corresponds to a single cell. (C) Decreases in Fura-2 signal in OPCs overexpressing MBP-C1/C8 were abolished in the absence of Ca2+, and were blocked
by verapamil (25 µM). On the other hand, Bay K 8644 (5 µM) enhanced the
amplitude of Ca2+ uptake, but not if MBP was present. Values are expressed as
mean ± SEM of at least four independent experiments (n>500 cells for each
condition). **p<0.01 versus cells transfected with unmodified RFP vector
(control).
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2.4.4 The 3’ mRNA UTR is necessary for efficient membrane localization of
over-expressed MBP
Unlike golli proteins, classic MBP isoforms arising from the third transcription start
site do not possess an N-terminal myristoylation site, although they are N-terminal
acylated (reviewed in (Harauz et al., 2009; Harauz and Libich, 2009)). Deletion of
the first 45 or 110 amino acids from the N-terminus of the J37 golli has been shown
to abolish its role in calcium influx in N19 OLGs and, furthermore, a single point
mutation from Gly2Ala2 of both J37 or BG21 golli also reversed the effects of
calcium influx normally observed by golli over-expression (Feng et al., 2006; Paez
et al., 2007). These studies demonstrate that close association of the protein with
the plasma membrane is required for the enhancement of Ca2+ entry in OLGs.
Efficient transportation and localization of classic MBP mRNA into the
plasma membrane of OLGs in CNS myelin is dependent on a minimal 21nucleotide 3’-untranslated region (3’UTR) present in the mRNA transcript (Ainger
et al., 1993; Ainger et al., 1997). To evaluate the importance of this 3’UTR, we
next produced a series of RFP-MBPs containing the minimal 3’mRNA transit
signal, for comparison to those described above that lack this signal. This signal
was inserted into each plasmid directly following the termination codon of each
fusion protein. When expressed in N19 OLGs the UTR region obviously increased
the efficiency of membrane targeting and localization of MBP-C1 and MBP-C8,
although it was too low to detect when evaluating the localization of MBP-21.5
(Figure 2.5A). To illustrate further the differences in protein localization of MBP-
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Figure 2.5. Fluorescent (epifluorescent) micrographs of N19 cells 2 days posttransfection, expressing different isoforms of RFP-MBP. (A) All expression
constructs shown containing the 3’UTR sequence localize efficiently to the plasma
membrane processes, and are further distributed away from the nucleus when
compared to the constructs devoid of this RTS, although the MBP-21.5 isoform
localized primarily to the nucleus compared to its MBP-C1 and MBP-C8 isoforms.
(B) Fluorescence micrographs of N19 cells, 2 days post-transfection, coding for
two different versions of MBP-C1. Fluorescence intensity histogram for each
image compares MBP-C1 and MBP-C1-UTR, showing that MBP mRNA is
efficiently transported to the plasma membrane with the addition of the 3’UTR
transit signal. For intensity comparison, an OLG from cell cultures expressing
either MBP-C1 or MBP-C1-UTR was chosen for analysis. For each selected
micrograph, the blue line represents DAPI staining, and the red line represents
MBP. Each cell is representative of the predominant protein localization phenotype
observed in greater than 95% of transfected cells. Bar = 20 µm.
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C1 (without 3’UTR) versus MBP-C1-UTR, a graph plotting fluorescent pixel
intensity over the length of the cell was generated; it shows an increase in the
amount of localized protein present in the membrane extensions of the OLGs, and
exclusion from the nucleus when compared to DAPI counter-stain (Figure 2.5B).

2.4.5 MBPs possessing the 3’UTR further enhances Ca2+ response in N19 cells
Considering the increases in membrane localization observed by MBP
variants containing a 3’UTR, along with previous studies demonstrating that
calcium response in OLGs over-expressing golli is dependent on membrane
targeting (Paez et al., 2007), we next compared whether there were any differences
in calcium response in OLGs over-expressing classic MBPs possessing the 3’UTR
compared to the constructs devoid of this. Both the MBP-C8 and MBP-21.5
isoforms containing 3’UTRs further decreased calcium entry into OLGs, although
no difference was observed for MBP-C1 (Figure 2.6). Possibly this isoform is
already adequately expressed in the plasma membrane inhibit Ca2+ uptake
maximally.
2.4.6 VOCCs are concentrated in the extending membrane processes of N19
cells and co-localize with MBPs
Our results described above support the suggestion that the close membrane
association of MBP may modulate VOCCs by direct or indirect protein-protein
interactions. To establish the subcellular relationship between MBPs and L-type
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Figure 2.6. Fura-2 imaging of Ca2+ responses to 20 mM K+ in N19 cells,
comparing calcium response in RFP-MBP constructs with and without the 3’UTR.
The graph shows the average amplitude calculated from the responding cells,
expressed as percentage of change of the emission intensities. Values are expressed
as mean ± SEM of at least four independent experiments (n>300 cells for each
experimental condition). **p<0.01, ***p<0.001 versus cells transfected with MBP21.5 and MBP-C8 without the 3’UTR. Control: cells transfected with unmodified
RFP vector.
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Figure 2.7. Fluorescent micrographs of immunostained VOCCs in cultured N19
OLGs during different stages of cell spreading (A). The VOCCs in OLGs were
concentrated at leading edges of extending membrane processes in initially
spreading cells, compared to OLGs at more advanced stages of spreading.
Fluorescence micrographs of N19 cells, 2 days post transfection expressing
different isoforms of RFP-MBP (red) with nuclei counterstained with DAPI (blue)
(B). Cells were immunoprocessed for L-type VOCCs that were detected using a
conjugated Alexa 488 secondary antibody (green). Merged images of both MBPC1 and MBP-C8 isoforms show areas of obvious co-localization and/or
juxtaposition at the leading edge of extending membrane processes as shown in
high magnification inserts (arrows). The MBP-21.5 isoform does not show obvious
areas of co-localization with stained L-type VOCCs, compared to MBP-C1 and
MBP-C8, but it may be too low to detect in the processes. (C) Fluorescence
micrographs of N19 cell cultures over-expressing different isoforms of RFP-MBP.
Cells were immunoprocessed for L-type VOCCs that were detected using a
conjugated Alexa 488 secondary antibody (green). Cultures with N19 cells overexpressing MBP-C1, MBP-C8, or unmodified vector, show heterologous
distributions of VOCCs throughout the cell body, as well as at the distal membrane
process extensions. The N19 cells over-expressing MBP-21.5 have a reduced
distribution of VOCCs in cell processes due to RFP-MBP-21.5 (RFP not shown).
(D) Immunoblot of total protein lysate from N19 cultures transfected with various
RFP-MBP isoforms detecting the α-subunit of L-type VOCCs. Compared to
equally loaded β-actin, N19 cells over-expressing MBPs have the same expression
level of L-type VOCCs compared to cells transfected with unmodified RFP vector
(indicated by “vector”). Bar = 20 µm.
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VOCCs in OLGs, we employed a series of immunofluorescence studies,
specifically investigating L-type Ca2+-channels. Previously, using time-lapse
confocal microscopy to monitor protein concentration, golli proteins were shown
to modulate calcium influx in OLGs at golli-enriched ‘patches’ of the plasma
membrane where process retraction and extension was occurring (Paez et al.,
2007). Our immunostaining of cultured N19 OLGs showed that during cell
spreading, VOCCs were concentrated at the leading edge of extending membrane
OLG processes, and these results were consistent with previous notions of golli
and VOCC interactions (Figure 2.7A). Cells expressing MBP-C1-UTR or MBPC8-UTR showed areas of co-localization of 18.5 kDa MBP with L-type VOCCs,
particularly at the leading edge of extending membrane processes, whereas cells
expressing MBP-21.5-UTR showed no obvious areas of co-localization of 21.5
kDa MBP with L-type VOCCs (Figure 2.7B).
2.4.7 Over-expression of MBP-21.5 changes the intracellular distribution of
VOCCs in N19 cells
One notable observation when viewing OLG cultures stained for VOCCs
was that over-expression of MBP-21.5-UTR changed the cellular distribution of Ltype VOCCs in N19 OLGs as compared with MBP-C1-UTR, MBP-C8-UTR, and
control experiments (Figure 2.7C). This staining pattern was less intense in the
OLG extensions, and L-type VOCC localization was observed predominantly in
the cell body of MBP-21.5-UTR transfected cells, similar to other surrounding
cells in culture that were not transfected. The global changes observed in all N19
cells in culture exposed to MBP-21.5-UTR transfected cells suggest that the
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distribution of L-type VOCCs is potentially mediated by a soluble factor and/or
cell-cell interactions, as opposed to direct effects caused exclusively in OLGs overexpressing the protein. Alternatively, 18.5 kDa MBP may have a positive effect in
directing VOCCs to membrane processes. With a decreased staining pattern
observed in OLG processes, we performed a Western blot to determine whether
MBP-21.5-UTR was altering protein expression levels of VOCCs. Total protein
was harvested from cultures of OLGs expressing MBP isoforms, and no significant
differences in VOCC expression were observed between MBP isoforms (Figure
2.7D).
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2.5 Discussion
Myelin basic protein is required for tight compaction of the multilamellar
structure of CNS myelin, holding together the apposing cytosolic leaflets of the
oligodendrocyte membrane. Recently it has been appreciated that MBP is more
than a simple, structural scaffolding protein – it can participate in a number of
biological interactions ranging from PIP2/PIP3 sequestration, cytoskeletal actin and
tubulin polymerization and stability, Ca2+-calmodulin binding, to binding with
SH3-domain proteins (reviewed by Boggs, 2006; Harauz et al., 2009). In this
current study, we analyzed Ca2+ response in N19 and primary OPC cultures overexpressing different charge components and splice isoforms of classic MBP. The
conditionally immortalized N19 OLG cell line expresses many well-established
markers of OLGs, including Olig2, NG2, Sox2, and Sox9 (Bongarzone et al., 1996;
Byravan et al., 1994; Foster et al., 1993; Verity et al., 1993). When micro-injected
into the sub-ventricular zone (SVZ) of the developing brain of shiverer mice, N19
cells migrate and form myelin-like sheaths around the axons (Foster et al., 1995).
Using this cell line primarily, we have shown a new functional role for classic
MBP, demonstrating that it participates in calcium homeostasis in OLGs.
Furthermore, we address the physiological importance and subtleties of inherent
protein trafficking signals contained within nascent MBP mRNA.
2.5.1 MBP decreases calcium influx following plasma membrane
depolarization in oligodendroglial cells
Electrophysiological

experiments

have

shown

at

least

six

pharmacologically distinct types of VOCCs (P/Q-, L-, N-, R- and T-type) that are
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heterogeneously distributed in the rat CNS (Ishibashi et al., 1995; Snutch et al.,
1990). The regional distribution and functional roles of VOCCs in excitable cells
such as neurons have been shown to be important for neurotransmitter release and
muscle contraction (Akaike, 1997; Olivera et al., 1994; Santafe et al., 2001). More
recently, it has been shown that VOCCs, specifically L-, N-, and R-type, are also
expressed in supporting glial cells, including OLGs, and play an important role in
OPC/OLG migration and maturation (Bergles et al., 2000; Paez et al., 2007; Paez
et al., 2009a; Paez et al., 2009b; Simpson and Armstrong, 1999; Takeda et al.,
1995; Wang et al., 1996).
In contrast to the earlier developmental golli proteins (Paez et al., 2007), we
found a significant decrease in intracellular Ca2+ concentrations in N19 and OPCs
over-expressing

classic

MBP

after

plasma

membrane

depolarization,

demonstrating a negative regulation of these proteins on OLG voltage-gated Ca2+channels. Metal ions can inhibit and block VOCCs, preventing influx of calcium
into cells (Kostyuk and Krishtal, 1977; Lansman et al., 1986). Our results have
shown that Cd2+ completely inhibited the MBP-induced Ca2+ effect after high-[K+]
stimulation. Moreover, pre-treatment with verapamil or nifedipine, specific VOCC
blockers, abolished the effect of calcium reduction observed in OLGs that are overexpressing MBPs, further supporting the conclusion that classic MBP isoforms
modulate calcium influx through VOCCs.
Golli and classic MBP proteins arise from the same gene complex and are
differentially expressed throughout OLG maturation, and it is reasonable to
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propose that one of the roles of classic MBP may be to down-regulate intracellular
Ca2+ concentrations following golli expression, eventually leading to cellular
events that may promote decreased migration and augment maturation of OLGs.
Intracellular Ca2+ concentrations can be altered from a number of different
routes, and thus we examined calcium response in the presence of several agonists
to activate different mechanisms that generate Ca2+ signaling in OLGs.
Oligodendrocytes exhibit Ca2+ responses to glutamate, which activate ionotropic
receptors, that gate Ca2+ through membrane ion channels and/or metabotropic
receptors that are coupled to G-proteins (Dingledine et al., 1999). Although it has
been shown that OLGs express ionotropic glutamate receptors such as AMPA (αamino-3-hydroxyl-5-methyl-4-isoxazole-propionate) and kainate (McDonald et al.,
1998), we found no significant change in intracellular Ca2+ concentrations in
response to glutamate in N19 OLGs over-expressing classic MBPs.
Oligodendrocytes have also been shown to respond to ATP by activating
P2X and P2Y receptors, which are ligand-gated non-selective Ca2+-channels, or
metabotropic receptors that respond to G-protein activation and IP3-dependent
Ca2+ release, respectively (Khakh, 2001; Kirischuk et al., 1995; Takeda et al., 1995;
von Kukelgen and Wetter, 2000). Through these mechanisms, ATP can initially
produce an increase in Na+, triggering a secondary increase in intracellular [Ca2+]
through VOCCs. The N19 OLGs over-expressing classic MBP isoforms following
ATP treatment displayed no difference in Ca2+ concentrations versus control,
suggesting that these types of Ca2+-channels are not affected by expression of
classic MBPs. (A recent, independent study has shown binding of golli proteins to
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STIM1, the master regulator of store-operated Ca2+-channels (Walsh et al., 2010).
Walsh and colleagues 2010 propose that Golli-BG21 functions to regulate storeoperated Ca2+ influx via a direct interaction with STIM1, but the exact molecular
mechanism underlying this interaction has yet to be defined.
2.5.2 Efficient MBP membrane localization is dependent on a minimal 21-nt 3’
UTR sequence
Several studies to date have used ectopic-expression of fluorescentlytagged MBP to investigate functional properties of the protein, including subcellular localization, roles in myelination, and interactions with PIP2 in the plasma
membrane (Barbarese et al., 1988; Nawaz et al., 2009; Pedraza and Colman, 2000).
Efficient transport and local translocation of MBP mRNA to the cell plasma
membrane has been shown to depend on a minimal RTS (Ainger et al., 1997). The
MBP mRNA has been shown to contain a cis-acting element termed the A2
response factor found within this 3’UTR region, which binds to the heterogeneous
nuclear ribonucleoprotein (hnRNP), together forming ‘granules’ that are eventually
exported from the nucleus to the cytoplasm where they are trafficked to
oligodendrocyte processes in a microtubule-dependent manner (Ainger et al., 1997;
Carson and Barbarese, 2005; Munro et al., 1999).
Previous investigations examining MBP expression using constructs with
and without the presence of a 3’UTR RTS have observed indistinguishable MBP
localization (Nawaz et al., 2009). Here, we have shown both quantitatively through
arbitrary fluorescence intensity, as well as with enhanced calcium response in N19
OLGs, that this RTS plays a significant contribution towards protein localization
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and function at the plasma membrane. However, this UTR seems to play less of a
significant role in VOCC calcium regulation for the MBP-C1 component when
compared to MBP-C8 and MBP-21.5. As the least-modified form of classic MBPs,
MBP-C1 has a net charge of +19, which has been shown to associate via stronger
electrostatic interactions with the lipid membrane when compared to MBP-C8
(Bates et al., 2002; Bates et al., 2003; Musse et al., 2006). It is possible that highly
positively-charged MBP-C1 naturally associates with the membrane on the
cytosolic leaflet, and that the 3’UTR does not further enhance its interactions with
VOCCs.
2.5.3 Over-expression of MBP-21.5 changes heterologous distribution of Ltype VOCCs
We demonstrate in this study that Ca2+-channels are not evenly distributed
in the membrane of glial precursor N19 cells over-expressing MBP-21.5. Such an
uneven distribution of ion channels or receptors has been described before, e.g., for
GABA (γ-aminobutyric) receptors in Bergmann glial cells (Muller et al., 1993;
Muller and Kettenmann, 1995). It has been shown that the low-voltage-activated
Ca2+-channels are concentrated at the processes; the high-voltage-activated (Ltype) are also present in the somatic region of OPCs (Kirischuk et al., 1995). In the
present study, we found that MBP-21.5 over-expression in N19 cells resulted in
redistribution of L-type VOCCs when compared to the later developmental 18.5
kDa MBP isoform, suggesting that it may play a different role. It is also possible
that 18.5 kDa MBP may cause redistribution and enrichment of VOCCs at the
leading edge of extending processes of OLGs compared to 21.5 kDa MBP. The L-

66

type VOCC immunostaining was less intense in process extensions, and appeared
to be more concentrated at the somatic region of transfected N19 cells with MBP21.5. We assume that the glial Ca2+-channels are linked to the cytoskeleton via
linker proteins such as ankyrin or spectrin, similar to other ion channels in neurons
(Srinivasan et al., 1988). Since the interaction of classic MBP isoforms with
cytoskeletal proteins (actin and tubulin) is well known (Boggs et al., 2005; Hill et
al., 2005; Hill and Harauz, 2005), changes in cytoskeletal dynamics due to the
over-expression of MBP-21.5 could be one possible explanation for this
phenomenon. Alternatively, it is possible that the over-expression of MBP-21.5
may change the quantity of VOCCs within the plasma membrane, promoting
internalization and degradation of CaV1.2 channels resulting in decreased Ca2+
entry. A further explanation for these observed differences in sub-cellular
distribution of VOCCs is that the typical ramified morphology of N19s OLGs
could be altered by MBP-21.5 over-expression, resulting in reduced process length
and a polygonal cell shape.
2.5.4 MBPs play a key developmental role in calcium homeostasis
The results described here suggest that classic MBPs play a key role in
down-regulating Ca2+ homeostasis, in contrast to golli proteins. Recent studies
have shown that activation of PKC, which can regulate VOCC activity, may affect
both process extension and migration of OPCs (Paez et al., 2010). Along with golli
proteins, classic MBP isoforms contain numerous potential MAPK (mitogenactivated protein kinase) and PKC (protein kinase C) phosphorylation sites
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(reviewed by Harauz et al., 2009; Harauz and Libich, 2009), which may participate
directly or indirectly in complex developmental and spatial temporal regulation of
OPC migration and OLG differentiation.
Our current results suggest that over-expression of classic MBP isoforms
significantly reduces potassium-induced Ca2+ influx in OLGs, and further
extensive pharmacological and immunofluorescence experiments demonstrate that
this effect is mediated specifically by voltage-gated calcium uptake, and does not
involve Ca2+ release from intracellular stores or ligand-gated Ca2+-channels (i.e.,
glutamate/ATP). Efficient membrane localization of over-expressed classic MBP
containing the 21-nucleotide 3’UTR transit signal further reduces the Ca2+
response after plasma membrane depolarization. These data suggest that binding of
classic MBPs to the plasma membrane is important for modulating Ca2+
homeostasis in oligodendroglial cells, by regulating voltage-gated Ca2+-channels.
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CHAPTER 3 : PROLINE SUBSTITUTIONS AND THREONINE PSEUDOPHOSPHORYLATION OF THE SH3-LIGAND OF 18.5 KDA MYELIN
BASIC PROTEIN DECREASE ITS AFFINITY FOR THE FYN-SH3DOMAIN AND ALTER PROCESS DEVELOPMENT AND PROTEIN
LOCALIZATION IN OLIGODENDROCYTES

This work has previously been published in the Journal of Neuroscience Research:
G.S.T. Smith, M. De Avila, P.M. Paez, V. Spreuer, M.K.B. Wills, N. Jones, J.M.
Boggs, G. Harauz. Proline substitutions and threonine pseudo-phosphorylation in
the SH3-ligand of 18.5 kDa myelin basic protein decrease affinity for the FynSH3-domain and alter process development and protein localization in
oligodendrocytes. Journal of Neuroscience Research, 90 (1), 28-47, 2012.
(doi: 10.1002/jnr.22733)
I would like to give special thanks to Mr. Miguel De Avila who worked long days
(and many nights) optimizing the process of ITC that was used to acquire the
biophysical data regarding the binding of MBP and Fyn-SH3 in vitro. After I
constructed, and purified SH3 ligand domain substitutions of MBP for in vitro use,
Miguel purified large amounts of Fyn-SH3, determined the ITC parameters, and
performed the ITC experiments presented here in Chapter 3.
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3.1 Abstract
The developmentally regulated myelin basic proteins (MBPs), which arise
from the Golli (Gene of Oligodendrocyte Lineage) complex, are highly positivelycharged, intrinsically disordered, multifunctional proteins having several
alternatively-spliced isoforms and post-translational modifications, and play key
roles in myelin compaction. The classic 18.5 kDa MBP isoform has a proline-rich
region comprising amino acids 92-99 (murine sequence -TPRTPPPS-) that
contains a minimal SH3-ligand domain. We have previously shown that 18.5 kDa
MBP binds to several SH3-domains, including that of Fyn, a member of the Src
family of tyrosine kinases involved in a number of signaling pathways during CNS
development. In order to determine the physiological role of this binding as well as
the role of phosphorylation of Thr92 and Thr95, in the current study, we have
produced several MBP variants specifically targeting phosphorylation sites and key
structural regions of MBP’s SH3-ligand domain. Using isothermal titration
calorimetry, we have demonstrated that, compared to the wild-type protein, these
variants have lower affinity for the SH3-domain of Fyn. Moreover, overexpression of N-terminal-tagged GFP versions in cultured oligodendroglial N19
and N20.1 cell lines results in aberrant elongation of membrane processes and
increased branching complexity, and inhibits the ability of MBP to decrease Ca2+influx. Phosphorylation of Thr92 can also cause MBP to traffic to the nucleus
where it may participate in additional protein-protein interactions. Co-expression
of MBP with a constitutively-active form of Fyn kinase resulted in membrane
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process elaboration, a phenomenon that was abolished by substitutions in MBP’s
SH3-ligand domain. These results suggest that MBP’s SH3-ligand domain plays a
key role in intracellular protein interactions in vivo and may be required for proper
membrane elaboration of developing oligodendrocytes and that phosphorylation of
Thr92

and

Thr95

can
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regulate

this

function.

3.2 Introduction
Oligodendrocytes are specialized glial cells of the central nervous system
(CNS) that develop from precursor cells and migrate throughout the spinal cord
and regions of the brain during mammalian development. They extend cellular
processes that form a multilamellar insulating sheath around developing axons
(Baumann and Pham-Dinh, 2001; BUNGE et al., 1962; BUNGE, 1968). The CNS
myelin contains many essential proteins that facilitate the structure, function, and
compaction of myelin, including the developmentally-regulated myelin basic
proteins (MBPs) which arise from the Golli (Gene of Oligodendrocyte Lineage)
complex (Campagnoni et al., 1993; Fulton et al., 2010a; Givogri et al., 2001;
Jacobs et al., 2009; Pribyl et al., 1993). Although the basic proteins play a key role
in myelin compaction, they are also highly positively-charged, intrinsically
disordered

proteins

combinatorial

having

numerous

post-translational

alternatively-spliced

modifications

such

as

isoforms

and

deimination

and

phosphorylation. They also have a proline-rich region comprising amino acids
T92-S99 (murine sequence relative to 18.5 kDa form) -TPRTPPPS-, which
contains an SH3-ligand motif (Polverini et al., 2008). These properties facilitate
and regulate a variety of biological interactions with proteins such as actin, tubulin,
calmodulin, and SH3-domain proteins (reviewed in Boggs, 2006; Boggs, 2008;
Harauz et al., 2004; Harauz et al., 2009; Harauz and Libich, 2009).
Our group has extensively utilized recombinant hexahistidine-tagged
versions of ‘classic’ murine MBP isoforms, such as rmMBP-C1, which emulates
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the predominant, minimally modified 18.5 kDa C1 component of healthy myelin
(Bates et al., 2000) and 21.5 kDa MBP (Hill et al., 2005; Hill and Harauz, 2005),
which is expressed earlier in development than the 18.5-kDa isoform. Utilizing
purified recombinant murine MBPs (rmMBPs) for in vitro studies has provided
insight into MBP’s multifunctionality and its interactions with actin, tubulin, Ca2+calmodulin, and SH3-domains (Ahmed et al., 2009; Bamm et al., 2010; Boggs et
al., 2005; Boggs et al., 2011; Hill et al., 2005; Hill and Harauz, 2005;
Homchaudhuri et al., 2009; Libich and Harauz, 2008; Polverini et al., 2008).
Moreover, we have constructed GFP- and RFP-tagged and untagged versions of
MBP for cell transfection and investigation of MBP’s multifunctionality in
cultured oligodendroglial cells (Smith et al., 2010). We showed that MBP
decreased Ca2+-influx through voltage-operated Ca2+ channels (VOCC) in cultured
N19 immortalized oligodendroglial cells (OLGs) and primary oligodendroglial
progenitor cells (OPCs) (Smith et al., 2011) suggesting that MBP plays an
important role in calcium homeostasis. We also showed increased co-localization
of MBP with actin, tubulin, the SH3-domain-containing actin-remodeling protein
cortactin, and the junctional protein ZO-1 during membrane remodeling in N19OLGs (Smith et al., 2010). For the present study, we generated further variants to
examine the role of the highly-conserved central segment that encompasses the
putative SH3-ligand.
Studies using recombinant murine MBP (Bates et al., 2000; Bates et al.,
2002) have assessed the structural and binding properties of MBP to SH3-domains
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using circular dichroic spectroscopy and dot-blot microarray analyses, respectively
(Harauz and Libich, 2009; Homchaudhuri et al., 2009; Polverini et al., 2008).
Under physiological conditions, this region forms a poly-proline type II (PPII)
conformation in vitro, and MBP bound a number of SH3-domains on a microarray,
including that of Fyn. These studies also demonstrated that the PPII conformation
in aqueous solution is stabilized by the phosphorylation of Thr92 and Thr95
(murine 18.5 kDa sequence numbering), present within and/or adjacent to the
helix. Moreover, MBP was shown to bind the Fyn-SH3-domain to lipid vesicles,
and in vitro phosphorylation of MBP at Thr92 and/or Thr95 decreased this binding
(Homchaudhuri et al., 2009). Molecular dynamics simulations indicate also that
phosphorylation at these sites can alter the local conformation of the protein, and
the degree of penetration of the central membrane-anchoring segment into a lipid
bilayer (Polverini et al., 2011). We have thus proposed that this region of the
protein constitutes an important molecular switch (Bessonov et al., 2010; Harauz et
al., 2009; Harauz and Libich, 2009; Polverini et al., 2011).
Fyn is a member of the Src family of tyrosine protein specific kinases that
is primarily localized to the cytoplasmic leaflet of the OLG plasma membrane,
where it can participate in a variety of different signaling pathways via integrins
and Ras activation during CNS development (Manié et al., 1997; Resh, 1998) and
plays an important role in OLG differentiation and myelination (reviewed in
Krämer-Albers and White, 2011). Mouse knockouts for Fyn have shown
significant MBP mRNA attenuation during the most active period of
myelinogenesis (P13 and P20), resulting in hypomyelination (Lu et al., 2005). Fyn

74

has been postulated to be a key regulatory element of the myelination process that
triggers phosphorylation of hnRNPA2 (heterogeneous nuclear ribonucleoprotein
A2), responsible for efficient transport of MBP mRNA to the site of glial–neuronal
contact in developing OLGs (Laursen et al., 2011; Seiwa et al., 2000; Seiwa et al.,
2007). Additional studies examining Fyn homologues, such as Src, have shown
that members of this kinase family are implicated in diverse cellular functions
including adhesion and calcium flux (Laursen et al., 2009).
In this study, we provide further evidence for the interaction of the SH3ligand of MBP with the Fyn-SH3-domain, utilizing amino acid substituted versions
of rmMBP-C1 and biophysical approaches. We also provide evidence for a
physiological role of MBP’s SH3-ligand domain in cultured N19-OLGs. In
particular, we have constructed recombinant murine 18.5 kDa MBP variants with
Pro-to-Gly substitutions to disrupt the PXXP SH3-ligand motif, or with Thr-to-Glu
substitutions to mimic phosphorylation of Thr92 and Thr95 (Figure 3.1). Using
isothermal titration calorimetry (ITC), we show that these variants have a
decreased affinity for the Fyn-SH3-domain. Over-expression of GFP-tagged
variants in cultured N19-OLGs produced aberrant elongation of membrane
processes, increased branching complexity, and in some cases, caused the MBP to
traffic to the nucleus. Furthermore, these substitutions to the SH3-ligand-domain
inhibited the ability of MBP to decrease L-type VOCC-mediated calcium-influx.
Co-expression of MBP with a constitutively active form of Fyn kinase caused a
remarkable increase in elaboration of membrane processes and stimulated
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development of N19-OLGs. Substitutions of the SH3-ligand domain of MBP
prevented this effect, indicating that interaction of MBP with an SH3-domain
protein, most likely Fyn, is responsible for this effect. These results suggest that
MBP’s SH3-ligand domain may play a key role in interactions with signaling
proteins such as Fyn at the cytoplasmic surface of the plasma membrane that may
be required for membrane elaboration of OLGs.
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3.3 Materials and Methods
3.3.1 Plasmid construction
Previously described plasmids coding for either a GFP-tagged version of
unmodified rmMBP-C1 possessing a 3’UTR region (pEGFP-C1-rmMBPC1-UTR),
or the protein expression vector (pET22b-rmMBP-C1) were used here as template
DNAs, from which the SH3-ligand point-substituted constructs were made (Smith
et al., 2010; Smith et al., 2011). Briefly, for in vitro studies, recombinant forms of
rmMBP-C1 had point substitutions at specific sites and a C-terminal hexahistidine
tag to facilitate purification (Bates et al., 2000; Bates et al., 2002). For in cellulo
work, the MBP variants had GFP fused to the amino terminus, and the plasmid
encoded a 3’UTR to facilitate proper trafficking of the mRNA to the cell periphery
(Barbarese et al., 1999; Smith et al., 2011). For the construction of the tandemsubstituted pEGFP-C1-MBP-T92E,T95E-UTR, the construct pEGFP-C1-MBPT92E-UTR was used as template DNA for polymerase chain reactions (PCRs) to
produce this variant. A list of all mutagenic primers that were used to produce
point substitutions for these studies can be found in Table 3.1.
The PCR amplifications were performed using a BioRad thermal cycler
PCR system using Pfu Ultra Polymerase (Stratagene, CA) with the following
cycling parameters: initial denaturing temperature of 95°C for 2 min, followed by
16 cycles of 95°C for 30 s, 56°C for 30 s, 72°C for 45 s, followed by a final 4°C
hold. For small-scale plasmid DNA extractions, the Roche High Pure Plasmid
isolation kit (Roche Diagnostics, IN) was used, and positive clones were confirmed
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Table 3.1. Primers used for the construction of recombinant GFP-MBP-C1 variant
expression vectors used throughout this study. All primers were ordered from the
University of Guelph Laboratory Services Division.
Primer
ΔT92EFp
ΔT92ERp
ΔT95EFp
ΔT95ERp
ΔT92,95EFp
ΔT92,95ERp
ΔP93GFp
ΔP93GRp
ΔP96GFp
ΔP96GRp

Sequence (from 5’ to 3’)
cttcaagaacattgtggagcctcgaacaccac
gtggtgttcgaggctccacaatgttcttgaag
cattgtgacacctcgagagccacctccatcccaagg
ccttgggatggaggtggctctcgaggtgtcacaatg
cattgtggagcctcgagagccacctccatcccaag
cttgggatggaggtggctctcgaggctccacaatg
caagaacattgtgacagggcgaacaccacctccatccc
gggatggaggtggtgttcgccctgtcacaatgttcttg
gtgacacttcgaacagggcctccatccccaggg
ccctggggatggaggccctgttcgaagtgtcac
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by sequencing (Laboratory Services Division, University of Guelph, ON). For
transfection experiments requiring larger quantities of DNA, the PureLink HiPure
Plasmid Purification kit (Invitrogen Life Technologies, Burlington, ON) was used.
Other reagents used for these studies were purchased from either Thermofisher
Scientific (Unionville, ON) or Sigma-Aldrich (Oakville, ON) unless otherwise
stated.
3.3.2 Protein over-expression and purification
Plasmids (confirmed by sequencing) encoding wild-type, truncation, or
SH3-ligand variant recombinant versions of MBP were transformed into BL21CodonPlus (DE3)pLysS cells (Stratagene, La Jolla, CA), and were expressed and
purified as previously described (Bates et al., 2000; Bates et al., 2002). Throughout
these investigations, protein concentrations were quantified by measuring the
absorbance at 280 nm. The protein extinction coefficients used were as calculated
by SwissProt for protein in 6.0 M guanidine hydrochloride, 0.02 M phosphate, pH
6.5. The value was 0.667 Lg-1cm-1 for all full-length recombinant proteins. The
extinction coefficients for truncation variants rmMBP-ΔN (M0/D57-R168-LEH6),
and rmMBP-ΔC (A1-G105-H6), were 0.864 Lg-1cm-1 and 0.674 Lg-1cm-1,
respectively. Protein preparations were routinely analyzed using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with
Coomassie brilliant blue R250 (Fisher Scientific, Unionville, ON). In addition to
the full-length and truncation variants, we also used MBP peptides to study the
proline-rich region interactions through isothermal titration calorimetry. We
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expressed and purified a recombinant peptide of the proline-rich region
rmMBP(S72-S107) as described elsewhere (Bamm et al., 2011). We also evaluated
a synthetic peptide produced by AnaSpec (Fremont, CA), which spanned amino
acids (F86-G103), and which we have previously used to study the PPII
conformation of this region (Harauz and Libich, 2009; Polverini et al., 2008).
The plasmid encoding the Fyn-SH3-domain was a generous gift from Dr.
Alan Davidson (Toronto), and the protein was expressed and purified as previously
described (Maxwell and Davidson, 1998).
In some experiments, the MBP variants were co-expressed with the
following Fyn constructs that have been previously described (Cooper et al., 1986;
Nada et al., 1991): p59Fyn-K299M (which contains a mutation in its kinase
domain, and is therefore completely inactive), p59Fyn wild-type (that can exist in
both an active, or inactive state), and p59Fyn-Y527F (a C-terminal point
substitution mutant that prevents auto-inactivation, thereby allowing the kinase to
remain constitutively active).
3.3.3 Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were carried out using a
VP-ITC instrument from MicroCal (Northampton, MA). The Fyn-SH3-domain
was lyophilized and dissolved in solution (50 mM HEPES-NaOH, pH 7.5, 200 mM
NaCl) in the 0.75 - 1.2 mM concentration range, and dialyzed against the same
solution (at least two 2 L changes). After the dialysis, the protein solution was
filtered (0.22 µm pore size) and the concentration was approximated from the
absorbance at 280 nm. The protein extinction coefficient used for Fyn-SH3-domain
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was 1.982 Lg-1cm-1 (as calculated by SwissProt, for protein in 6.0 M guanidine
hydrochloride, 0.02 M phosphate, pH 6.5). All rmMBP variants were dissolved in
the same solution prior to the experiment in the concentration range of 0.05 - 0.09
mM. Samples were degassed in a Thermovac (Northampton, MA) at 29.5°C for 10
min.
The Fyn-SH3-domain solution was injected into the sample cell containing
the rmMBP wild-type or variants (rmMBP-C1, rmMBP-ΔN, rmMBP-ΔC,
rmMBP-C1-P93G,

rmMBP-C1-P96G,

rmMBP-C1-T92E,

rmMBP-C1-T95E,

rmMBP(S72-S107), and AnaSpec synthetic peptide) in the same solution. The
titrations all began with a preliminary injection of 2 µL followed by twenty-seven
10 µL injections (in the case of rmC1, rmMBP-ΔN, rmMBP-ΔC, and both
peptide titrations), or fifty-five 5 µL injections in the case of all rmMBP variants.
Following each injection, a 5 min period until the next injection allowed the
calorimeter to return to baseline thermal signal. A heat of dilution experiment was
also recorded, wherein the Fyn-SH3-domain was injected into the ITC cell filled
with solution lacking MBP. All titrations were integrated and plotted as a function
of the molar ratio in Origin 5.0 (MicroCal).
3.3.4 Cell culture and transfection
Cell lines, cell culture, transfection, and live-cell imaging were performed
as previously described (Smith et al., 2011). Tissue culture reagents were
purchased from Gibco/Invitrogen (Invitrogen Life Technologies, Burlington, ON).
The FuGene HD transfection reagent was purchased from Roche Diagnostics
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(Indianapolis, IN). The N19 and N20.1 immortalized OLG cell lines (Foster et al.,
1995; Verity et al., 1993) were grown in DMEM high-glucose media supplemented
with 10% FBS (foetal bovine serum) and 1% penicillin/streptomycin, and cultured
in 10 cm plates at 34°C/5% CO2. At 70-80% confluency (4-7 days), cells were
detached using 0.25% trypsin for 5 min. Using a haemocytometer, live cells were
counted, plated at a density of 0.5x106 cells/mL, and grown overnight in
preparation for transfection experiments. (For specific nuclear re-localization
experiments, live cells were also plated at a density of 1.5x106 cells/mL.) The
following day, the cells were transfected using 100 µL serum-free media, 2.0 µg of
plasmid DNA, and 4 µL of FuGene HD (Roche Diagnostics). The DNA was
allowed to complex for 5 min at room temperature, and was directly added to cells
following incubation. Cells were cultured for an additional 48 h at 34°C prior to
treatment, fixation, or immunoprocessing.
3.3.5 Immunofluorescence microscopy and image analyses
Following protein expression, cells were directly fixed using 4%
formaldehyde solution in phosphate-buffered saline solution (PBS) for 15 min with
gentle rocking. Samples requiring immunoprocessing were permeabilized using
0.1% v/v Triton X-100 for 20 min, and were subsequently washed once with 1 mL
of PBS. Slides were blocked for 1 h using 10% normal goat serum (NGS) and,
following this incubation, the primary antibody was added and incubated for an
additional hour. The slides were then washed three times with 1 mL PBS, and the
secondary antibody (1:400 dilution) was applied for 20 min. Once again, the slides
were washed four times with 1 mL of PBS, and were mounted using ProLong Gold
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AntiFade reagent containing 4',6-diamidino-2-phenylindole (DAPI, Invitrogen).
Slides were either viewed using a Leica epifluorescence microscope (DMRA2), or
a multiphoton scanning confocal microscope (Leica DM6000 equipped with a TCS
SP5 point scanner). Images were processed and analyzed using ImageJ software
(National Institutes of Health (http://rsb.info.nih.gov/ij/), and were compiled using
Adobe Photoshop CS3.
3.3.6 Statistical analyses
Several cell phenotypic and morphological traits including number of
processes, total area, longest process length, presence of nuclear signal, and extent
of process branching were measured for N19-OLGs expressing different MBP
SH3-ligand substitutions. For statistical analysis, a set of 30 transfected N19-OLGs
expressing MBP variant at an average level were selected, and their properties
measured and recorded. All cell morphology measurements were performed in
duplicate from two separate experiments performed on different days, producing
two sample sets (s = 2), each examining thirty cells (n = 30) for each variant. A
paired t-test (p = 0.05) was used to determine that the duplicate sample sets did not
differ significantly. Afterwards, the recorded measurements from each duplicate
were grouped into a larger sample set of n = 60. The N19-OLGs from each
experiment were then compared to one another using an ANOVA table (p = 0.05),
and the means of each variant and the SEM for each trait were determined. The
difference in means was further analyzed using the Tukey means comparison test
(p = 0.05) to determine which variants were significantly different from each other
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for each trait measured. For the Fura-2 experiments, statistical comparison between
different experimental groups was performed by analysis of covariance as
previously described (Smith et al., 2011).
3.3.7 Immunoblotting
In order to obtain sufficient material for immunoblotting, HEK293T cells
were used. The HEK293T cell cultures grown in 10 cm plates were transfected
with 5 µg of plasmid DNA coding for various MBPs. Following 48 h of
expression, cells were harvested in 200 µL of passive lytic components (PLC) lysis
buffer supplemented with fresh protease inhibitors (50 mM HEPES, pH 7.5, 150
mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, with 1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 µg/mL aprotinin, and 10
µg/mL leupeptin added immediately prior to use). From each transfection, crude
lysate was microfuged for 10 min at 13,000 rpm, and the supernatant was mixed
1:1 with 2x SDS buffer, after which 20 µL from each sample were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred using a
semi-dry system (Biorad) to a PVDF membrane. The following antibodies were
obtained from commercial sources: GFP – AB 290, Rabbit pAb, 1:1000; Cell
Signaling (Catalog # 4023) Anti-Fyn Rabbit pAb, 1:1000; glyceraldehyde
phosphate dehydrogenase (GAPDH) – ABM, ID4 GO41, mouse mAb 1:1000.
Chemiluminescence detection was performed using Millipore Luminata Crescendo
Western HRP substrate.
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3.3.8 Calcium imaging
Methods were similar to those described previously (Colwell, 2000; Michel
et al., 2002; Paz Soldan et al., 2003; Smith et al., 2011). Briefly, a cooled CCD
camera (ORCA-ER; Hamamatsu, Hamamatsu City, Japan) was added to the
Olympus (Melville, NY) spinning disc confocal microscope to measure
fluorescence intensity. To load the dye into cells, the coverslips were washed in
serum and phenol red-free DMEM, and the cells were incubated for 45 min at
37°C, 5% CO2 in the same medium containing a final concentration of 4 µM Fura-2
AM (TefLabs, Austin, TX) plus 0.08% pluronic F-127 (Invitrogen), washed four
times in DMEM, and stored in DMEM for 0–1 h before being imaged (Paz Soldan
et al., 2003). All measurements, including resting calcium levels, were made in
serum-free Hank’s buffered salt solution (HBSS) containing 2 mM Ca2+ but no
Mg2+. Calcium-influx and resting Ca2+ levels were measured on individual cells,
and the results were pooled from five separate coverslips representing five separate
cell preparations for each condition. Thus, the average effect on a population of
transfected cells was determined in order to compensate for the possibility that the
expression levels of MBP in different cells may vary. The fluorescence of Fura-2
was excited alternatively at wavelengths of 340 and 380 nm by means of a highspeed wavelength-switching device (Lambda DG-4; Sutter Instruments, Novato,
CA). Image analysis software (SlideBook 4.1; Intelligent Imaging Innovations, San
Diego, CA) allowed the selection of several regions of interest within the field
from which measurements are taken. To minimize bleaching, the intensity of
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excitation light and sampling frequency was kept as low as possible. In these
experiments, measurements were normally made once every 2 s.
3.3.9 Calibration of Ca2+ signals
The free [Ca2+] was estimated from the ratio (R) of fluorescence intensities
at 340 and 380 nm, using the following equation: [Ca2+] = Kd x slope factor x (R –
Rmin)/(Rmax – R) (Grynkiewicz et al., 1985). The Kd was assumed to be 140 nM,
whereas values for Rmin and Rmax were all determined via calibration methods. An
in vitro method (Fura-2 Ca2+ imaging calibration kit; Invitrogen) was used to
estimate values. With this method, glass coverslips were filled with a high-[Ca2+]
(Fura-2 plus 10 mM Ca2+), a low-[Ca2+] (Fura-2 plus 10 mM EGTA), and a control
solution without Fura-2. Each solution also contained a dilute suspension of 15 µm
of polystyrene microspheres to ensure uniform coverslip/slide separation and
facilitate microscope focusing. The fluorescence (F) at 380 nm excitation of the
low-[Ca2+] solution was imaged, and the exposure of the camera was adjusted to
maximize the signal. These camera settings were then fixed, and measurements
were made with 380 and 340 nm excitation of the three solutions. Here, Rmin =
(F340 in low-[Ca2+]) / (F380 in low-[Ca2+]); Rmax = (F340 in high-[Ca2+]) / (F380
in high-[Ca2+]); Sf = (F380 in low-[Ca2+]) / (F380 in high-[Ca2+]).
3.3.10 Correlation analysis
Correlation studies of GFP-MBP variants with Ca2+-influx kinetics were
done by confocal microscopy using an Olympus spinning disc confocal equipment.
Time-lapse digital images were analyzed using the Pearson's correlation coefficient
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(Rr) facility, which is provided by image analysis software (SlideBook 4.1;
Intelligent Imaging Innovations). The value of Rr ranges between –1.0 (no
correlation) and 1.0 (perfect correlation) (Manders et al., 1993).
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3.4 Results
3.4.1 Purified recombinant MBP SH3-ligand variants and terminal deletions
of MBP have reduced binding affinity for Fyn-SH3
Using isothermal titration calorimetry (ITC), we probed the interaction of
unmodified 18.5 kDa rmMBP-C1, different rmMBP-C1 point-substituted
constructs (rmMBP-C1-P93G, rmMBP-C1-P96G, rmMBP-C1-T92E, and rmMBPC1-T95E), and the deletion variants rmMBP-ΔC, rmMBP-ΔN, coding for the first
111 amino acid residues or last 121 amino acid residues, respectively, of fulllength rmMBP-C1 (176 residues including the C-terminal LEH6 tag) (Figure 3.1).
These truncation variants were previously shown to have a reduced ability to
aggregate lipid vesicles in vitro (Hill et al., 2003), and altered interactions with
calcium-activated calmodulin and cytoskeletal proteins (Hill et al., 2005; Hill and
Harauz, 2005; Libich et al., 2003). In this current study, these deletion variants are
of interest since they both possess MBP’s SH3-ligand motif. For all ITC
experiments performed here, each rmMBP protein was individually titrated against
a 9.3 kDa Fyn-SH3-domain peptide, and each titration curve presented in Figure
3.2 represents a typical curve acquired from an ITC experiment reproduced in
duplicate.
Despite the high concentration of salts added to minimize non-specific
electrostatic interactions, the ITC experiments of rmMBP-C1 with Fyn-SH3domain peptide revealed a non-traditionally shaped curve (Figure 3.2A) for an
expected 1:1 interaction between the SH3-domain and a binding target (e.g.,
(McDonald et al., 2009)). The curve showed increasing heats of titration at low
molar ratios, giving a peak heat of enthalpy (of approximately -8 kcal/mole at a 1:1
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Figure 3.1. (A) A sequence alignment of recombinant 18.5 kDa MBP variants used
for isothermal titration calorimetry. (B) A cartoon schematic of the MBP-C1 and
SH3-ligand mutagenic constructs produced for immortalized N19/N20.1-OLG cell
culture studies. GFP has been fused to the N-terminus of MBP, and specific
substitutions in MBP are numbered (murine 18.5 kDa sequence) showing the exact
sequence position.
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Figure 3.2. Isothermal titration calorimetry (ITC) of different MBP variants with
9.3 kDa Fyn-SH3 peptide: (A) rmMBP-C1 (black) and heat of dilution (red), (B)
rmMBP-C1-ΔC, (C) rmMBP-C1-ΔN, (D) rmMBP-C1-T92E, (E) rmMBP-C1T95E, (F) rmMBP-C1-P93G, (G) rmMBP-C1-P96G. A 50 mM protein solution
(50 mM HEPES-NaOH, pH 7.5, 200 mM NaCl) was titrated with a 1.2 mM
solution of Fyn-peptide at 30ºC. The top panel of each graph shows the heat
evolved from each injection of the calorimeter in microcalories/second as a
function of time. The bottom panel shows the integration of the area under each
peak to plot the heat contribution per mole of Fyn as a function of the molar ratio.
Terminal (N- and C-) truncation and SH3-ligand variant versions of MBP all show
a decreased binding affinity to the Fyn peptide.
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molar ratio) before decreasing to saturation. The observed heat produced from this
reaction was within a reasonable range for previously observed SH3-domain
protein-protein interactions (McDonald et al., 2009). Since a 1:1 molar ratio was
anticipated for the interaction between the SH3-domain and its consensus sequence
on MBP, we did not use the Origin software to approximate other thermodynamic
properties, except for the enthalpy of the titration. The enthalpy of the interaction
provides information pertaining to the strength of the interaction between the FynSH3-domain and MBP (Velazquez-Campoy et al., 2004), but due to the lack of
other parameters necessary for a full thermodynamic analysis, the association
constants could not be determined.
Unmodified rmMBP-C1 was compared to the SH3-ligand variants and the
truncation variants. The rmMBP-ΔC variant appeared to have an overall similar
binding strength for the Fyn-SH3-domain as full-length rmMBP-C1, although the
peak heat of enthalpy was not reached until a 1:1.5 molar ratio (Figure 2B). The
rmMBP-ΔN variant showed a three-fold decrease in heat of enthalpy compared to
rmMBP-C1 and rmMBP-ΔC, and also showed no change in signal at high molar
ratios, concordant with saturation (Figure 3.2C). These results were unexpected,
given that both truncated versions of MBP contain the PXXP consensus sequence
for interaction with an SH3-domain.
Furthermore, the titration of Fyn into both the synthetic AnaSpec peptide
and the longer recombinant peptide rmMBP(S72-S103) (data not shown)
demonstrate no evolution of heat when compared to the heat of dilution
experiment, suggesting that the peptides were not interacting with the Fyn-SH3-

92

domain despite the presence of the proline-rich region. These results were also
unexpected considering both peptides contained the putative SH3-ligand of MBP.
Using solution NMR spectroscopy (Libich and Harauz, 2008), we have observed
chemical shift perturbations in both binding partners that are currently under
investigation (De Avila et al., unpublished observations; De Avila et al., 2011).
However, since full-length rmMBP-C1 bound to the Fyn-SH3-domain, we
investigated the effect of substitutions of the MBP SH3-ligand domain. All purified
SH3-binding domain P93G, P96G, T92E, and T95E point-substituted variants of
MBP demonstrated a reduction in binding strength (of approximately 4 kcal/mol)
towards the Fyn-SH3-domain (Figure 3.2D-G). These results indicate that the
TPRTP segment with a PXXP motif of MBP is involved in binding the Fyn-SH3domain and that pseudo-phosphorylation of Thr92 and Thr95 in this segment
reduces binding.
3.4.2 Over-expression of SH3-ligand-variant versions of MBP-C1-UTR in
immortalized N19 and N20.1 OLG cell lines causes changes in cell morphology
We expressed GFP-tagged versions of MBP and variants with point
substitutions in its SH3-ligand motif in N19 and N20.1 OLGs in order to determine
if these substitutions, which reduces binding to the Fyn-SH3-domain, alter cell
behavior compared to wild type MBP. The immortalized N19 oligodendroglial line
is a relevant stage-specific cell line staining positive with both NG2 and A2B5
antibodies (Foster et al., 1993; Verity et al., 1993). It does not express mRNA for
MBP or proteolipid protein. N20.1-OLGs are developmentally more advanced,
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expressing mRNA for both PLP (myelin proteolipid protein) and MBP, although
the protein products from these mRNAs are not detectable by Western blotting
(Foster et al., 1993). We have used live-cell imaging of N19-OLGs to study the
influence of Golli-MBP and 18.5 kDa MBP-C1 variants on calcium homeostasis,
as well as MBP-actin and MBP-tubulin interactions during membrane remodeling
in PMA-stimulated cells (Fulton et al., 2010b; Paez et al., 2009a; Paez et al.,
2009b; Paez et al., 2009c; Smith et al., 2010; Smith et al., 2011).
A number of variants specifically targeted towards mitogen-activated
kinase (MAPK) phosphorylation sites as well as structural regions of MBP’s SH3ligand domain were generated in an N-terminal-tagged GFP version of MBP-C1UTR (Figure 3.1B). The constructs used for these experiments thus differ from the
ones used for ITC (C-terminal hexahistidine-tagged). The first variants generated,
namely MBP-C1-T92E-UTR, MBP-C1-T95E-UTR, and MBP-C1-T92E,T95EUTR were constructed to examine the effects of mimicking phosphorylation on
Thr92 and Thr95, which are established MAPK sites, and in the case of Thr95, also
a GSK-3β site (reviewed in Harauz et al., 2004; Harauz et al., 2009). Additional
variants, MBP-C1-P93G-UTR and MBP-C1-P96G-UTR, were designed to disrupt
the PXXP SH3-ligand motif, and potentially the overall left-handed PPII
conformation within that segment of MBP, by substituting glycine for proline
(Figure 3.1A, 3.1B). These proline residues represent key points of interaction
between an SH3-domain and its ligand (Polverini et al., 2008; Polverini, 2008).
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After expression of these MBP variants, phenotypic changes in cell morphology
were evaluated (Figures 3.3, 3.4). Compared to the GFP control, the wild-type
18.5 kDa MBP-C1 protein caused decreases in numbers of membrane processes
(Figure 3.4A), decreases in surface area (Figure 3.4B), increases in process length
(Figure 3.4C), and no change in amount of process branching (Figure 3.4E). The
protein was targeted primarily to the cell periphery as expected by virtue of its
3’UTR (Figure 3.4D).
When variants MBP-C1-P93G-UTR and MBP-C1-P96G-UTR were overexpressed in cultured N19-OLGs, they caused a significant increase in cell surface
area and length of process extensions compared to MBP-C1-UTR. The P96G
variant also caused an increase in branching complexity but P93G did not. When
expressed in N20.1-OLGs, similar but less-pronounced phenotypes for both
variants were observed compared with N19-OLGs (Figure 3.3B).
The N19-OLGs over-expressing MBP-C1-T95E-UTR (T95E) had an
increase in surface area, and overall length of process extensions and branching
complexity. In approximately 80% of transfected cells, MBP-C1-T95E-UTR
protein redistributed to the nucleus as compared to 10% for N19-OLGs expressing
unmodified MBP-C1-UTR (Figure 3.3A, 3.4). Over-expression of MBP-C1T92E-UTR in N19-OLGs caused similar but smaller morphological changes
relative to MBP-C1-T95E-UTR; however, nuclear localization of the protein
occurred in about 30% of the cells, in contrast to those expressing MBP-C1-UTR
and

all

other

SH3-ligand-variants
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(Figures

3.3A,

3.4D).

Figure 3.3. Fluorescence micrographs of cultured N19- and N20.1-OLG cell lines 2
days post-transfection expressing different wild-type and variant versions of GFPtagged MBP-C1-UTR (green) along with nuclei counterstained with DAPI (blue).
(A) The N19-OLGs expressing site-specific SH3-ligand variant versions of MBPC1 displayed aberrant membrane processes when compared to the GFP control. In
all of the MBP over-expression, an increase in membrane elaboration was
observed. (B) Similar results were observed in the N20.1 cell line although the
phenotypes were, overall, subtler in comparison to the N19 line. Bar = 50 µm.

96

Figure 3.4. Statistical analyses regarding morphology and protein distribution of
N19-OLGs over-expressing GFP-tagged MBP-C1-UTR and MBP-SH3-ligand
variants, and GFP control in cell culture. Histograms were generated from two
separate transfections performed on different days, and were analyzed using a
paired t-test (p = 0.05) to determine that the duplicate sample sets were not
significantly different, followed by ANOVA (p = 0.05). The difference in means
was further analyzed using the Tukey means comparison test (p = 0.05). (A) Total
number of membrane processes; (B) total surface area of cell (µm2); (C) longest
process length of cell measured from the cell nucleus using a direct tangent (µm);
(D) Percent of cells having GFP or GFP-tagged protein within the nucleus (0 =
none, 1 = present), averaged over 30 cells for each experiment; (E) extent of
process branching categorized into low (1), medium (2), or high branching (3).
Examples portraying extent of process branching are provided as fluorescence
micrographs beside the histogram in panel (E).
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When phosphorylation-mimetic C1 variants were expressed in N20.1-OLGs, these
phenotypes were also prevalent, although they were not as pronounced visually
when compared to N19-OLGs (Figure 3.3B). The tandem mutation MBP-C1T92E,T95E-UTR did not express in cultured N19-OLGs. Notably, MBP-C1-T95EUTR was statistically distinct from all other SH3-ligand variants and controls (with
the exception of MBP-C1-P96G-UTR), with respect to increases in branching
complexity, having more filopodia at the leading edge of membrane processes
(Figure 3.4E).
3.4.3 MBP-C1-T92E-UTR relocalizes to the plasma membrane and is
excluded from the nucleus in high-density N19-OLG cultures
Previous studies have shown that ectopic expression of the full-length 21.5
kDa classic MBP in HeLa cell cultures causes the protein to localize to the nucleus
at low cell confluency, and to the cytoplasm at high confluency (Pedraza et al.,
1997). These dynamic changes in nuclear trafficking were suggested to correspond
to cell-cell contact, and hypothesized to be equivalent to similar changes that take
place in OLGs during myelin maturation. Further studies using mutagenic
approaches determined that there were two separate and distinct regions within
golli and classic MBP isoforms that were responsible for their nuclear
translocation, and it was suggested that phosphorylation may play a key role in this
trafficking (Reyes and Campagnoni, 2002). We have found here that our 18.5 kDa
MBP-C1-T92E-C1 pseudo-phosphorylation variant expresses and localizes to the
nucleus of N19-OLGs (at a cell density of 0.5x106 cells/mL, grown for 48 h). To
ascertain whether the nuclear trafficking observed for MBP-C1-T92E-UTR was
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regulated by mechanisms similar to those controlling MBP-21.5 kDa, we next
performed a study at different cell confluencies of cultured N19-OLGs to see
whether MBP-C1-T92E-UTR and MBP-21.5 kDa were localized to the plasma
membrane and excluded from the nucleus under similar conditions.
Initially, we expressed MBP-21.5 kDa in N19-OLGs and examined its
localization in low- and high-density cultures after 24 and 48 hr in culture,
respectively. We found that at low-density, the protein was almost exclusively
localized to the nucleus, whereas at high-density, although MBP-21.5 kDa
continued to have nuclear localization, an increased proportion of protein was
present in the cytosol and plasma membrane (Figure 3.5A). We did not find any
significant exclusion of MBP-21.5 kDa from the nucleus as previously described in
HeLa cells; however, there was significantly more protein in the cytosol in highdensity cultures compared to low density. However, the immortalized OLGs
expressing MBP-C1-T92E-UTR showed a significantly smaller proportion of cells
with protein predominantly in the nucleus in high-density compared to low-density
cultured cells (Figure 3.5B). Previous studies with MBP-21.5 kDa were carried out
in Hela cells (Pedraza et al., 1997; Pedraza and Colman, 2000); there may be more
cell-cell contacts in those than the N19-OLGs used here, which may be necessary
for the larger changes in trafficking seen in HeLa cells.
To further assess the differential trafficking of MBP-C1-T92E-UTR
compared to unmodified MBP-C1-UTR, we performed a time-lapse experiment
following 24 h post transfection over a 4 h period. During this period, a fluorescent
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image was acquired every 6 min, and spatial protein localization within N19-OLGs
was followed. Interestingly, MBP-C1-T92E-UTR demonstrated oscillations in
protein trafficking between the nucleus, and the cytoplasm or plasma membrane
over time, which was not observed with the unmodified protein (Figure 3.5C). The
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Figure 3.5. (A) Fluorescence micrographs of cultured N19-OLGs 24 and 48 hr post
transfection expressing RFP-MBP-21.5-UTR (red) or 18.5 kDa GFP-MBP-C1T92E-UTR (green), along with nuclei counterstained with DAPI (blue). Cells were
initially plated at a density of 1.5 x 106 cells/mL prior to transfection. (Upper
panels) The subcellular distribution of MBP-21.5-UTR at 24 h, 48 h, and 72 h (not
shown) is almost the same with slightly more protein localized outside the nucleus
at 48 h than at 24 h as shown by relative intensity profiles. (Lower panels) GFPMBP-C1-T92E-UTR at the 48 h time point, with high cell density, shows a
diminution of the number of cells with fluorescent probe predominantly in the
nucleus, which we interpret to represent redistribution of the protein to the cytosol
and plasma membrane and exclusion from the nucleus, when compared to low cell
density at the 24 h time point. In the N19-OLG cultures grown to high density (48
h), there was a significant increase in cytosolic versus nuclear trafficked protein
based on fluorescent intensity profiles, when compared to the cells grown to low
density (24 h). Bar = 50 µm.
(B) Percent cells with GFP predominantly in the nucleus at the 48 h time point,
with high cell density. After transfection with GFP-MBP-C1-T92E-UTR, a
decreased percentage of the cells had fluorescent probe predominantly in the
nucleus at the 48 h time point, with high cell density, when compared to low cell
density at the 24 h time point. After transfection with MBP-21.5-UTR a similar
percentage of cells had fluorescent probe predominantly in the nucleus at 24 h and
48 h but slightly more protein was localized outside the nucleus at 48 h than at 24
h.(C) Time-lapse microscopy of GFP-MBP-C1-UTR or GFP-MBP-C1-T92E-UTR
(green), over a 4 h duration, showing oscillations in protein trafficking from the
nucleus to the cytoplasm. Images were acquired at an interval of 6 min, and white
arrowheads indicate time-points where GFP-MBP-C1-T92E-UTR fluorescence
intensity was high in the nucleus, whereas black arrowheads indicate time-points
where fluorescence intensity in the nucleus decreased when compared to previous
time-point peak intensities. Bar = 15 µm.
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frequency of oscillations was rapid, and changes in fluorescent intensity, in some
cases, could be observed during periods of less than 20 min. These data suggest
that phosphorylation of residue Thr92 of MBP may play important roles in
regulating MBP localization in OLGs, which in turn, may alter the potential
interacting protein partners and the overall function of MBP.

3.4.4 MBP co-localizes with Fyn in the membrane processes of N19-OLGs
In attempts to distinguish any effects of MBP on Fyn localization, we
immunostained for endogenous Fyn in N19-OLGs expressing MBP-C1 or SH3ligand-variant versions, and found that Fyn was co-localized with MBP in the cell
body as well as in the tips of the processes (Figure 3.6A). Furthermore, when
compared to control cells expressing GFP alone, or to untransfected cells present in
the GFP-MBP-C1-UTR-transfected cell culture, MBP-expressing N19-OLGs
demonstrated an altered distribution of Fyn within the cell body. The Fyn protein
often occurred in inclusions that, in some instances, co-localized with MBP
(Figure 3.6B). Cells expressing either type of MBP, at any overall level of
expression, seemed to have similar inclusions: in Figure 3.6A, arrowheads point to
inclusions expressing high levels of MBP, whereas arrowheads with asterisks point
to inclusions expressing less MBP. The unmodified MBP-C1-UTR and MBP SH3ligand variants all resulted in similar changes in Fyn distribution, as ascertained
visually (data not shown).
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Figure 3.6. (A) Fluorescence micrographs of cultured N19-OLGs 2 days posttransfection expressing GFP alone and GFP-tagged MBP-C1-UTR (green). Cells
were fixed and immunostained for endogenous Fyn and were detected using
secondary Alexa 594 conjugated antibodies (red) along with nuclei counterstained
with DAPI (blue). The GFP-transfected cells show a normal heterologous
distribution of Fyn within the cytoplasm and plasma membrane of N19-OLGs. (B)
Confocal laser scanning micrograph reconstructions of the same cell shown in 6A
showing that over-expression of MBP-C1-UTR co-localizes with Fyn in membrane
inclusions within the cells. Serial Z-stacks of images were sampled at every 0.3
µm, and were compiled and processed and digitally magnified using standard
routines written for NIH ImageJ software. Bar = 20 µm.
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Table 3.2. Quantification of the effect of GFP-MBP-C1 and variants on levels of
endogenous Fyn protein. HEK 293T cells were transfected at 80% confluency
using Lipofectamine 2000 to achieve robust DNA uptake and expression. Relative
amounts of the five MBP species and of Fyn were assessed by immunoblotting,
and normalized to the protein, GAPDH (glyceraldehyde phosphate
dehydrogenase). The variation of Fyn expression was as expected for such
transfection experiments, by a factor of two. The presence of GFP-tagged MBPC1-UTR, mutants P93G, P96G, T92E, T95E, and GFP alone, thus have no
significant effect on the expression of Fyn protein in these cells.

MBP variant

Ratio of endogenous Fyn relative
to GAPDH
0.8
1.1
1.7
0.9
0.8
1.8

Unmodified MBP-C1-UTR
P93G
P96G
T92E
T95E
GFP control
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To assess the impact of the recombinant wild-type and mutant forms of MBP on
the overall level of endogenous Fyn in cultured cells, we performed a Western blot
on the total lysate recovered from transiently transfected HEK 293T. Relative
densitometric quantification of band intensities revealed that Fyn expression in
cells transfected with the unmodified C1-UTR MBP and the four C1-UTR SH3ligand variants varied by a factor of two as with transfection of GFP alone (Table
3.2), within the range of variation that could be expected in such transfection
experiments, suggesting that these proteins were not differentially regulating Fyn
expression.

3.4.5 Over-expression of SH3-ligand-variant versions of MBP alters its ability
to regulate VOCC calcium-influx in N19-OLGs
Previously, we have shown that, in contrast to early developmental golli
proteins, classic MBP isoforms significantly decrease calcium-influx into N19OLGs and primary oligodendrocyte precursor cells (OPCs) (Smith et al., 2011).
This study showed that over-expression of 18.5 kDa MBP-C1-UTR decreased the
intracellular Ca2+ concentration by approximately 45% in responding cells
compared to controls. Calcium-influx via VOCCs in developing OLGs plays an
important role in process extension and retraction and cell migration both in vitro
and in vivo, and may be regulated by Src kinases such as Fyn (Crosby and Poole,
2003; Klein et al., 2002; Paez et al., 2009c; Paez et al., 2010; Strauss et al., 1997).
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Using fluorescence microscopy and immunostaining, we have demonstrated here a
three-way co-localization of MBP-C1-UTR, Fyn, and L-type VOCCs at the
cytosolic surface of the plasma membrane of N19-OLGs (Figure 3.7A, 3.7C). It
should be cautioned, however, that these results do not prove binding per se within
the cells, a point to which we return below. Following a 5 min treatment of the
phorbol ester 12-myristate-13 acetate (PMA), a potent activator of the PKC
pathway, we did not observe any change in co-localization of MBP-C1-UTR, Fyn,
and L-type VOCCs. Fura-2 based calcium imaging also revealed that site-directed
SH3-ligand point substitutions significantly reduced MBP’s ability to modulate
calcium-influx when stimulated with high-[K+], compared to unmodified MBP
(Figure 3.7B). Specifically, we have shown that these substituted variants decrease
L-type VOCC calcium-influx by only 5-30% compared to 50% for wild-type
MBP-C1-UTR. This could be due to the reduced interaction of these variants with
Fyn or other SH3-domain proteins.

107

Figure 3.7. (A) Fluorescence micrographs of cultured N19-OLGs immunostained
for endogenous Fyn (red) and L-type VOCCs (green), along with nuclear-stained
DAPI (blue). Under basal conditions (control, row 1) we observed co-localization
of Fyn and VOCCs without introduction of MBP-C1-UTR (white arrowheads).
Following a 5 min treatment with 250 nM PMA, there were no obvious changes in
co-localization between Fyn and VOCCs (PMA, row 2). Fluorescence micrographs
of cultured N19-OLGs following 48 h of MBP-C1-UTR expression (red) along
with endogenous immunostained Fyn (green) and L-type VOCCs (blue). A threeway co-localization of MBP-C1-UTR, Fyn, and L-type VOCCs at the cytosolic
surface of the plasma membrane of N19-OLGs was observed (control, row 3, white
arrowheads). Following a 5 min treatment with 250 nm PMA, there were no
obvious changes in co-localization between MBP, Fyn, and VOCCs (PMA, row 4).
(B) Fura-2 imaging of Ca2+ responses to 20 mM K+ in N19-OLGs over-expressing
MBP-C1-UTR and MBP-C1-UTR-SH3-ligand variants. The graph shows the
average amplitude calculated from the responding cells, expressed as percentage of
change of the emission intensities. Values are expressed as mean +/- SEM of at
least four independent experiments (n>100 cells for each experimental condition).
*p<0.05, **P<0.01 versus non-transfected N19-OLGs (control). (C) Relative
intensity profiles of MBP-C1-UTR, Fyn, and L-type VOCCs in unstimulated cells
(no PMA), as measured using a line segment (yellow line) from merged images in
Figure 3.7A. The histogram illustrates that Fyn and VOCCs are at the most leading
edge of the plasma membrane along with MBP. Bar = 25 µm.
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3.4.6 Co-expression of SH3-ligand-variant versions of MBP with
constitutively-active Fyn reduces membrane branching and elaboration in
contrast to unmodified MBP in N19-OLGs
Along with other Src family members, Fyn contains an important Cterminal region, which possesses both activating (Y416) and auto-inhibitory
(Y527) phosphorylation sites that regulate the activity of the kinase (Boggon and
Eck, 2004; Cooper et al., 1986). In vivo, Src kinases are phosphorylated on either
Y416 (activated state) or Y527 (inactivated state) and the inactivation of the kinase
is carried out by the Src-specific kinase Csk (Nada et al., 1991). As a membraneassociated tyrosine kinase, Fyn is an integral part of the process that triggers
phosphorylation of hnRNPA2 (heterogeneous nuclear ribonucleoprotein A2),
responsible for efficient transport of MBP mRNA to the site of glial–neuronal
contact in developing OLGs (Seiwa et al., 2000; Seiwa et al., 2007).
To examine the biological implications of Fyn:MBP binding interactions,
and their involvement in OLG development, we next performed a series of coexpression experiments using three different constructs coding for forms of Fyn of
different activity, in combination with our MBP variants, and unmodified MBP
constructs in N19-OLG cultures: (i) p59Fyn-K299M, which is completely inactive
because of a mutation in its kinase domain; (ii) p59Fyn wild-type, that can be
either active or inactive; (iii) p59Fyn-Y527F, with a C-terminal point substitution
that prevents auto-inactivation, therefore allowing the kinase to remain
constitutively active.
As expected, co-expression of MBP-C1-UTR, and all other MBP-SH3
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variants with p59Fyn-K299M in N19-OLGs, demonstrated no notable phenotypic
differences compared to those observed in Figure 3.3A. Exogenously expressed
Fyn and MBP-SH3 ligand variants still showed significant areas of co-localization
within membrane processes (Figure 3.8). Although the apparent co-localization
with Fyn of MBP variants that would be expected to bind less, due to their lower
affinity (Figure. 3.2), was puzzling, the microscopical results do not actually
indicate that the two proteins are interacting directly. When MBP-C1-UTR and
MBP-SH3 variants were co-expressed with wild-type p59Fyn, there was an
observed increase in length and number of process extensions, which was limited,
but most pronounced in N19-OLGs expressing MBP-C1-UTR. Co-expression of
MBP-C1-UTR and p59Fyn-Y527F, the constitutively active form of Fyn, caused a
notable change in cellular morphology, and the majority of cells appeared to have a
more developmentally advanced phenotype reminiscent of a mature OLG (Figure
3.8; sFigure 3.1). Moreover, MBP-SH3 variants when co–expressed with p59FynY527F did not cause these same changes in morphology when compared to MBPC1-UTR, suggesting that MBP-C1 containing an intact SH3-ligand domain is
necessary for these changes in membrane complexity and that they are mediated by
interactions between MBP’s SH3-ligand domain and some SH3-domain protein,
most likely Fyn kinase.
We compared and classified process branching complexity and found that
co-expression of MBP-C1-UTR and p59Fyn-Y527F had statistically significantly
different effects on cell morphology compared to co-expression with the other
MBP SH3-variants (Figure 3.9B). Additionally, we noted a decrease in cell
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Figure 3.8. Fluorescence micrographs of cultured N19-OLGs, 2 days posttransfection, over-expressing wild-type and different variants of GFP-tagged MBPC1-UTR (green), co-expressing different versions of wild-type (p59Fyn), inactive
(p59Fyn-K299M), or constitutively active Fyn (p59Fyn-Y527F) (red). Fyn was
immunostained and detected using secondary Alexa594-conjugated antibodies,
along with nuclei counterstained with DAPI (blue). In all cases of exogenous Fyn
expression, there was significant co-localization (but not necessarily interaction)
with MBP-C1-UTR and its site-specific SH3-ligand variant versions, particularly
at the leading edge of membrane process extensions. The N19-OLGs co-expressing
active Fyn, along with MBP-C1-UTR (asterisk) had more processes but not when
site-specific SH3-ligand variants of MBP-C1 were used. Bar = 25 µm.
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Supplemental Figure 3.1. Fluorescence micrographs of cultured N19-OLGs, 2 days
post-transfection, over-expressing different wild-type and variant versions of GFPtagged MBP-C1-UTR (green), co-expressing different versions of wild-type
(p59Fyn), inactive (p59Fyn-K299M), or constitutively active Fyn (p59Fyn-Y527F)
(red). Fyn was immunostained and detected using secondary Alexa594-conjugated
antibodies, along with nuclei counterstained with DAPI (blue). Images were
acquired using a 10X objective to capture a number of cells in a population to
demonstrate that morphological differences were consistent throughout the
population of cultured N19-OLGs.
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motility of N19-OLGs co-expressing MBP-C1-UTR and p59Fyn-Y527F when
compared to cells expressing exclusively MBP-C1-UTR, perhaps because of the
increased number of processes (Figure 3.9A).
MBP-SH3 variants were co-expressed with wild-type p59Fyn, there was an
observed increase in length and number of process extensions, which was limited,
but most pronounced in N19-OLGs expressing MBP-C1-UTR. Co-expression of
MBP-C1-UTR and p59Fyn-Y527F, the constitutively active form of Fyn, caused a
notable change in cellular morphology, and the majority of cells appeared to have a
more developmentally advanced phenotype reminiscent of a mature OLG (Figure
3.8; sFigure 3.1). Moreover, MBP-SH3 variants when co–expressed with p59FynY527F did not cause these same changes in morphology when compared to MBPC1-UTR, suggesting that MBP-C1 containing an intact SH3-ligand domain is
necessary for these changes in membrane complexity and that they are mediated by
interactions between MBP’s SH3-ligand domain and some SH3-domain protein,
most likely Fyn kinase.
We compared and classified process branching complexity and found that
co-expression of MBP-C1-UTR and p59Fyn-Y527F had statistically significantly
different effects on cell morphology compared to co-expression with the other
MBP SH3-variants (Figure 3.9B). Additionally, we noted a decrease in cell
motility of N19-OLGs co-expressing MBP-C1-UTR and p59Fyn-Y527F when
compared to cells expressing exclusively MBP-C1-UTR, perhaps because of the
increased number of processes (Figure 3.9A).
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Figure 3.9. (A) Time-lapse microscopy of N19-OLGs co-expressing MBP-C1UTR (green), with and without constitutively active Fyn (p59Fyn-Y527F) over a 9
h duration, showing differences in branching morphology and cell motility.
Individual cells were tracked and paths are provided at different points during the
time course. Bar = 50 µm. (B) Statistical analyses regarding branching complexity
of transfected N19-OLGs expressing GFP, GFP-tagged MBP-C1-UTR and variant
versions of GFP-tagged MBP-C1 (green), co-expressing constitutively active Fyn
(p59Fyn-Y527F). The degree of process branching complexity was assigned to one
of three categories: 1st order branching, 2nd order branching, or 3rd order or greater
than 3rd order branching, as depicted by the micrograph adjacent to the graphs. Bar
graphs showing number of cells, out of 150 counted, with different degrees of
branching were generated from data acquired from two separate transfections
performed on different days (s=2, n=150), and were analyzed using a paired t-test
(p = 0.05) to determine that the duplicate sample sets were not significantly
different, followed by ANOVA (p = 0.05). The difference in means was further
analyzed using the Tukey means comparison test (p = 0.05). Significant increases
in process branching complexity were observed with MBP-C1-UTR together with
active Fyn, but not with any SH3-ligand variant versions of GFP-tagged MBP-C1.
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3.5 Discussion
MBP has a PXXP motif which was predicted to be an SH3-domain ligand
(Moscarello, 1997) and shown to bind several SH3-domains on a microarray,
including that of Fyn, and to bind the Fyn SH3-domain to a lipid bilayer
(Homchaudhuri et al., 2009; Polverini et al., 2008). However, it is not known if this
association occurs in vivo. This ligand domain, T92PRTPPPS99 (murine sequence),
also contains two Thr, which are MAPK phosphorylation sites (Hirschberg et al.,
2003); Thr95 is also phosphorylated by GSK3-b (Yu and Yang, 1994). These sites
are phosphorylated in vivo in OLGs and in myelin and phosphorylation occurs in
myelinated axons in response to the nerve action potential and to extracellular
signals applied to OLGs (Atkins et al., 1999) (reviewed in Boggs, 2006; Boggs,
2008; Harauz et al., 2004; Harauz et al., 2009; Harauz and Libich, 2009). Although
phosphorylation of these sites has been shown to have some consequences for
interactions of MBP with other proteins in vitro, its effect on the functions of MBP
in vivo is not known.
The focus of this study was the physiological role of the SH3-ligand
domain of 18.5 kDa MBP, in particular its interaction with the SH3-domain of Fyn,
and physiological effects of pseudo-phosphorylation of MBP at Thr92 and Thr95
in cultured cells. The 18.5 kDa MBP has previously been shown to localize to
detergent-resistant membrane domains from bovine myelin and OLGs, which were
enriched in golli-MBP, Fyn, Lyn, MAPK, and CNP (Arvanitis et al., 2005;
DeBruin et al., 2005; Klein et al., 2002; Krämer et al., 1999). The detergent117

resistant membrane domains from myelin were enriched in the phosphorylated
isomer of MBP (DeBruin et al., 2005). MBP has been shown to tether the FynSH3-domain to a membrane in vitro, which is an interaction that weakens as MBP
decreases

in

charge

due

to

post-translational

modifications,

including

phosphorylation (Homchaudhuri et al., 2009; Polverini et al., 2008). Fyn kinase
regulates a number of signal transduction pathways in the CNS and plays an
important role in neuronal and OLG differentiation, plasticity, and survival (Klein
et al., 2002; Lu et al., 2005; Osterhout et al., 1999; Perez et al., 2009; Seiwa et al.,
2000; Seiwa et al., 2007; Sperber et al., 2001; Sperber and McMorris, 2001;
Umemori et al., 1994; Umemori et al., 1999; White et al., 2008). Fyn has been
identified as an interacting partner for the microtubule-binding protein tau in a
neuroblastoma cell line and primary OLGs (Klein et al., 2002; Krämer et al., 1999;
Lee et al., 1998). Competitive binding assays utilizing tau variants that contain its
SH3-binding motif (PXXP), but which lack the microtubule (MT)-binding region,
have demonstrated a reduction of the process number and process length in OLGs
(Klein et al., 2002). In this previous investigation, the authors speculated that these
variant versions of tau disrupted the Fyn–tau–tubulin cascade resulting in the
reduction of process number and length. Our experimental design employed the
N19 and N20.1 cell line which lack endogenous MBP and as a result, competition
of wild-type MBP does not take place with any cellular binding partners.
Therefore, any gains of phenotype observed in these immortalized, cultured OLG
lines are likely attributable to the expression of the variant version of MBP.
We first showed by ITC that the unmodified 18.5 kDa isoform of MBP

118

binds the Fyn-SH3-domain in a 1:1 ratio, although with an unusual binding curve.
To test the hypothesis that the highly-conserved TPRTP segment of MBP is
involved in binding the Fyn-SH3-domain, we have further shown that Pro-to-Gly
substitutions, and pseudo-phosphorylation of Thr92 and Thr95 in this segment,
inhibit binding. These substitutions may destroy the SH3-ligand motif and/or
disrupt the PPII conformation required for binding to an SH3-domain. Deletion of
the N- or C-terminal thirds of MBP both diminished the strength of the interaction,
but differently, even though both variants contained the putative SH3-ligand.
Synthetic and recombinant peptide fragments of MBP containing the SH3-ligand
showed no interaction detectable by ITC. Taken together, these data imply that the
interaction of 18.5 kDa MBP with the Fyn-SH3-domain requires residues upstream
or downstream from the main SH3-ligand. It has been recently shown in other
proteins that this consensus motif may require the context of other structural
regions in order to facilitate its binding to its partner SH3-domain (Stollar et al.,
2009).
A further number of MBP variants specifically targeted towards mitogenactivated kinase (MAPK) phosphorylation sites as well as structural regions of
MBP’s SH3-ligand domain were generated in an N-terminal-tagged GFP version
of MBP-C1, with an additional 3’UTR to direct mRNA trafficking. The wild type,
proline-to-glycine-substituted, and pseudo-phosphorylated versions of GFP-tagged
MBP-C1 were all individually over-expressed in both the N19 and N20.1
immortalized OLG cell lines, and phenotypic changes in cell morphology were
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evaluated. Interestingly, we found a reduction in total number of membrane
processes, cell area, and branching, but an increase in process length in N19-OLGs
expressing MBP-C1-UTR, compared to GFP alone. The MBP SH3-ligand variants
increased surface area, process length and in some instances branching when
compared to cells expressing the GFP control or unmodified MBP-C1-UTR
(Figure 3.4). This suggests that a physiological role of MBP’s association with
SH3-domain proteins is to increase process length preferentially to more complex
morphological changes. One of its SH3-domain partners in OLGs may be Fyn. Use
of Fyn variants of different activity revealed a dramatic increase in process
branching when MBP-C1-UTR was co-expressed with a constitutively active form
of Fyn, p59Fyn-Y527F. This did not occur with wild type Fyn or inactive Fyn nor
did it occur with MBP with mutations in its SH3-ligand domain. Thus active Fyn is
required for these effects and association of MBP with some SH3-domain protein,
most likely Fyn, is involved, supporting the conclusion that the interaction of
MBP’s SH3-ligand domain with SH3-domain proteins plays a physiological role in
N19-OLGs.
In addition to pseudo-phosphorylation of threonines (Thr92Glu and
Thr95Glu) having effects on cell morphology, the pseudo-phosphorylation of
Thr92 caused nuclear trafficking of MBP, with pseudo-phosphorylation of Thr95
having a much smaller effect. In fact, MBP pseudo-phosphorylated on Thr92
oscillated back and forth between the nucleus and the cytosol suggesting dynamic
changes in interactions with different binding partners. Cell-cell contact, which
may mimic membrane interactions that occur in myelin, inhibited its translocation
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to the nucleus. Phosphorylation of MBP at these sites has previously been
speculated to modulate the trafficking of MBP to the nucleus (Reyes and
Campagnoni, 2002). In particular, it was shown that PMA stimulation, which may
have resulted in phosphorylation of the full-length classic 21.5 kDa transcript at
some unknown site, inhibited its nuclear translocation in HeLa cells (Pedraza et al.,
1997). Here, however, the opposite effect was observed with the 18.5 kDa isoform
pseudo-phosphorylated at T92, but not T95, in an immortalized OLG cell line.
The in vitro phosphorylation of 18.5 kDa MBP by MAPK at Thr92 and/or
Thr95 was shown previously to decrease the MBP-mediated bundling of actin
microfilaments and decrease the binding of actin microfilaments, microtubules,
and the Fyn-SH3-domain to lipid bilayers, although it had little effect on MBP’s
ability to bind to actin filaments, microtubules or Fyn-SH3 in aqueous solution in
vitro (Boggs et al., 2006; Boggs et al., 2011; Homchaudhuri et al., 2009; Polverini
et al., 2008). These inhibitory effects on the ability of MBP to tether these proteins
to a membrane surface are probably at least partly due to charge repulsion of the
negatively charged proteins from the negatively charged membrane surface due to
less effective charge neutralization by modified MBP. Molecular dynamics
simulations have suggested that local perturbations in conformation and in degree
of membrane penetration may also occur as a result of these modifications
(Polverini et al., 2011).
Modifications to the MBP SH3-ligand domain also inhibited the ability of
MBP to decrease Ca2+-influx through VOCC indicating that interactions of MBP
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with some SH3-domain proteins such as Fyn are also responsible for its ability to
modulate intracellular Ca2+ concentrations. It has become increasingly clear that
calcium regulation via VOCCs in developing OLGs plays an important role in
process extension and retraction and cell migration both in vitro and in vivo, and
can modulate these functions through the activation of multiple kinase pathways
such as PKA and PKC (Paez et al., 2009c; Paez et al., 2010). Fyn kinase can be
activated by PKC and is associated at signaling platforms along with tau and αtubulin of OLG processes, and has been shown to be an important factor in
initiating the recruitment and rearrangement of cytoskeletal components to the site
of process outgrowth (Crosby and Poole, 2003; Klein et al., 2002). Microinjection
of pp60c-src, a closely related tyrosine kinase of Fyn, into cultured rat retinal
epithelial cells has been shown to regulate L-type VOCCs in an additive manner,
as detected by whole-cell patch clamp techniques (Strauss et al., 1997). All in all,
there are multiple levels of regulation of VOCC and Fyn kinase activity that can be
operative.
Phosphorylation of MBP may inhibit the ability of MBP to decrease Ca2+influx through decreased binding of MBP to SH3-domain proteins or through other
mechanisms. Changes in intracellular Ca2+ concentration in addition to changes in
tethering of the cytoskeleton to the membrane may be involved in the changes in
cell morphology following phosphorylation of MBP. Taken together, the new data
presented here suggest that association of MBP with SH3-domain proteins, such as
Fyn, and phosphorylation of MBP at Thr92 and Thr95, by MAP kinases and/or
others such as glycogen synthase kinase (Boggs et al., 2008), may play important
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physiological roles in regulation of OLG intracellular Ca2+ concentration and cell
process development. It is reasonable to suggest, then, that MBP may recruit Fyn
from the cytosol, and tether it to the plasma membrane where it may facilitate
phosphorylation of multiple protein targets responsible for cytoskeletal regulation
and/or assembly (cf., Homchaudhuri et al., 2009). Taken as a whole, these
interactions between Fyn and MBP at the cytoplasmic leaflet of N19-OLGs may
reflect essential developmentally regulated cues in vivo, which in turn, are
responsible for membrane elaboration and cytoplasmic ensheathment by OLGs in
the CNS.
Although MBP is produced in OLG processes in situ in the brain only as
they begin to ensheathe the axon (Barbarese et al., 1999; Butt et al., 1997),
significant membrane production and process development still must occur before
the axon is fully myelinated. Therefore, we suggest that MBP may fulfill these
other functions at that time, before it becomes sequestered in compact myelin
(Harauz et al., 2009).
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CHAPTER 4: 18.5-KDA AND 21.5-KDA MYELIN BASIC PROTEIN
ISOFORMS ASSOCIATE WITH CYTOSKELETAL AND SH3-DOMAIN
PROTEINS IN THE IMMORTALIZED N19-OLIGODENDROGLIAL
CELL LINE STIMULATED BY PHORBOL ESTER AND IGF-1

This work has been summarized and has been accepted for publication in
Neurochemical Research:
G.S.T. Smith, L. Homchaudhuri, J.M. Boggs, G. Harauz. Classic 18.5 and 21.5
kDa myelin basic protein associate with cytoskeletal actin and tubulin in
membrane ruffles phorbol ester-stimulated oligodendrocytes. In press.
I would like to give special thanks to Dr. Lopamudra Homchaudhuri who
performed and analyzed the TIRF experiments presented here in Chapter 4. Dr.
Homchaudhuri has been a great collaborator, and has been very generous with her
time when working from Sick Kids Hospital at Toronto.
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4.1 Abstract
The 18.5-kDa classic myelin basic protein (MBP) is an intrinsically
disordered protein arising from the Golli (Genes of Oligodendrocyte Lineage) gene
complex and is responsible for compaction of the myelin sheath in the central
nervous system. This MBP splice isoform also has a plethora of post-translational
modifications

including

phosphorylation,

deimination,

methylation,

and

deamidation, thus reducing its overall net charge, and altering its protein and lipid
associations within oligodendrocytes (OLGs). It was originally thought that MBP
was simply a structural component of myelin; however, additional investigations
have demonstrated that MBP is multi-functional, having numerous protein-protein
interactions with Ca2+-calmodulin, actin, tubulin, and proteins with SH3-domains,
and it can tether these proteins to a lipid membrane in vitro. Here, we have
examined cytoskeletal interactions of classic 18.5-kDa MBP, in vivo, using early
developmental N19-OLGs transfected with fluorescently-tagged MBP, actin,
tubulin, and zonula occludens 1 (ZO-1). We show that MBP redistributes to
distinct ‘membrane-ruffled’ regions of the plasma membrane where it co-localizes
with actin and tubulin, and with the SH3-domain-containing proteins cortactin and
ZO-1, when stimulated with PMA, a potent activator of the protein kinase C
pathway. Moreover, using phospho-specific antibody staining, we show an
increase in phosphorylated Thr98 MBP (human sequence numbering) in
membrane-ruffled OLGs. Previously, Thr98 phosphorylation of MBP has been
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shown to affect its conformation, interactions with other proteins, and tethering of
other proteins to the membrane in vitro. Here, MBP and actin were also colocalized in new focal adhesion contacts induced by IGF-1 stimulation in cells
grown on laminin-2. This study supports a role for classic MBP isoforms in
cytoskeletal and other protein-protein interactions during membrane and
cytoskeletal remodeling in OLGs.
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4.2 Introduction
Oligodendrocytes (OLGs) are the myelinating cells in the central nervous
system (CNS). In nearly all vertebrates, mature OLGs extend membrane processes,
which concentrically wrap segments of the axon forming the multilamellar
structure of myelin during late foetal and early postnatal stages (Baumann and
Pham-Dinh 2001; Sherman and Brophy, 2005; Bradl and Lassmann, 2010; Miron
et al., 2010; Sobottka et al., 2011; Aggarwal et al., 2011) The CNS myelin,
although mostly composed of lipids, possesses many fundamental proteins which
are essential for proper structural and functional integrity of the sheath (reviewed
by Fulton et al., 2010). Among these essential proteins are the myelin basic
proteins (MBPs) (Boggs, 2006; Fitzner et al,. 2006; Boggs, 2008; Harauz and
Libich, 2009; Harauz et al 2009; Aggarwal et al., 2011) a family composed of
developmentally regulated members arising from different transcription start sites
of the Golli (Gene of Oligodendrocyte Lineage) complex, with further
alternatively-spliced isoforms and combinatorial post-translational modifications
(Givogri et al., 2001). ‘Classic’ MBP isoforms arise from transcription start site 3
and range in size from 14 kDa to the full-length 21.5-kDa transcript. They also
undergo combinatorial post-translational modifications including phosphorylation
and deimination of arginine, resulting in changes to net charge (Harauz and Libich,
2009). They adapt structurally and bind to a variety of different polyanionic
proteins such as actin and tubulin, and also have been shown to have other
important interactions with calmodulin and SH3-domain proteins such as Fyn
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kinase, the actin-polymerizing protein cortactin, and PSD-95 (presynaptic density
protein 95) (Boggs, 2006; Boggs, 2008; Harauz and Libich, 2009; Harauz et al.,
2009; Harauz et al., 2004; Poverini et al., 2008; Bamm et al., 2010; Bamm et al.,
2011) Although PSD-95, a membrane-associated guanylate kinase (MAGUK), is
not known to be present in OLGs, its SH3-domain has 57% similarity to that of the
MAGUK ZO-1 (zonula occludens 1) (Willot et al., 2003), which is present in
OLGs and in peripheral myelin (Li et al., 2004; Penes et al., 2005;Alanne et al
2009).
Investigations have shown that all MBPs including the 18.5-kDa isoform
can polymerize and bundle G-actin and F-actin in solution, and bind actin
filaments and bundles to lipid vesicles (Bamm et al., 2011; Boggs et al., 2005; Hill
et al., 2005a; Boggs and Rangaraj 2000; Boggs et al., 2011). Moreover, purified
recombinant and bovine sources of MBP have been demonstrated to polymerize
and bundle tubulin in vitro (Hill et al., 2005b), and to bind them to actin filaments
and to lipid vesicles (Boggs et al., 2011). Classic MBP has also been shown to
stabilize microtubules from depolymerizing in the cold in vitro, and in cultured
OLGs (Pirollet et al., 1992; Galiano et al., 2006). In cultured OLGs isolated from
the shiverer mutant mouse, in which MBP is lacking, the microtubules and actin
filaments were abnormal in size and distribution, and production of processes and
membrane sheets was abnormal (Dyer et al., 1995). These studies support an
important role for interaction of MBP with the cytoskeleton in OLG development
and myelination (Richter-Landsberg, 2001; Richter-Landsberg, 2008; Bauer et al
2009). The 18.5-kDa MBP splice isoform has also been shown to bind the SH3-
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domain of Fyn to lipid vesicles, (Homchaudhuri et al., 2009). To date, these in
vitro biochemical techniques have added to our understanding of MBP’s
interactions with other proteins in vitro. However, there have been limited
investigations performed to examine these protein-protein interactions within
living cells and their physiological role, although we have shown recently that
MBP transfected into immortalized N19-OLG cells was co-localized with Fyn
(Smith et al., 2012). The co-localization was dependent on the integrity of the SH3domain ligand in MBP, as has also been demonstrated for their interaction in vitro
by solution NMR spectroscopy (De Avila et al., 2011).
Here, we treat N19-OLG cells with the phorbol ester phorbol-12-myristate
13-acetate (PMA) and with IGF-1 to induce cytoskeletal rearrangement to examine
the interactions between MBP and the cytoskeletal proteins actin and tubulin, and
the SH3-domain proteins, cortactin and ZO-1, in cells. The N19-OLGs were
transfected with fluorescently-tagged recombinant versions of classic murine 18.5kDa and 21.5-kDa MBP isoforms, as well as the pseudo-deiminated form MBP-C8
with six R/K-to-Q substitutions to mimic the deiminated 18.5-kDa C8 charge
component (Bates et al., 2002).
Using both fixed and live cells, we have found that the two different
recombinant 18.5-kDa charge components (MBP-C1, the unmodified form, and
MBP-C8, the pseudo-deiminated form), and the full-length 21.5-kDa form, of
classic MBP become enriched in distinct membrane-ruffled regions at the cell
cortex and associate with β- and γ-actin, cortactin, α-tubulin, and ZO-1 following
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PMA-stimulation. The MBP-C1 variant was also co-localized with actin and
possibly in newly forming focal adhesion contacts induced by IGF-1 in cells grown
on the extracellular matrix protein, laminin-2. These active areas of membrane
ruffling and focal adhesion are areas of dynamic cytoskeletal assembly and
disassembly. These results demonstrate that MBP may participate in and/or
mediate cytoskeletal protein-protein interactions during membrane and cytoskeletal
remodeling in OLGs (Boggs, 2006; Fitzner et al., 2006; Boggs, 2008; Harauz et al.,
2009).
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4.3 Materials and Methods
4.3.1 Plasmid construction
We constructed plasmids coding for RFP-tagged versions of classic MBP
variants possessing a 3’UTR (untranslated region) namely, pERFP-C1-rmMBPC1UTR, pERFP-C1-rmMBPC8-UTR, and pERFP-C1-rmMBP21.5-UTR, which were
used throughout these investigations, and which have been previously described in
detail (Smith et al., 2011). (Note that the “C1” of the RFP vector designation is not
to be confused with the “C1” charge component of MBP, the latter which will be
the primary meaning throughout this paper.)
The pAcGFP1-α-tubulin vector was purchased from Clontech (Mountain
View, CA), whereas GFP-tagged β- and γ-actin were constructed using
recombinant DNA techniques. The pAcUW51 expression vector containing fulllength templates for β- and γ-actin were a kind gift from Dr. John Dawson
(University of Guelph), and restriction enzymes and reagents were purchased from
New England Biolabs (Mississauga, ON), Fisher Scientific (Nepean, ON, Canada),
and Stratagene (La Jolla, CA). Full-length β- and γ-actin DNA was amplified using
a common reverse primer ActRp 5’-ATATGGATCCTCAGAAGCACTTGCGG3’ and the primers β-ActFp 5’- ATATCTCGAGATGGATGACGATATC-3’ and
γ-ActFp 5’-ATATCTCGAGATGGAAGAAGAAATCG-3’ for β- and γ-actin
DNA, respectively. Polymerase chain reaction (PCR) amplifications were
performed using a BioRad thermal cycler PCR system using Pfu Ultra Polymerase
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(Stratagene, CA) with the following cycling parameters: initial denaturing
temperature of 95°C for 2 min, followed by 45 cycles of 95°C for 30 s, 60°C for 30
s, 72°C for 60 s, followed by a final 4°C hold. These primers introduced XhoI and
BamHI restriction sites to the 5’ and 3’ ends of both amplified products, which
were subsequently digested with corresponding enzymes and ligated into the
pEGFP-C3 vector to produce pEGFP-C3-β-actin and pEGFP-C3-γ-actin.
For small-scale plasmid DNA extractions, the Roche High Pure Plasmid
isolation kit (Roche Diagnostics, IN) was used, and positive clones were confirmed
by restriction digests and sequencing (Laboratory Services, Guelph, ON). For
transfection experiments requiring larger quantities of DNA, the PureLink HiPure
Plasmid Purification kit (Invitrogen Life Technologies, Burlington, ON) was used.
Other remaining reagents used for these studies were purchased from SigmaAldrich unless otherwise stated.
The pGEX2T-ZO-1-SH3 plasmid, coding for amino acids 496-579 which
encompass the SH3-domain of ZO-1 linked to GST, was a kind gift from Dr. Maria
Balda (University College London, UK) (Li et al., 2004). The pGFP-ZO-1 plasmid
encoding full-length ZO-1 fused to GFP was a kind gift from Dr. Heidi WunderliAllenspach (Institute of Pharmaceutical Sciences, ETH-Zürich) (Reisen et al.,
2002).

4.3.2 GST purifications and binding assays
The pGEX2T-ZO-1-SH3 plasmid (encoding amino acids 496-579
encompassing the SH3-domain of ZO-1 linked to GST) and pGEX2T-empty
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plasmid vectors were transformed and were expressed in E. coli BL21CodonPlus(DE3)-RP cells (Stratagene, La Jolla, CA) containing appropriate
antibiotics. A 10 mL overnight culture grown at 37°C was back-diluted the next
day into 1 L of 2xYT (yeast-tryptone) media containing appropriate antibiotics.
These new cultures were induced with 1 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) at an A600nm~0.7–0.8, and were grown for an additional 3 h. Cells were
harvested by centrifugation, and the pellet was frozen at -20°C, and was
subsequently resuspended in 25 mL lysis buffer (300 mM NaCl, 50 mM TRIS
base, 5% glycerol, 1 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM benzamidine), containing 0.3% v/v sodium lauroyl sarcosinate. The
lysis buffer containing the cell pellet was homogenized and stirred at 4°C for 1 h,
and was subsequently centrifuged at 15,000 x g prior to loading on a preequilibrated 4 mL bead volume column packed with glutathione-Sepharose beads
(GE Healthcare Life Sciences, Montréal, QC). Crude lysate was loaded onto the
column and was washed with 45 mL of lysis buffer (without sodium lauroyl
sarcosinate), and was then eluted in 7 mL of 40 mM glutathione resuspended in
ddH2O. Eluted purified protein was dialyzed twice against a 2 L volume of ddH2O
at 4°C using tubing with a Mr cutoff of 6000-8000 Da. The final product was
filtered through a 0.45 µm membrane (Pall Life Sciences, Mississauga, ON),
frozen, and was lyophilized prior to experimentation.
The

hexahistidine-tagged

recombinant

murine

18.5

kDa

isomer

representing the unmodified C1 charge component (rmMBP-C1) was expressed
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and purified by nickel-chelation chromatography as described before, with minor
modifications (Bates et al., 2000).
For GST-pull-down assays, both GST and GST-ZO-1-SH3 were
resuspended in phosphate-buffered saline (PBS) at similar concentrations, and 0.7
mg and 0.1 mg of each protein, respectively, were added to a slurry (100 µL) of
pre-equilibrated glutathione-Sepharose beads, respectively. A 7-fold decreased
amount of GST-ZO-1-SH3 was used compared to GST, to illustrate further the
higher binding affinity of 18.5-kDa MBP (viz., rmMBP-C1) to ZO-1-SH3. This
mixture was incubated with 100 µg of MBP for 2 h at 4°C, and was then washed 5
times with 1 mL PBS. The protein complexes were eluted from the beads using 35
µL of 40 mM glutathione resuspended in ddH2O. Equal volumes (17.5 µL) from
each reaction were analyzed using SDS-PAGE (SDS-polyacrylamide gel
electrophoresis) and Coomassie blue staining.
4.3.3 Cell line culture and transfection
Tissue culture reagents were purchased from Gibco/Invitrogen (Invitrogen
Life Technologies, Burlington, ON). The FuGene HD transfection reagent was
purchased from Roche (Roche Diagnostics, IN). The N19 immortalized
oligodendroglial cell line was grown in high-glucose Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS (foetal bovine serum) and 1%
penicillin/streptomycin, and cultured in 10 cm plates at 34°C/5% CO2. At 70-80%
confluency (4-7 days), cells were detached using 0.25% trypsin for 5 min, and
were seeded onto 2 cm plates containing a glass coverslip. Cells were grown
overnight to a confluency of 15% prior to transfection using 100 µL serum-free
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media, 0.75-3.0 µg of plasmid DNA, and 4 µL of FuGene HD (Roche Diagnostics,
IN). The DNA was allowed to complex for 5 min at room temperature, and was
directly added to cells following incubation. Cells were cultured for an additional
48 h at 34°C prior to treatment, fixation, or immunoprocessing.
4.3.4 Immunofluorescence, epifluorescence, and confocal microscopy and
image analyses
Following protein expression and treatment with reagents, cells were
directly fixed using a 4% formaldehyde solution in PBS for 15 min with gentle
rocking, or used for live-cell imaging as described below. For induction of
membrane ruffles, PMA - an agonist of protein kinase C (PKC) - was used. The
PMA was added to a final concentration of 250 nM, and cells were incubated for 5
min with gentle rocking. Following incubation, cells were fixed and mounted as
previously described (Smith et al., 2011). Samples requiring immunoprocessing
were permeabilized using 0.1% v/v Triton X-100 for 20 min, and were
subsequently washed once with 1 mL of PBS. Slides were blocked for 1 h using
10% normal goat serum (NGS) and, following this incubation, the primary
antibody was added and incubated for an additional hour. The slides were then
washed three times with 1 mL PBS, and the secondary antibody (1:400 dilution)
was applied for 20 min. Once again, the slides were washed four times with 1 mL
of PBS, and were mounted using ProLong Gold AntiFade reagent containing 4',6diamidino-2-phenylindole (DAPI, Invitrogen). Slides were viewed using either a
Leica epifluorescence microscope (DMRA2), or a multiphoton scanning confocal
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microscope (Leica DM6000 TCS SP5). Images were processed and analyzed using
ImageJ software (National Institutes of Health - NIH, http://rsb.info.nih.gov/ij/),
and were compiled using Adobe Photoshop CS3. The following antibodies were
obtained from commercial sources: rabbit polyclonal anti-cortactin (1:10 dilution)
(Cell Signaling technology Cat#3502), mouse monoclonal anti-phospho-Thr97
(1:400 dilution) (Millipore). For three-dimensional digital reconstructions, image
sets of 0.3 µm optical serial sections of individual cells expressing both MBP and
other transfected proteins were acquired using a Leica DM6000 TCS SP5
microscope and digital reconstruction for three-dimensional images was performed
using NIH ImageJ software (Guilal, 1994; Zhu et al., 1994).
4.3.5 Live-cell imaging
For imaging live samples, similar procedures for cell culture and
transfection were employed as previously described, with the following
modifications. Standard glass coverslips were substituted with #1.5-25 mm glass
coverslips (Warner Instruments, CT) and were transferred to a Chamlide CMB
magnetic culture chamber (Quorum Technologies, Guelph, ON). Cultures were
grown in phenol-free DMEM high-glucose media, supplemented with 10% FBS
and 1% penicillin/streptomycin at 34°C/5% CO2. Cells were imaged using a
Quorum WaveFX spinning disc microscope, and PMA-induced membrane ruffling
was stimulated after establishing a steady baseline. Images were acquired at 10 s
intervals and, following acquisition, images were processed and analyzed using
standard routines written for NIH ImageJ software. Images and movies
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demonstrating co-localization for the red and green channels show co-localization
as yellow or white false-colored pixels.
For TIRF microscopy, cells were grown on round glass coverslips (#1.5-18
mm, Warner Instruments). Transfected cells were treated with 250 nM PMA as
above. For treatment with IGF-1, the coverslips were acid-washed and coated with
poly-L-Lysine (30-70 kDa, Sigma) by overnight incubation in a 0.10 mg/mL
solution of poly-L-Lysine HBr in PBS at room temperature. They were then rinsed
with sterile water and air-dried. The coverslips were further treated with laminin-2
by incubation in a 10 mg/mL laminin-2 solution for 3-4 h in an incubator set at
37oC with 5% CO2 (Galvin et al., 2010). The laminin-2 (derived from human
placenta, Sigma) was supplied as a concentrated solution in 50 mM TRIS buffer at
pH 7.4, and was diluted to the required concentration in PBS. Following treatment
with laminin-2, the coverslips were rinsed with sterile water and were then seeded
with N19 cells. Cells were co-transfected 24 h later with RFP-MBP and b-actinGFP plasmids, respectively, as described above.
Transfected cells were imaged by TIRF microscopy before and after
addition of 250 nM PMA or 50 ng/mL IGF-1 to the cells on the microscope stage
at 34˚C. The IGF-1 solution was prepared by initially dissolving the protein
desiccate in water to a concentration of 1 mg/mL, and then diluting it to a working
concentration of 10 mg/mL (in 50 mM TRIS buffer, pH 8, containing 0.1% bovine
serum albumin (BSA)). The TIRF microscope images of live cells were acquired
with an Olympus IX81 inverted microscope equipped with an objective-based
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motorized cellTIRF illuminator (Olympus) coupled with 491 nm and 568 nm lasers.
The motorized cellTIRF illuminator allows a smooth transition from epifluorescence
to TIRF mode, and enables control over parameters used for obtaining TIRF
illumination. The critical angle required for TIRF was achieved by off-the-axis
illumination of the lasers at the back focal plane of a high numerical aperture
(1.49) 60X objective (Olympus). The cells were illuminated at an angle (66.86o)
exceeding the critical angle (63.86o) for the coverslip-cell interface used. Images
were recorded as 16-bit grayscale, with no binning and no averaging, and were of
dimensions 512x512 pixels. The images were acquired with a cooled highquantum-efficiency EMCCD (Quant EM:512SC) camera using the image
acquisition software Metamorph (Version 7.7).
Time-lapse TIRF images with exposure times less than 50 ms were
recorded prior to, immediately after, and at 5 min intervals up to 20 min after
addition of 250 nM PMA, or 50 ng/mL IGF-1, while maintaining the cells at 34oC
(ambient temperature for the cells). The acquired images were analyzed with
ImageJ software. Correlation analysis was done by comparison of the intensity
values due to RFP-MBP and β-actin-GFP along a line drawn across a region where
changes in their distribution occurred after PMA or IGF-1 treatment.
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4.4 Results
4.4.1 Classic 18.5-kDa and 21.5-kDa MBP isoforms localize to membraneruffled regions of N19-OLGs and co-localize with β- and γ-actin following
stimulation with PMA and IGF-1
The conditionally-immortalized N19 oligodendroglial line was chosen as a
relevant stage-specific cell line to investigate MBP-cytoskeletal interactions in
tissue culture (Verity et al., 1993). This cell line stains positive for both the NG2
and A2B5 antibodies, which are markers for oligodendroglial progenitor cells
(OPCs), ut lacks expression of classic MBP and proteolipid protein mRNAs
(Foster et al., 1993). This cell line has previously been used to examine the effects
of apotransferrin over-expression on OLG differentiation, elaboration of neurite
cell processes in co-culture with neurons, and more recently, the effects of golli
and classic MBP over-expression on calcium homeostasis and cell migration
(Fulton et al., 2010; Smith et al., 2011; Paez et al., 2007; Jacobs et al., 2009; Perez
et al., 2009). The interaction of classic MBP with SH3-domain-containing proteins
such as Fyn has also been studied in N19 cells. We have demonstrated that
disruption and/or pseudo-phosphorylation of the SH3-ligand in MBP has
significant effects on cell morphology, and on the trafficking of the MBP protein
(Smith et al., 2012). We first co-expressed and examined RFP-MBPs, and GFPtagged versions of β- and γ-actin, to assess their localization in N19-OLGs under
basal conditions, with no stimulation. All MBP constructs had a 3’UTR to facilitate
proper intracellular targeting (Smith et al., 2011; Ainger et al., 1997; Carson et al.,
2008). The classic MBP variants that were compared here were those representing
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the unmodified 18.5-kDa charge component C1, the pseudo-deiminated 18.5-kDa
charge component C8, and the full-length 21.5 kDa transcript containing exonII
(classic exon numbering), that we have previously used (Smith et al., 2012; Smith
et al., 2011).
Under basal conditions following 48 h of expression, 18.5-kDa MBP-C1
and MBP-C8 variants show some areas of co-localization with actin along the
extending membrane processes, and within clustered regions of vesicle-like
structures throughout the peri-nuclear region and cell soma (Figure 4.1A). The
21.5-kDa MBP isoform is predominantly in the nucleus, as observed previously
(Smith et al., 2011; Carson et al., 2008; Pedrada et al., 1997). Overall, the
morphology and phenotype of the N19-OLGs appeared to be similar to those of the
non-transfected neighboring cells when viewed by phase contrast microscopy (not
shown), indicating that the co-expression of both tagged-proteins was not cytotoxic
and did not cause changes in cell phenotype.
Next, we treated the cells with PMA, an agonist of protein kinase C (PKC),
to stimulate reorganization of the cytoskeleton in N19-OLGs expressing RFPtagged variants (charge components and splice isoforms) of MBP. Such PMAinduced membrane ruffling has been employed in other investigations, which have
demonstrated its ability to change the properties and appearance of the plasma
membrane and rearrangement of the actin cytoskeleton in OLGs and other cells
(Liu et al., 2003; deCampli et al. 1999; Stariha et al., 1997). In this study,
membranous protrusions or ruffles were seen immediately on introducing PMA
into the cell medium, and often but not always disappeared within a few minutes
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(see below). Here, when N19-OLGs were exposed to a 5 min treatment of PMA at
a final concentration of 250 nM, we found that MBPs were enriched in the dorsal
and cortical membrane ruffles of the OLG plasma membranes (Figure 4.2A). The
PMA-treatment induced redistribution of some of the 21.5-kDa MBP from the
nucleus to the cytosol where it also was enriched in membrane ruffles (Figures
4.1B, 4.2A). Previously, we have observed that the full-length classic 21.5-kDa
MBP is predominantly nuclear-localized (cf., (Smith et al., 2012; Smith et al.,
2011)), so its translocation to the cytosol observed here is a novel observation.
The PMA-stimulation of PKC in primary OLGs has been shown to result in
activation of mitogen-activated protein kinase (MAPK) (Stariha et al., 1997).
Using a phospho-specific antibody toward Thr98 (human 18.5-kDa sequence;
bovine Thr97; murine Thr95) of MBP, an identified MAPK (Erickson et al., 1990)
and GSK-3β (Yu and Yang, 1994) phosphorylation site, we found that there was an
overall increase in Thr98-phosphorylated MBP-C1 in PMA-stimulated N19-OLGs,
including at ruffling sites (Figure 4.2B).
The PMA treatment induced a significant increase in co-localization of all
MBP variants with β- and γ-actin in both cortical and dorsal membrane ruffles in
N19-OLGs (Figure 4.1B, Figures 4.S1, 4.S2). We also observed a reduced
number of actin stress fibers in N19-OLGs following PMA treatment due to
cytoskeletal reorganization. These results are supported by time lapse live-cell
imaging over a 12 min time course following treatment with PMA (Figure 4.3).
The cells responded rapidly following
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Figure 4.1. Fluorescence micrographs of cultured N19-OLGs 2 days posttransfection expressing different classic RFP-tagged MBP variants (red), and GFPtagged versions of β- and γ-actin (green) with nuclei counterstained with DAPI
(blue). (A) As a control, untreated cells were fixed and viewed prior to experiments
with PMA to assess that co-expression of these proteins did not have any effects on
cell morphology. (B) The N19-OLGs 2 days post-transfection expressing different
variants of classic RFP-MBP isoforms (red) along with either GFP-β-actin or GFPγ-actin (green), following a 5 min stimulation using PMA, with nuclei
counterstained with DAPI (blue). The merged images of stimulated N19-OLG cells
expressing classic RFP-MBP variants, and GFP-β-actin or GFP-γ-actin isoforms,
show areas of obvious co-localization within membrane-ruffled regions around the
cell cortex, and on the dorsal surfaces of the N19-OLGs (insets). Scale bar = 20
µm.
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Figure 4.2. Fluorescence micrographs of cultured N19-OLGs 2 days posttransfection expressing different variants of RFP-MBP isoforms (red), following a
5 min stimulation using PMA, with nuclei counterstained with DAPI (blue).
Differential interference images are also provided for each fluorescent micrograph
shown in panel (A). (A) The N19-OLGs display membrane-ruffled regions at the
cell cortex (arrowheads) as well as dorsal membrane regions that are enriched in all
MBP variants. (B) The N19-OLGs immunostained using a phosphoThr98-specific
antibody, and an AlexaFluor488-conjugated secondary antibody (green), show an
increased quantity of phosphoThr98 MBP-C1 with enrichment at ruffles. Similar
results were observed for the MBP-C8 and MBP-21.5 variants (data not shown).
Scale bar = 20 µm.
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Supplementary Figure 4.1. Fluorescent intensity profile analyses of RFP-MBP-C1UTR (red) within membrane-ruffled regions of N19-OLGs when compared to βactin, γ-actin, α-tubulin, and the SH3-domain-containing proteins cortactin and
ZO-1 following 5 min stimulation with PMA. Areas in dashed squares are shown
magnified on the right. The yellow lines in each image indicate the area within the
ruffled regions that was examined for intensity. Increases in co-localization of
MBP with cytoskeletal proteins can be observed for each treatment as indicated by
the intensity profiles. Identical observations were observed with RFP-MBP-C8UTR and RFP-MBP-21.5-UTR (not shown). Scale bar = 20 µm.
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Supplementary Figure 4.2. Three-dimensional reconstructions of 0.3 µm serial
images of N19-OLGs treated with PMA, demonstrating an enrichment of RFPMBP-C1-UTR (red) in membrane-ruffled regions when compared to β-actin, γactin, α-tubulin, and the SH3-domain-containing proteins cortactin and ZO-1,
following a 5 min stimulation using PMA. Increases in co-localization of MBP and
these cytoskeletal proteins can be observed along ruffled membrane edges (yellow,
white arrowheads) of OLGs compared to GFP alone. Images for each PMAstimulation of MBP are provided from both a vertical and angular perspective to
help distinguish structural changes of the ruffled plasma membrane. Scale bar = 20
µm.
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Figure 4.3. (A) Fluorescence micrographs of cultured N19-OLGs expressing RFPMBP-C1 (red) and GFP-β-actin (green), following PKC stimulation by PMA.
Images shown are still frames from a time-lapse series for every 30 s following
treatment. Arrowheads in each channel show areas of obvious co-localization of
MBP and actin. (B) Merged data obtained from time-lapse following PKC
stimulation by PMA. Time-course images were acquired at 30 s intervals following
treatment; highlighted pixels (white arrowheads) show areas of obvious colocalization of MBP and β-actin. Scale bar = 5 µm.
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treatment, and membrane processes and ruffles enriched in MBP and actin
extended and retracted, suggesting dynamic changes in polymerization and
depolymerization within membrane-ruffled regions at the periphery of the cell and
throughout the cell body. Using routines written for NIH ImageJ software, MBP
and β-actin were shown to be co-localized within newly forming ruffles (Figure
4.3B).
We also examined the interaction of MBP-21.5-kDa with β-actin following
treatment with PMA. The MBP-21.5-kDa isoform also significantly co-localized
with actin in membrane-ruffled regions, and also within areas of the cell
undergoing rapid actin polymerization and depolymerization following treatment
with PMA (Figure 4.1B).
TIRF microscopy of live cells was next used to look for coordinated
changes in the distribution of β-actin-GFP and 18.5-kDa RFP-MBP-C1-UTR at the
cell membrane after exposing cells to 250 nM PMA to induce membrane ruffling
or process formation, or 50 ng/mL IGF-1 to induce formation of focal adhesion
contacts to laminin-2 (Feldman et al., 1997; Cheng et al., 2000). The advantage of
using TIRF microscopy is its superior optical sectioning capability (of the order of
100 nm) as compared to that afforded by a confocal microscope (~600 nm). For
this reason, this technique has found widespread use in the study of membrane and
cytoskeletal dynamics, protein trafficking, and endo- and exocytosis (Manneville,
2006; Grigoriev and Akhmanova, 2006; Webb et al., 2009). In TIRF microscopy, a
very thin section of the cell membrane closest to the glass coverslip is excited with
147

a weak evanescent beam generated by critical angle illumination of a laser beam
with respect to the interface between the glass coverslip and the cell. This
evanescent beam penetrates a short distance beyond the interface (theoretically 70300 nm) and decays exponentially with distance from it. This property allows
selective excitation of fluorophores in the region close to the interface and is,
therefore, useful for studying cytoskeletal changes occurring at the adherent cell
membrane.
Cells were imaged prior to introducing 250 nM PMA, immediately after,
and 5 min after. Membranous protrusions or ruffles were seen immediately on
introducing PMA into the cell medium (Figures 4.4). These membranous
protrusions were transient in most cases, disappearing within 5 min of introducing
PMA (Compare Figure 4.4 A,B and D,E and J,K with M,N). In some cases,
however, they persisted (compare Figure 4.4 M,N and P,Q). Since all major
changes occurred within 5 minutes of introducing PMA, images acquired beyond 5
min are not shown. Since ruffling is associated with reorganization of the actin
cytoskeleton, the acquired images were analyzed to determine changes in the
distribution of β-actin and 18.5-kDa MBP-C1. Correlation analysis of the images
was carried out using ImageJ software, focusing on the regions showing changes in
the distribution of MBP-GFP and β-actin-RFP. In cell #1 (Figures 4.4A-I), the
transient appearance of membrane ruffles was associated with the immediate
appearance of a peak in the intensity traces corresponding to both β-actin and 18.5-
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Figure 4.4. Live-cell TIRF images at 34°C of N19 cells co-expressing β-actin-GFP
(A,D,E,J,M,P) and 18.5-kDa RFP-MBP-C1 (B,Q,H,K,N,Q) before and after
addition of 250 nM PMA. Panels (A-I) and (J-R) represent images of two different
cells. Cells were imaged before and after addition of 250 nM PMA. Images were
analyzed using ImageJ software to detect localization of β-actin-GFP and RFPMBP-C1 in membranous protrusions or ruffles following PMA treatment. Panels
(A, B, J, K) correspond to images acquired before addition of PMA; panels (D, E,
M, N) correspond to images of the same cells obtained immediately after addition
of PMA; panels (G, H, P, Q) were acquired 5 min after addition of PMA. Panels
(C, F, I, L, O, R) show intensities due to 18.5-kDa RFP-MBP-C1 (red) and β-actinGFP (green) measured along a line traced across the region of interest in each cell.
Normalized intensities were used in panels (L, O, R) to overcome the marked
difference in signal intensities of the two expressed proteins in this cell. Scale bar =
30 µm.
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kDa MBP-C1 (Figure 4.4F). In cell #2 (Figures 4.4J-R), production of ruffles was
marked by the immediate appearance of two peaks in the intensity trace (Figure
4.4O) corresponding to both actin and MBP-C1, whose localization in the ruffles
was strongly correlated following PMA treatment. These peaks persisted for at
least 5 min (Figure 4.4R).
Insulin-like growth factor 1 (IGF-1) is a neurotrophic factor in the CNS that
acts through both autocrine and paracrine signaling (Galvin et al., 2010). IGF-1
increases cell motility, membrane ruffling, and focal adhesion contacts to
extracellular matrix proteins through rapid reorganization of the cytoskeleton in
neuronal and glial cells (Feldman et al., 1997; Cheng et al., 2000). It has been
shown to enhance differentiation of primary OLGs when the cells were grown on a
laminin-2 substrate via laminin-dystroglycan interactions (Galvin et al., 2010).
Signaling changes were maximal within 20 mins of IGF-1 treatment (ibid.).
To stimulate focal adhesion contacts and cytoskeletal reorganization at the
adherent membrane surface, N19 cells co-expressing β-actin-GFP and 18.5-kDa
RFP-MBP-C1 were grown on laminin-2-coated coverslips and stimulated with 50
ng/mL IGF-1. Following exposure to IGF-1 cells showed changes in the
distribution of β-actin-GFP and 18.5-kDa RFP-MBP-C1 as revealed by new peaks
of β-actin-GFP and RFP-MBP-C1 intensity at certain locations in the cells
(compare Figures 4.5 F with C and O with H),
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Figure 4.5. Live-cell TIRF images at 34°C of N19-OLGs co-expressing b-actinGFP (A,D,G,J,M,P) and 18.5-kDa RFP-MBP-C1 (B,E,H,K,N,Q) grown on a
laminin-2 substrate. Panels (A-I) and (J-R) represent images of two different cells.
Cells were treated with IGF-1 to measure localization of the two expressed proteins
in membranous extensions. The images were analyzed with ImageJ software.
Panels (A, B, J, K) correspond to images obtained before addition of 50 ng/mL
IGF-1; panels (D, E, M, N) were measured immediately after introducing IGF-1;
panels (G, H, P, Q) were obtained 20 min after introducing IGF-1. Panels (C, F, I,
L, O, R) depict intensities due to 18.5-kDa RFP-MBP-C1 (red) and β-actin-GFP
(green) measured along a line traced across the region of interest in each cell. Scale
bar = 30 µm.
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The changes occurred immediately on introducing IGF-1 and many persisted to the
end of the measurements, viz., 20 min (Figures 4.5). Correlation analysis of the
images by ImageJ software showed that the new peaks of β-actin-GFP and RFPMBP-C1 intensity that appeared and disappeared with time were strongly
correlated with each other after IGF-1 treatment (Figures 4.5F,I, and 4.5O,R).
These increases in co-localization of 18.5-kDa MBP-C1 with actin during
cytoskeletal rearrangement suggest that classic MBP isoforms may have direct or
indirect interactions with actin in OLGs, supporting conclusions derived from in
vitro studies. They indicate that MBP is actively recruited and enriched within
membrane-ruffled and focal adhesion contact regions where it is likely to
participate along with actin during membrane remodeling.
4.4.2 MBPs co-localize with the actin-binding protein cortactin in PMAstimulated N19-OLGs
The 18.5-kDa isoform of MBP binds to the SH3-domain of the actinbinding protein cortactin (Polverini et al., 2008). Here, we immunostained PMAstimulated N19-OLGs for cortactin, to examine whether it is complexed in the
membrane-ruffled structures along with MBP and actin. In control cells
untransfected with MBP constructs, cortactin had a heterogeneous, punctate
distribution in unstimulated cells, whereas it showed increased fluorescence in
ruffling regions of PMA-stimulated N19-OLGs (Figure 4.6A, Figures 4.S1, 4.S2).
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Figure 4.6. (A) N19-OLGs showing a cortactin immunostaining (green), with
nuclei counterstained with DAPI (blue). In untreated N19-OLGs, cortactin
appeared to have a heterogeneous punctate distribution, compared to PMAstimulated cells that showed increased fluorescence intensity within membraneruffled regions. Images are provided at different magnifications to illustrate the
global changes for multiple cells in culture (upper panels, 20x), as well as at higher
magnification to visualize individual cells (lower panels, 40x). (B) N19-OLGs
transfected with different classic RFP-MBP variants (red) and cortactin (green)
before and 5 min after stimulation using PMA, with nuclei counterstained with
DAPI (blue). Cortactin showed significant co-localization of cortactin with MBPC1, MBP-C8, and MBP-21.5 variants within membrane-ruffled regions,
specifically at the leading edge of membrane processes (inset). Scale bar = 20 µm.
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Cortactin is known to play a role in regulation of actin dynamics in cell
lamellipodia and ruffles (Ammer and Weed, 2008). Here, N19 cells overexpressing classic MBP variants, and stimulated with PMA, showed significant
increases in co-localization of MBP with cortactin within membrane-ruffled
regions around the cortex of the plasma membrane (Figure 4.6B, Figures 4.S1,
4.S2). The minimally sufficient region of MBP for actin polymerization is
contained in a short amino terminal region, amino acids A24-K58 (human 18.5kDa sequence numbering, murine A22-K56) (Bamm et al., 2010; Bamm et al.,
2011). The co-localization of classic MBP with cortactin observed here suggests
that, in addition to interactions of MBP with actin via its N-terminal region, its
SH3-binding domain may mediate further protein-protein interactions with actin
remodeling proteins, such as cortactin, that may contribute to cytoskeletal
arrangement during OLG development and process extension.
4.4.3 Classic MBP isoforms co-localize with α-tubulin in membranes ruffles of
PMA-stimulated N19-OLGs
GFP-α-tubulin was expressed in N19-OLGs, and showed some enrichment
in the periphery of the cell processes following PKC activation using PMA (Figure
4.7, Figures 4.S1, 4.S2). Following 48 h incubation, unstimulated cells coexpressing 18.5-kDa MBP-C1 and MBP-C8, but not the full-length splice variant
MBP-21.5, show some areas of co-localization along the extending membrane
processes and throughout the cell body. Upon PMA-induced PKC stimulation, we
found that there was an increase of all three MBP variants and
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Figure 4.7. Fluorescence micrographs of cultured N19-OLGs 2 days posttransfection, expressing different variants of RFP-MBPs (red) and GFP-α-tubulin
(green), with nuclei counterstained with DAPI (blue). As a control (top three
panels), cells were fixed and viewed prior to performing ruffling treatment to
demonstrate that co-expression of these proteins did not have any effects on cell
morphology. The transfected N19-OLGs appeared to have a similar morphology to
that of untransfected neighboring cells in all control samples. The lower three
panels labeled “PMA” show N19-OLGs following a 5 min stimulation using PMA,
displaying RFP-MBP (red) and GFP-α-tubulin (green), with nuclei counterstained
with DAPI (blue). α-tubulin (green) showed obvious co-localization with classic
18.5-kDa MBP-C1, 18.5-kDa MBP-C8, and MBP-21.5 variants within membraneruffled regions, specifically at the leading edge of membrane processes (insets).
Scale bar = 20 µm.
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Figure 4.8. (A) Fluorescence micrographs of cultured N19-OLGs expressing 18.5kDa RFP-MBP-C1 (red) and GFP-α-tubulin following PKC stimulation by PMA.
Images shown are still frames from a time-lapse series for every 30 s following
treatment; arrowheads in each channel show areas of obvious co-localization of
MBP and α-tubulin. (B) Merged data obtained from time-lapse following PKC
stimulation by PMA. Time-course images were acquired at 30 s intervals following
treatment; highlighted pixels (white) show areas of obvious co-localization of MBP
and α-tubulin. Scale bar = 5 µm.
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α-tubulin in ruffles, and increased co-localization of MBP and microtubules in
membrane processes of N19-OLGs (Figure 4.7, Figures 4.S1, 4.S2). These
increases were also shown by live-cell imaging (Figures 4.8A, 4.6B). These data
suggest that MBP-tubulin interactions may also play a role in cytoskeletal
rearrangement when the PKC pathway is activated.
Taken as a whole, these data support the conclusion that classic MBP
isoforms are associated with the OLG cytoskeleton, and could play a dynamic role
in cytoskeletal modification in PMA-activated N19-OLGs. They further suggest
that through its interactions with cytoskeletal proteins, MBP bound to sites on the
cytosolic leaflet of the plasma membrane may be involved in process extension or
retraction during myelination.

4.4.4 MBP binds ZO-1-SH3 in vitro, and co-localizes in vivo with ZO-1 at the
plasma membrane in N19-OLGs

Previously, MBP was predicted to bind to ZO-1 based on its binding to
PSD-95 on an SH3-domain array (Polverini et al., 2008). Here we show that ZO-1SH3 and 18.5-kDa MBP (specifically, rmMBP-C1) bind in vitro using a protein
pull-down assay (Figure 4.9A). Although the GST-ZO-1-SH3 was purified from a
glutathione-Sepharose column with over 95% purity (not shown), little GST-ZO-1SH3 was eluted from the column with glutathione in the presence of rmMBP-C1.
However, more rmMBP-C1 was eluted from the GST-ZO-1-SH3 column than
from glutathione-Sepharose in the presence or absence of GST only indicating that
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rmMBP-C1 bound to the GST-ZO-1 on the column. Using confocal imaging, it can
be seen that, under resting conditions, 18.5-kDa MBP-C1 and ZO-1 are partially
co-localized in N19-OLG membrane processes. Moreover, stimulation with PMA
results in increased co-localization of MBP and ZO-1 at the membrane surface and
in ruffles (Figure 4.9B, Figures 4.S1, 4.S2). This was also shown by live cell
imaging (Figure 4.9C). This is the first direct evidence that MBP binds to the
SH3-domain of ZO-1, and that it is associated with ZO-1 in N19-OLGs.
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Figure 4.9. (A) GST pull-down of 18.5-kDa recombinant murine MBP and the ZO1-SH3 domain: M, molecular mass markers; Lane 1, GST alone; Lane 2, rmMBPC1; Lane 3, rmMBP-C1 and GST; Lane 4, rmMBP-C1 and GST-ZO-1.
Lane 1, the eluate of glutathione Sepharose beads incubated with GST;
Lane 2, the eluate of glutathione Sepharose beads incubated with rmMBP-C1.
Unmodified 18.5-kDa rmMBP-C1 has a high net charge of +19 at neutral pH, and
thus bound independently with moderate affinity to the glutathione Sepharose
beads.
Lane 3, the eluate of glutathione Sepharose beads incubated with GST and 18.5kDa rmMBP-C1. This reaction demonstrated that the highly positively-charged
MBP bound non-specifically to both the glutathione Sepharose beads and also
GST. The result was an increased proportion of GST in the final eluate.
Lane 4, the eluate of glutathione Sepharose beads incubated with GST-ZO1-SH3
fusion protein and rmMBP-C1. Significantly less GST-ZO1-SH3 than GST was
incubated with MBP to accentuate the effects of MBP’s interaction with GSTZO1’s SH3-domain. More MBP is eluted from the GST-ZO-1-SH3 column than in
the absence of GST-ZO-1-SH3 (lanes 2 and 3), which demonstrates an increase in
binding of MBP to GST-ZO1-SH3 compared to glutathione-sepharose or GST
alone. The GST-ZO1-SH3 domain prior to incubation was greater than 95% pure.
(B) Fluorescence micrographs of cultured resting N19-OLGs (control) and
stimulated cells (PMA) expressing RFP-MBP-C1-UTR (red) and ZO-1-GFP
(green) and treated with 250 nM PMA at 48 h post-transfection. Nuclei are
counterstained with DAPI (blue). MBP and ZO-1 are partially co-localized within
membrane processes of N19-OLGs (white arrowheads).
(C) Time-lapse series of RFP-MBP-C1-UTR (red) and ZO-1-GFP (green)
following PKC stimulation by PMA. Time-course of acquired raw images
(merged) for every 60 s following treatment; highlighted pixels (white) show areas
of obvious enrichment and co-localization of MBP and ZO-1 within membrane
ruffles. Scale bar = 50 µm.
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4.5 Discussion
Myelin basic protein appears to be a multi-functional protein which may
serve, inter alia, as a scaffolding structure that tethers the cytoskeleton to the
cytoplasmic surface of the plasma membrane (Boggs, 2006; Boggs 2008; Harauz et
al., 2009). As in neurons, movement of the leading edge of OLG membrane
processes is driven by actin polymerization, with the microtubules located
proximal to the actin network. The actin filaments precede the microtubules into
the leading edge, and provide tracks for the microtubules to invade regions of new
growth (Song et al., 2001). Associated microtubule-associated proteins (MAPs)
such as tau link them (Richter-Landsberg, 2001; Richter-Landsberg, 2008;
Tsukada et al., 2005; Klein et al., 2005). Oligodendrocytes in culture produce
membrane sheets containing major veins and a lacy network of cytoskeletal
proteins, where actin filaments and microtubules are co-localized (Dyer and
Benjamins, 1989). MBP is co-localized with these cytoskeletal veins of actin
filaments and microtubules, and also with cortical actin filaments in cultured
OLGs. MBP has also been shown to be important for formation of the cytoskeleton
and for stabilizing microtubules in the cold in primary OLGs (Galiano et al., 2006;
Dyer et al., 1995). In OLGs from the shiverer mutant mouse lacking MBP, the
microtubules and actin filaments were abnormal in size and distribution, and
production of processes and membrane sheets was abnormal, indicating a role for
MBP-cytoskeletal interactions for myelination in vivo (Dyer et al., 1995).
Numerous previous studies have shown in vitro that MBP can polymerize
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both actin and tubulin, and can crosslink actin filaments and microtubules to each
other and tether them to a membrane surface (Boggs et al., 2005; Hill et al., 2005a;
Boggs et al., 2011; Hill et al., 2005b; DeBruin et al., 2005; Arvanitis et al., 2005).
Post-translational modifications (deimination, deamidation, phosphorylation, etc.)
resulting in net charge reduction modulate these diverse interactions. Classic MBP
isoforms also have a PXXP motif which is a ligand for SH3-domains, and have
been shown to bind to several proteins with SH3-domains and tether the SH3domain of Fyn to a membrane surface in vitro (Polverini et al., 2008;
Homchaudhuri et al., 2009; Smith et al., 2012; De Avila et al., 2011). The
phosphorylated form of MBP is enriched along with cytoskeletal proteins and
kinases including MAPK, Fyn, and Lyn within insoluble Triton-X100 membrane
domains when extracted from myelin (Klein et al., 2002; DeBruin et al., 2005;
Arvanitis et al., 2005). These detergent-insoluble membrane domains from myelin
also contain the radial component consisting of a series of tight junctions between
myelin layers (Karthigasan et al., 1994; Morita et al., 1999), see also (DeBruin and
Harauz, 2007).
In the present study, we have used immortalized N19 cells transfected with
fluorescently-tagged

MBP,

actin,

tubulin,

and

ZO-1,

combined

with

immunostaining of cortactin, to show that MBP and cytoskeletal proteins and the
SH3-domain proteins, cortactin and ZO-1, are enriched in the ruffles and processes
induced in these cells by stimulation with PMA. We also showed earlier that Fyn
was enriched in these ruffles (Smith et al., 2012). In our experience, transfection of
primary OLG cultures with various classic MBP constructs such as those described
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here results invariably in considerable cell death and inconsistent targeting of the
protein. In contrast, the N19-OLG cultures have proved to be robust to such
manipulation, and have provided evidence for the interaction of classic MBP
variants with specific protein partners. We acknowledge that there could be other
proteins expressed by more developmentally-mature OLGs (and not in the N19OLG cell line) that may associate with classic MBP isoforms, and that are worthy
of subsequent investigation.
Here, dynamic changes in co-localization of classic 18.5-kDa and 21.5-kDa
MBP forms with actin, tubulin, and with ZO-1 were observed to occur during
membrane ruffling, with enrichment of these proteins in the membrane ruffles,
using time-lapse microscopy of live cells. We also showed that changes in
organization of actin induced by IGF-1 in focal adhesion contacts were associated
with redistribution of 18.5-kDa MBP to the same regions. These studies support
our conclusion that the interactions of MBP with these proteins observed
previously in vitro also occur in N19-OLGs. In a separate study, we have shown
that mutation of the PXXP ligand in MBP for SH3-domains inhibited binding to
SH3-domain proteins and increased the length of membrane processes and
branching complexity in N19-OLG cultures (Smith et al., 2012). Thus, interactions
of classic MBP isoforms with these other SH3-domain-containing proteins may
play a physiological role in OLGs and myelin.
The PMA-stimulation also induced phosphorylation of MBP at Thr98, the
site phosphorylated by both MAPK and GSK-3β (Erickson et al., 1990; Yu and
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Yang, 1994). This threonyl residue in the human 18.5-kDa MBP sequence
corresponds to residues Thr95/Thr97 in the murine/bovine 18.5-kDa MBP
sequences, respectively (Harauz and Libich, 2009; Harauz et al., 2004; Smith et al.,
2012; Polverini et al., 2011). The PMA-stimulation activates PKC, which is
upstream from MAPK (Stariha et al., 1997). Phosphorylated MBP was also
enriched in membrane ruffles; the importance of phosphorylation of this threonyl
residue has been discussed (Boggs, 2006; Boggs, 2007; Harauz and Libich, 2009;
Harauz et al., 2009; Harauz et al., 2004; Polverini et al., 2011; Bessonov et al.,
2010). This threonine is modified during propagation of action potentials (Atkins et
al., 1999), and is correlated with healthy myelin, being decreased in myelin from
multiple sclerosis patients (Kim et al., 2003). This phosphorylated form is
associated

with

non-compact

myelin

and

detergent-insoluble

membrane

microdomains (“lipid rafts”) (DeBruin et al., 2005; DeBruin and Harauz 2007;
Schulz et al., 1988, DeBruin et al., 2008). Phosphorylation protects the protein
from proteases such as trypsin (Medveczky et al., 2008) and has potential
structure-stabilizing effects (Polverini et al., 2011; Deibler et al., 1990; Ramwani et
al., 1998). The MAPK phosphorylation of MBP decreases its ability to bundle
actin filaments and to bind actin filaments, microtubules, and the SH3-domain of
Fyn to a lipid membrane (Boggs et al., 2011; Homchaudhuri et al., 2009; Boggs et
al., 2006). Phosphorylation at these sites may induce a conformational change of
this segment of the protein and its disposition with respect to the membrane surface
(Polverini et al., 2011; Bessonov et al., 2009). It also reduces the ability of MBP to
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neutralize the net negative charge of actin filaments, microtubules, and SH3domain proteins.
Classic MBP is also modified in vivo by enzymatic deimination of several
arginine residues to citrulline, an uncharged amino acid (Wood and Moscarello,
1989). The deiminated 18.5-kDa C8 form is increased in myelin from children and
also from adult multiple sclerosis patients (Moscarello et al., 1994), suggesting that
it could have both physiological developmental and pathological roles. Although
the deiminated form does not bind actin filaments, microtubules, or the SH3domain of Fyn to a membrane surface as effectively as the unmodified 18.5-kDa
C1 form (Boggs et al., 2005; Homchaudhuri et al., 2009; Homchaudhuri et al.,
2010), here it co-localized similarly with other proteins in PMA-stimulated N19OLGs compared to the unmodified form. The full-length classic 21.5-kDa isoform
redistributed to the cytosol in PMA-stimulated N19-OLGs and also co-localized
with actin, tubulin, and cortactin in membrane ruffles. Although it has been shown
previously that PMA inhibited the translocation of 21.5-kDa MBP into the nucleus
of HeLa cells (Pedraza et al., 1997), this is the first demonstration that it can induce
redistribution of this MBP isoform (which contains a 26-residue insertion
expressed by classic exonII) from the nucleus to membrane ruffles of
oligodendroglial cells. This relocation may account for its presence in myelin,
where the content of exonII-containing isoforms in the radial component is higher
than that of isoforms lacking exonII (Karthigasan et al., 1996).
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Many myelination events, such as OLG process extension, membrane sheet
formation, and ensheathment of the axon depend on dynamic changes in the
cytoskeleton (Richter-Landsberg, 2001; Richter-Landsberg, 2008; Bauer et al.,
2009; Song et al., 2001; Baron and Hoekstra, 2010; Maier et al., 2008) and classic
MBP-cytoskeleton interactions may help regulate its dynamics (reviewed in Boggs,
2006; Boggs, 2008; Harauz and Libich 2009; Harauz et al., 2009). We suggest that
the MBP-mediated tethering of the cytoskeleton to the OLG membrane may be
involved in regulation of process extension and axonal ensheathment.
Finally, ZO-1 is a scaffold protein associated with integral membrane and
adaptor proteins of tight junctions and gap junctions, and with numerous signaling
proteins and the cytoskeleton. It is present in OLGs associated with the connexins
of OLG gap junctions (Li et al., 2004; Penes et al., 2005) and in non-compact
regions of peripheral nerve myelin (Alanne et al., 2009), and may be part of the
tight junctions forming the radial component of CNS myelin (Li et al., 2004). Tight
junctions are important selective barriers that regulate the paracellular pathway for
the movement of ions and solutes between cells (Gonzalez-Mariscal et al., 2003;
Tsukita et al., 2002). Gap junctions form between OLGs, and between OLGs and
astrocytes, and allow electrical coupling between the cells (Maglione et al., 2010).
Interactions of these junctions with the cytoskeleton may regulate cytoskeletal
dynamics, and conversely, the cytoskeleton may regulate junctional activity
(Fanning et al., 1998). Interactions of classic MBP isoforms with the cytoskeleton,
ZO-1, and other SH3-domain proteins such as Fyn may allow it to participate in
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regulation of junctional activity. These results support a multi-functional role for
classic MBP in OLGs.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS
Since the initial cloning of MBP in 1986, there has been continuous work
performed to elucidate the structure and function of this highly abundant protein in
the CNS. Seminal work has included the characterization of the shiverer mouse
where a naturally occurring aberration of the MBP gene causes severe
hypomyelination.

Additional studies looking at MAG and PLP, and other

structural constituents of myelin have demonstrated that MBP is the only essential
structural protein required for development of tightly compacted myelin (Kamholz
et al., 1986; Readhead et al., 1987; Trapp 1984; Duncan et al., 1987).
Another major advance was the establishment and classification of MBP as
an intrinsically disordered protein. Many studies failed to produce a 3D structure of
the protein, and these observations became much more apparent when considering
its high net-charge and low hydrophobicity (Hill et al., 2002). More recently, MBP
has been shown to be multifunctional, not only facilitating the adhesion and
compaction of the cytoplasmic plasma membrane leaflet, but also functioning as an
important signaling molecule, PIPmodulin, and protein involved in cytoskeletal
regulation/rearrangement (Boggs et al., 2006; Musse et al., 2006; Musse et al.,
2009; Hill 2005a; Nawaz et al., 2009). The work presented in this thesis has
identified new functional roles, and novel protein:protein interactions of MBP
within the OLG. Perhaps most significantly, these were the first investigations to
show that MBP can directly interact with the SH3 domain of Fyn kinase in cellulo,
and that that this interaction has significant implications for OLG membrane
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process formation.

These data further show that MBP is indeed multifunctional,

and has complex structure-function relationships within living cells.
Studies performed by Pedraza show that fluorescently-labeled MBP
isoforms could be ectopically expressed in rat Schwann cells, and also that they
exhibited different intracellular localizations dependent on the exon-II encoding
region of MBP (Pedraza and Colman, 2000). Moreover, they observed that the
Schwann cells expressing these GFP fusion proteins under the appropriate
conditions were capable of myelinating dorsal root ganglion cells. In Chapter 2
we expanded on these initial studies, identifying a novel functional role of MBP in
calcium homeostasis. Intracellular calcium concentrations can regulate and control
a number of cellular events incuding the cell cycle progression, and the activation
of calcium-dependent proteins such calmodulin or gelosin, which in turn can
regulate the assembly of the cytoskelton. Utilizing N19 OLGs, primary OPCs, and
pharmacological reagents, we demonstrated that MBP caused a reduction in
intracellular [Ca2+] and that this was mediated by voltage-operated Ca2+-channels
(VOCCs), and not by ligand-gated Ca2+-channels or Ca2+ release from intracellular
stores. Furthermore, we demonstrated that an inherent 21 nucleotide 3’UTR
normally coded by the golli gene complex in vivo, was necessary for proper subcellular trafficking of 18.5 kDa MBPs to the cytoplasmic leaflet. N19-OLGs
transfected with these MBPs possessing a 3’UTR showed further decreases of
intracellular [Ca2+]. Reductions in Ca2+ levels in OLGs may play an important role
in OLG proliferation, migration, and activation of downstream protein machinery
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required for the process of myelinogenesis. These studies are significant in that
they shed light on the developmental roles of regulating Ca2+ release throughout
OLG development. In MS, activation of peptidylarginine deiminases by increased
intracellular calcium levels results in increased deimination of MBP, which may
contribute to destabilization of myelin (Musse et al., 2006; Musse et al., 2008).
Thus, variations observed in calcium influx induced by different MBP isoforms
may have implications in MS.
As an extension of the work presented in Chapter 2, it would be of interest
to examine the local environment and regulation of other calcium-dependent
proteins at the cytoplasmic surface of the plasma membrane. Reduced calcium
levels may regulate multiple kinases, and actin-severing proteins that may decrease
cell migration and further facilitate membrane elaboration of maturing OLGs. Golli
proteins that arise earlier in development before MBPs have been shown to
enhance intracellular calcium concentrations resulting in increased rates of OLG
migration and proliferation. Since overexpression of MBP reduced calcium influx,
it would be interesting to determine and link MBP calcium homeostasis to both
OLG proliferation and migratory status. The proliferation experiments could be
performed by using an assay of BrdU nucleotide incorporation into primary OPCs
cultures along with transfection to overexpress MBP, and siRNA knockdown
approaches to reduce endogenous levels of MBP.

Migration status could be

determined by using OPC cultures along with live cell imaging approaches, or by
measuring cell migration through a 3D gel matrix system, or alternatively an
invasion chamber assay.
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Also, it was not determined whether the effect of MBP was due to direct
regulation of VOCCs, or to additional protein binding partners and/or other cellular
factor(s). Other potential future studies to demonstrate whether MBP interacts
with VOCC, fyn or other molecules can include FRET, BRET or protein-fragment
complementary assays. Modulation of calcium levels may also regulate essential
proteins involved in calcium/calmodulin cell cycle progression-dependent
pathways (Kahl and Means, 2003). It has been well established that MBP also
contains multiple calmodulin binding sites (Libich et al., 2003a; Libich et al 2003b;
Bamm et al., 2011), and it is reasonable to consider that MBP may behave as a
global calcium sensor or effector due to Ca2+-CaM regulation in maturing OLGs.
Previous work performed by Libich and Polverini in the Harauz and Boggs
groups, has shown that MBP-derived peptides encompassing the central prolinerich region of MBP can form a polyproline type II helix (PPII) when examined
using circular dichroism and NMR, and other biochemical techniques (Libich and
Harauz, 2008; Polverini et al., 2008). Following these studies it was postulated that
the highly conserved proline-rich region contains several features that make it a
potential functional modulator of MBP including two sequential MAP kinase sites,
and a minimal SH3-ligand motif.
In Chapter 3 we pursued this hypothesis by investigating the SH3mediated protein:protein interactions between MBP and the non-receptor tyrosine
kinase Fyn both in vitro, and in cells. As MBP was previously shown to bind to
the SH3 domain of Fyn using a spot blot array (Polverini et al., 2008), and also
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since Fyn kinase is involved in a number of signaling pathways during CNS
development, we generated several MBP variants specifically targeting
phosphorylation sites and key structural regions of MBP’s SH3-ligand domain and
investigated the outcome of these modifications on MBP:Fyn interactions.
Isothermal titration calorimetry showed that amino acid substitutions within
MBP’s SH3-ligand domain, including pseudophosphorylation of Thr 92 and Thr
95, reduced its affinity for the SH3-domain of Fyn. These same mutations when
over-expressed in N19-OLGs resulted in aberrant elongation of membrane
processes and increased branching complexity, and inhibited the ability of MBP to
decrease Ca2+-influx via L-type VOCC; the variants inhibited Ca2+-influx by only
5-30% compared to 50% for wild-type MBP-C1-UTR. This altered function of
MBP variants suggests that interaction of MBP with SH3-domain proteins such as
Fyn is an important step in the modulation of oligodendrocyte Ca2+-uptake by
classic MBP isoforms. OPCs culture experiements employing siRNA techniques
to reduce the endogenous levels of fyn would provide further insight into
interactions of MBP and fyn. Furthermore, phosphorylation of MBP might result in
an increase in calcium concentration in OLG processes. Local increases in calcium
concentrations at the process extremities of developing OLGs would provide an
explanation for the phenotypic differences in process extension and branching
complexity observed in cells expressing SH3-ligand variants of 18.5 kDa MBP.
Co-expression of MBP with a constitutively active form of Fyn kinase
(p59Fyn-Y527F) resulted in membrane process elaboration, a phenomenon that
was abolished by substitutions in MBP’s SH3-ligand domain. We did not observe
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dramatic increase in process branching when wild type MBP was expressed with
wild type or inactive Fyn. The conformation of MBP’s SH3 ligand domain was
essential for the increase in process branching observed when coexpressed with
active Fyn in OLGs. MBP is likely associated with active Fyn, as well as other
SH3 containing proteins, at the cytoplasmic surface of the plasma membrane. Their
interactions and functions likely play a physiological role in OLG process
formation and membrane remodeling in developing OLGs. This was the first study
showing a requirement for the SH3-ligand of MBP for some of its functions in
cells and the involvement of active fyn in these functions. It provided important
insight into the role of MBP in membrane process branching, and membrane
elaboration of developing OLGs. Further studies (see below) are necessary to
demonstrate a direct interaction of MBP with the SH3 domain of Fyn in cells,
It is well known that Fyn kinase can regulate the production of MBP
mRNA (particularly the 21.5 isoform) and also that Fyn has SH2-mediated
relationships with MAPs, such as Tau, that stabilize microtubules and cause
membrane elaboration in PC12 cells (Lu et al., 2005; Klein et al., 2002; Belkadi
and LoPresti, 2008; Esardi et al., 2011).

MBP and Tau have a number of

properties in common including that they are intrinsically disordered proteins,
possess Src homology ligand domains, and are implicated in neurodegenerative
disease. Both of these proteins also interact at the cytoplasmic leaflet of the
plasma membrane. To further extend the current research presented in this thesis, it
would be of interest to elucidate whether there are multiple interactions between
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MBP, Tau, and tubulin. It is reasonable to consider that MBP and Tau in vivo,
along with other protein partners, can participate in ‘crosstalk’ and may
synergistically function together to regulate membrane stability in the developing
OLG.

Using knockdown and dominant negative protein expression in cells

(alteration to MBP’s SH3 domain and charge, and alteration of Tau’s SH2 ligand
domains), along with biochemical work in vitro, could provide valuable insight
into OLG maturation and development. Current work in the lab is aimed at
elucidating the minimal physical binding surface and structures of the 18.5 kDa
SH3-ligand domain with fyn-SH3 using NMR spectroscopy (DeAvila et al., 2011).
Examination of 18.5 kDa MBP with isolated ZO-1-SH3 generated in Chapter 2
using ITC and NMR could also provide further insight into other novel SH3mediated protein:protein interactions of MBP and the OLG cytoskelton.
Beyond experiments involving cell model systems, investigations should
also be performed using mouse models to generate data regarding MBP:Fyn
interactions and OLG development in vivo. Previously, Feng and colleagues have
engineered a Fyn knockout mouse (Fyn -/-), and also a GFP-proteolipid protein
mouse that labels OLGs at later developmental stages (Feng et al., 2004). By
breeding these mouse lines together, to produce a Fyn -/- with fluorescently labeled
OLGs, there are numberous experiments that can be designed.
Initially, OPC cultures isolated from Fyn -/- can be subjected to transfected
protein overexpression and siRNA knockdown experiments involving constructs
coding for MBPs and SH3-MBP variants similar to those presented in Chapter 3,
to examine the outcome on OLG development.
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Following transfection, OLG

cultures can be fixed at different time points, and probed for a number of
developmentally-regulated stage-specific markers of OLG maturation.

Fyn -/-

OPCs cultures can also be treated with a number of growth factors that can alter
OPCs development including PDGF, BNDF, EGF, TGF-alpha. Following growth
factor exposure, Fyn and MBP can be monitored at a protein and mRNA level
using western blot and RT/qPCR, respectively. Coimmunoprecipitation from cell
lysates, and fluorescent microscopy can also be performed following such
treatments to examine whether different tropic factors can stimulate MBP and Fyn
interaction.

Furthermore, cell proliferation and migration can also be assessed

under the experimental conditions described above. These proposed experiments
along with OPC wildtype controls will be closer to in vivo conditions and will
provide further insight into the relationship between Fyn and MBP.
There has been considerable biochemical work to demonstrate that MBP
can polymerize and bundle actin and tubulin in vitro, and more recently it was
shown that a small peptide encompassing the N-terminal region of MBP is
sufficient to polymerize actin, which can be reversed by the addition of calmodulin
(Hill et al., 2005a; Hill et al., 2005b; Bamm et al., 2011). In Chapter 4 we used
live-cell microscopy to highlight the involvement of MBP with actin and tubulin
by stimulating N19 OLG cultures with the phorbol ester 12-myristate, 13-acetate,
and IGF-1 to induce cytoskeletal rearrangement. We demonstrate that MBP
redistributed to distinct ‘membrane-ruffled’ regions of the plasma membrane
where it co-localizes with actin, tubulin, and also with the SH3-domain-containing
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proteins cortactin and ZO-1. Moreover, using phospho-specific antibody staining,
we showed an increase in phosphorylated Thr98 MBP (human sequence
numbering) in membrane-ruffled OLGs. MBP and actin were also co-localized in
new membrane domains, which may have been focal adhesion contacts, induced
by IGF-1 stimulation in cells grown on laminin-2. This study also supports a role
for classic MBP isoforms in cytoskeletal and other protein-protein interactions
during membrane and cytoskeletal remodeling in OLGs. This study demonstrates
MBP’s involvement with extracellular signals at tight junctions on the cytosolic
leaflet of the OLG membrane, which may regulate cytoskeletal, signaling, and
myelin proteins.
To extend these studies, it would be valuable to further investigate the
interactions of MBP with cytoskeletal proteins using primary OPC, or maturing rat
OLGs. Such studies will benefit from improvements in transfection efficiency that
has come with improved reagents and techniques. Also, there has been very little
work to establish the mechanisms by which the axonal membranes of OLGs and
neurons communicate together to initiate myelinogenesis and to myelin
maintenance.

It would also be interesting to pursue how local protein

concentrations in the OLG membrane processes are altered or adjusted in coculture with neurons requiring myelination. These studies would further provide
insight regarding the cellular communication between neurons and OLGs, and
would be beneficial for the development of theraputic drugs to aid in
remyelination.
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Other extensions of this study include employing the MBP-SH3 ligand
PG point substitution and TE pseudophosphorylation variants (used
throughout Chapter 4), which could be used in similar ruffling experiments to
determine if modifications to MBP’s SH3 ligand domain would alter the
enrichment and/or recruitment of MBP to membrane ruffled regions. The 6xHistagged PG point substitution and Thr92 and Thr95 pseudophosphorylated
variants could also be purified, and used for GST-pulldown experiments with
purified ZO-1-SH3 to examine whether these modifications reduce, or enhance
MBP:ZO-1-SH3 binding. These studies could be extended further by assessing if
PG point substitution and TE pseudophosphorylation of MBP variants have
different abilities to tether Fyn-SH3 and ZO-1-SH3 to large unilamellar vesicles
(LUV) mimicking the composition of myelin as previously shown for Fyn-SH3
using MBP-C1-18.5 kDa (Homchaudhuri et al., 2009). These experiments would
also validate whether the pseudophosphorylated MBP variants behave in a similar
manner as bona fide post-translation phosphorylation as was previously shown for
Fyn-SH3 binding with membrane-associated MBP. Furthermore, the expression of
fluorescent-tagged pseudophosphorylated MBP variants could be examined in the
context of N19-OLG cells using antibody-specific immunostaining for PIP2 to
assess if there is an enrichment of the TE pseudophosphorylated variant in PIP2
domains before and after PMA treatment. Lastly, it would also be interesting to
further investigate the SH3-mediated interaction of MBP with actin-associated
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proteins like cortactin and vinculin/vinexin (responsible for cell:cell adhesion)
(Kioka, 1999; Kioka et al., 1999).
The investigations reported in this thesis examine the multifunctionality of
MBP using an OLG model system. These studies presented here identify new
functional roles of MBP regarding calcium homeostasis in the OLG, and also
identify new binding interactions with Fyn kinase and ZO-1. These data advance
our understanding regarding protein:protein interactions of MBP, and its
multifunctionality in OLGs with regards to membrane formation and elaboration
during development
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DIFFERENTIATION AND CENTRAL NERVOUS SYSTEM
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AI.1 Abstract
Shc adaptor proteins play a crucial role within the central nervous system
(CNS); however, our understanding is limited to neuronal development, as their
expression has not previously been detected in other cells of the CNS under normal
conditions. Here we show that ShcD, the fourth and most recently characterized
Shc protein, is present in oligodendrocytes (OLGs) during mouse embryonic
development but not in adulthood. Using the N19 cell culture model of OLG
differentiation, we found that ShcD expression declined throughout differentiation,
and that ectopic ShcD expression induced cells to revert to an immature phenotype.
Furthermore, ShcD promoted migration of N19 cells, and ShcD-expressing cells
enhanced the migration rate of neighbouring untransfected cells, suggesting a noncell-autonomous mechanism. Indeed, conditioned media from these cells disrupted
axonal migration patterns and delayed OLG maturation in organotypic brain slice
cultures, implying that ShcD signaling may initiate secretion of soluble factors that
influence CNS development. Analysis of ShcD signaling in OLGs showed that
epidermal growth factor (EGF) induced ShcD tyrosine phosphorylation and
colocalization with the activated EGF receptor, and that ShcD expression
significantly enhanced EGF-stimulated internal Ca2+ release. Our data reveal an
important function for ShcD in modulating oligodendrogenesis, and they identify a
novel signaling axis that may regulate OLG plasticity.
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AI.2 Introduction
The vertebrate central nervous system (CNS) is composed of an array of
neuronal and supporting glial cells, which arise during embryonic development, as
well as from a distinct population of multipotent progenitors located within the
subventricular zone (SVZ) during adulthood (Reynolds and Weiss, 1992). Among
these cell types are oligodendroglia, which help nurture, maintain, and repair
neurons, but are best known for their fundamental role in myelination, whereby
they extend and wrap multilamellar cellular extensions that act as insulating
sheaths around developing axons (Baumann and Pham-Dinh, 2001; Bunge, 1968).
All myelinating oligodendrocytes (OLGs) arise from a population of highly
migratory, bipolar oligodendrocyte progenitor cells (OPCs) located within the
CNS, and cells of the OLG lineage demonstrate multiple stages of development
characterized by distinct cell morphology and marker expression. OLGs maintain
considerable plasticity until their final differentiation stage when they elaborate
multiple membrane extensions and synthesize late OLG proteins such as myelin
basic protein (MBP) required for myelination of the axon (Baumann and PhamDinh, 2001; Miron et al., 2011).
Multiple processes in oligodendrogenesis including cell motility, membrane
extension and differentiation depend on changes in intracellular Ca2+ levels, and
there is significant evidence that expression and activity of calcium channels,
including membrane-associated voltage- and store-operated calcium channels
(VOCCs and SOCCs, respectively) as well as intracellular store release from the
endoplasmic reticulum (ER), are essential for Ca2+-mediated signaling in OLGs
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(Soliven, 2001; Paez et al., 2009). Ca2+ signaling is further influenced by a number
of growth factors that activate receptor tyrosine kinases (RTKs) expressed on the
surface of OLGs.

For instance, platelet-derived growth factor (PDGF), an

established mitogen and chemotactic factor for OPCs (Armstrong et al., 1990;
Barres et al., 1992; Gard and Pfeiffer, 1993), appears to modulate VOCC function
in OPCs, leading to enhanced cell migration and Ca2+ influx after membrane
depolarization (Paez et al., 2010). Additionally, both epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF) induce Ca2+ responses in
differentiating OPCs (Maric et al., 2003), and this induction is required for FGFdependent activation of the mitogen activated protein kinase (MAPK) pathway
(Pende et al., 1997). Despite the identification of several growth factors that
regulate Ca2+ homeostasis in OLGs, the intracellular signaling mechanisms that
mediate their effects are less well understood.
The Src homology and collagen (Shc) proteins are a family of adaptor
molecules characterized by both a phosphotyrosine-binding (PTB) domain and Src
homology 2 (SH2) domain that play a central role in signal transduction. Upon
binding to specific phosphorylated tyrosine residues on the intracellular domain of
activated transmembrane proteins such as RTKs (Luzi et al., 2000), Shc proteins
become tyrosine phosphorylated and subsequently modulate a number of
downstream pathways including MAPK, which are essential for cell proliferation,
migration, survival, and differentiation (Finetti et al., 2009; Ravichandran, 2001).
Currently, four Shc proteins have been identified: ShcA/Shc (Pelicci et al., 1992),
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ShcB/Sli/Sck (Kavanaugh and Williams, 1994; Pelicci et al., 1996), ShcC/Rai/NShc (Nakamura et al., 1996; O’Bryan et al., 1996; Pelicci et al., 1996), and the
most recently characterized ShcD/Shc4/RaLP (Fagiani et al., 2007; Jones et al.,
2007), and differences in the expression patterns of Shc family proteins appear to
contribute to their signaling specificity.
ShcD is highly expressed in the developing brain and spinal cord, and
expression persists in the adult brain (Hawley et al., 2011; Jones et al., 2007). To
date, there have been limited studies regarding the physiological role of ShcD,
although it has been shown to promote migration of metastatic melanoma cells
(Fagiani et al., 2007), potentially via binding to the activated EGF receptor (EGFR)
(Fagiani et al., 2007; Jones et al., 2007). Interestingly, changes in ShcD mRNA
expression have been noted during OLG maturation, with high levels of ShcD in
OPCs that steadily decrease as cells develop into mature, myelinating OLGs
(Cahoy et al., 2008). Since ShcA, ShcB and ShcC are reportedly not detectable in
glial cells (Conti et al., 2001; Ponti et al., 2005), we have explored the potential
biological significance of ShcD in OLG development.

In this study, we

demonstrate that ShcD levels decrease during differentiation both in vivo and in
cultured N19 OLGs, and that expression of ShcD promotes cell migration, delays
OLG maturation and disrupts axonal organization in organotypic brain slice
cultures. Consistent with these cellular effects, we further show that ShcD is a
substrate of the activated EGFR in N19 OLGs and that ShcD but not ShcA
produces a significant increase in EGF-stimulated Ca2+ release. Taken together,
we postulate that ShcD plays a fundamental role in OLG maturation, and that its
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high expression during early OLG development facilitates activation of signaling
pathways that control cell migration and differentiation within the CNS.
AI.3 Materials and Methods
AI.3.1 Plasmids
The previously described plasmids coding for full-length C-terminal Flagtagged ShcA, ShcB, ShcC, ShcD, and ShcD-PTB*SH2* subcloned into the
pcDNA3 vector (Jones et al., 2007) were used as PCR templates or source vectors
to produce N-terminal GFP-tagged constructs in pEGFP-C2 (Clontech, Mountain
View, CA). The resulting constructs were confirmed by sequencing (Laboratory
Services Division, University of Guelph, ON). The pEGFP-N3 Myr-GFP plasmid
was generated as described previously (Kameda et al., 2008). For transfection
experiments requiring large quantities of DNA, the PureLink HiPure Plasmid
Purification kit (Invitrogen Life Technologies, Burlington, ON) was used. Other
reagents used for these studies were purchased from Sigma-Aldrich (Oakville, ON)
unless otherwise stated.
AI.3.2 Cell culture, transfection and immunoblotting
Tissue culture reagents were purchased from Gibco/Invitrogen (Invitrogen
Life Technologies, Burlington, ON). N19 cells (Verity et al., 1993) contain a
temperature-sensitive immortalizing oncogene that allows the cells to proliferate
rapidly at 34oC but very little at 39oC, and they were cultured, transfected, and
immunostained as previously described (Smith et al., 2011; Smith et al., 2012).
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Immunofluoresence microscopy and image acquisition were also performed as
previously described (Smith et al., 2011; Smith et al., 2012). For live cell imaging,
cell nuclei were monitored over the course of 20 hours and measurements in cell
migration were made every hour.

For primary neuronal cultures, cells were

isolated from forebrain hemispheres of E18.5 mouse embryos obtained from
C57BL/6 matings. Embryos were collected into Hank’s balanced salt solution
(HBSS) on ice, and cortical hemispheres were dissected in a tissue culture hood.
Hemispheres were triturated and resuspended in 2 mL of HBSS containing 10%
FBS, and were filtered sequentially through 70 µm and 45 µm nylon mesh filters
into a 50 mL conical centrifuge tube. The filtrate was centrifuged at 800 rpm for 5
min, and the supernatant was discarded. Cells were again resuspended in HBSS
containing 10% FBS and were plated at a final density of 0.75 x 106 cells/cm2 on
pre-coated poly-D-lysine glass coverslips contained within 6-well plates, and
incubated at 37°C for 45 min. Following this period, media was removed and
replaced with DMEM supplemented with N2 neural cell growth media (Invitrogen
Life Technologies, Burlington, ON) and cells were grown for 5 days prior to coculture.
For N19 OLG transfections, cells were exposed to 2 µg of plasmid DNA
with 4 µL of FugeneHD (Roche) for 48 hours. For co-culture experiments,
transfected cells were washed twice with 2 mL DMEM containing 10% FBS and
trypsinized in 75 µL 0.25% trypsin. Transfected N19 cells were subsequently
plated onto the primary neuronal cell monolayers and grown for an additional 48
hours prior to fixation and microscopy.
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AI.3.3 Cerebellum slice culture
Wistar rat pups aged to postnatal day 7 (P7) were decapitated and the brain
was promptly removed and placed in half-frozen dissecting medium (Gey’s
balanced salt solution and 4 mg/mL glucose) for 5 min. The cerebellum was
separated from the rest of the brain and 400 µm sagittal slices of the cerebellum
were cut using a McIlwain tissue chopper (Birgbauer et al., 2004). The slices were
separated and 4 slices were placed on each Millicell®-CM culture plate insert
(Millipore) in culture media [50% medium 199 with Earle’s salts, L-glutamine,
sodium bicarbonate and no phenol red (Invitrogen, 11043023), 25% Hank’s
balanced salt solution, 25% horse serum, 0.315 mM L-glutamine and 4 mg/mL
glucose] at 37°C with 5% CO2 (adapted from Birgbauer et al., 2004). Cultures
were monitored daily for signs of inflammation. Conditioned media from
transfected OLGs was diluted 1:1 (v:v) with culture media and added to brain
slices at the first media change at day 2 in vitro.
AI.3.4 Immunohistochemistry of organotypic brain slice cultures
The procedure for staining the brain slices was modified from (Harrer et al.,
2009). Slices were washed with PBS and fixed with freshly made 4% PFA for 1
hour at room temperature, then washed with PBS. They were permeabilized for 40
min with 1% Triton X-100 in PBS, washed with PBS, then blocked with 5% NGS,
5% NDS and 0.2% Triton X-100 in PBS for 1 hour at room temperature. Slices
were incubated with primary antibodies in 1% NGS, 1% NDS, and 0.2% Triton X100 in PBS for 2-3 days at 4°C. They were washed with washing buffer (0.05%
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Triton X-100 in PBS), then incubated with secondary antibodies overnight at 4°C.
After washing in washing buffer, slices were incubated with 300 nM DAPI for 25
min, washed with PBS, and mounted on slides for confocal microscopy analysis.
AI.3.5 Immunohistochemistry of brain cryosections
Embryonic and postnatal mouse brains were collected into ice-cold PBS,
and fixed in 4% PFA overnight at 4oC. Samples were prepared for cryosectioning
by a graded series of overnight washes in 30% sucrose, 30% sucrose:cryomatrix
and 100% cryomatrix (Fisher Scientific, Ottawa, ON) at 4oC. Brains were
embedded in cryomatrix and 10 µm sagittal sections were cut on the cryotome.
Slides were stored at -20oC prior to immunoprocessing. Slides were then air dried
at room temperature for 30 min, and permeabilized by washing in PBS containing
0.2% Triton X-100 for an additional 30 min. After 3 x 5 min washes in PBS, slides
were blocked in 5% BSA in PBS for 1 hour at 37oC. Following another set of 3 x 5
min washes in PBS, antibodies diluted 1:100 in blocking solution were added to
the slides and incubated overnight at 4oC. Next, slides were washed and an
appropriate secondary antibody was used at a 1:400 ratio for 1 hour at room
temperature. Slides were then washed and mounted with DAPI mounting media
(Invitrogen).
AI.3.6 Antibodies and growth factors
Antibodies used for immunoprocessing cell cultures, Western blots, brain
slices, and sagittal cryo-slices of the cerebellum are as follows: purified rabbit
polyclonal antibody specific for ShcD CH2 domain (Jones et al., 2007); rabbit
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polyclonal anti-EGFR (Santa Cruz Biotechnology, Inc. Cat#sc-03); rabbit
monoclonal anti-pEGFR Y1068 (Cell Signaling Technology, D7A5, Cat#3777);
mouse monoclonal anti-phosphotyrosine 4G10 (Millipore); mouse monoclonal
anti-FLAG M2 (Sigma, Cat#F3165); rabbit polyclonal anti-GFP (Abcam Inc.,
Cat#ab290); mouse anti-GAPDH (Applied Biological Materials Inc, Cat#G041);
rabbit anti-GAP43 (NOVUS Biologicals Cat#NB300-143A4); rabbit anti-bovine
neurofilament (AbD Serotec, Cat#AHP245); mouse anti-MBP monoclonal
antibody (Chemicon, Cat#MAB382 or Covance, Cat#SMI99); mouse anti-O4
(Millipore, Bedford, MA, mAB O4 Cat#MAB345); goat anti-mouse (Alexa Fluor
594, Invitrogen); goat anti-rabbit (Alexa Fluor 488, Invitrogen); donkey anti-rabbit
IgG-cy2 and donkey anti-mouse IgG-cy3 (Jackson ImmunoResearch Laboratories,
Inc.). Growth factors used are as follows: EGF, Human Recombinant (Invitrogen,
Cat#PHG0311); EGF-Alexa Fluor 555 (Invitrogen, Cat#E35350).

BrdU

immunostaining was performed with a BrdU in situ Detection Kit (BD
Biosciences, Cat#550803), according to manufacturer instructions.
AI.3.7 Calcium imaging
Methods were similar to those described previously (Colwell, 2000; Michel
and Wayne, 2002; Smith et al., 2011). Briefly, an Olympus (Melville, NY)
spinning disc confocal microscope equipped with a cooled CCD camera (ORCAER; Hamamatsu, Hamamatsu City, Japan) was used to measure fluorescence
intensity. To load the dye into cells, coverslips were washed in serum and phenol
red-free DMEM, and cells were incubated for 45 min at 37°C, 5% CO2 in the same
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media containing a final concentration of 4 µM Fura-2 AM (TefLabs, Austin, TX)
plus 0.08% pluronic F-127 (Invitrogen), washed four times in DMEM, and stored
in DMEM for 0–1 hour before being imaged (Paz Soldán et al., 2003). All
measurements, including resting calcium levels, were made in serum-free HBSS
containing 2 mM Ca2+ but no Mg2+. Thapsigargin (LC Laboratories, Woburn, MA,
USA) was used at a concentration of 100 µM. Calcium-influx and resting Ca2+
levels were measured on individual cells; thus, the average effect on a population
of transfected cells was determined in order to compensate for the variation in
expression levels of GFP-tagged protein within different cells. The fluorescence of
Fura-2 was excited alternatively at wavelengths of 340 and 380 nm by means of a
high-speed wavelength-switching device (Lambda DG-4; Sutter Instruments,
Novato, CA). Image analysis software (SlideBook 4.1; Intelligent Imaging
Innovations, San Diego, CA) allowed the selection of several regions of interest
within the field from which measurements were taken. To minimize bleaching, the
intensity of excitation light and sampling frequency were kept as low as possible.
In these experiments, measurements were normally made once every 2 s.
Calibration of Ca2+ signals and correlation analyses were performed as previously
described (Grynkiewicz et al., 1985; Smith et al., 2011).
AI.3.8 Statistical analysis
For live cell migration analysis, 20 cells infiltrating or surrounding the
wound from 3 separate experiments were monitored and the sum of all migration
points was pooled from the experiments.

Data are shown as mean ± SEM

(standard error of the mean). For BrdU analysis, results are representative of 15
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fields of view from 3 independent experiments. Significance was determined via
Student’s t-test compared to controls. Changes in calcium levels were recorded for
over 200 cells per treatment, and results were pooled from 5 separate coverslips
representing 5 separate cell preparations for each condition. Data are presented as
mean ± SEM unless noted otherwise.

For the Fura-2 experiments, statistical

comparison between different experimental groups was performed by analysis of
covariance.

AI.4 Results
AI.4.1 ShcD is expressed in OLGs during early but not late CNS development
We have previously demonstrated widespread expression of ShcD in the
developing CNS and in several neural crest-derived tissues (Hawley et al., 2011);
however, a detailed investigation of its distribution in the early postnatal brain has
not yet been undertaken. To examine the expression profile of ShcD during OLG
maturation, immunohistochemical staining using ShcD-specific polyclonal
antibodies (Hawley et al., 2011; Jones et al., 2007) was performed on mouse brain
sections from E16.5 to P30, in conjunction with stage-specific early (O4) and late
(MBP) markers of progenitor cell differentiation. At E16.5, ShcD was observed
throughout many cells in the CNS (Figure AI.1A), with high expression in
multiple O4-positive cells, and low expression in the few MBP-positive cells
present at this timepoint (Figure AI.1B). Interestingly, this colocalization steadily
decreased in the early postnatal period from P3 to P10 (Figure AI.S1), with ShcD
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expression being notably absent in OLG marker-positive cells by P30 (Figure
AI.1B). In particular, ShcD can be clearly seen within thalamic neurons at P30
and, on a neuroanatomical level, O4/MBP and ShcD display opposing patterns of
expression in areas of high axonal density, such as the arbor vitae of the
cerebellum and the corpus callosum. These results show that ShcD expression is
developmentally regulated in the CNS, with high levels in embryonic and early
post-natal OLGs and decreasing levels during progression into adulthood.
AI.4.2 ShcD expression decreases in differentiating cultured OLGs
To determine whether this reduction in ShcD in the maturing brain might
also be observed in a cell culture system, we investigated ShcD expression in the
conditionally-immortalized N19 and N20.1 models of OLG development. These
cell lines are derived from a population of OLGs isolated from wild type neonatal
mice (Verity et al., 1993), and they have proven useful in numerous studies of
OLG differentiation, as they undergo various morphological and stage-specific
gene expression changes. Thermoswitching from 34oC to 39oC induces cell
differentiation, and the differentiation effects are enhanced with forced expression
of and/or treatment with apo-transferrin (Verity et al., 1993; Paez et al., 2004).
Phenotypically, proliferating cells are small with a number of thin processes,
whereas differentiated cells appear larger with highly branched and more elaborate
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Figure AI.1. ShcD is highly expressed in immature OLGs and gradually decreases
into adulthood. (A) ShcD expression in the developing mouse brain at embryonic
day 16.5 (E16.5) and postnatal day 30 (P30), comparing the expression profiles of
endogenous ShcD (green) to markers of either early (O4, magenta) or late (18.5kDa MBP, red) OLG development, with DAPI counterstained nuclei (blue). (B)
ShcD is present within OLGs during development at E16.5, showing high
expression in multiple O4-positive cells (white arrows) and weak expression in
some MBP-positive cells (white arrows) in the dorsal pallium. By P30, ShcD and
O4/MBP expression are mutually exclusive (panel B, hollow arrows), and in the
thalamus at P30, ShcD expression is limited to neurons. Scale bar = 10 µm.
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sFigure AI.1. Expression of ShcD in OLGs declines as the brain matures.
Comparative expression profiles in developing mouse brain from embryonic day
16.5 (E16.5) to postnatal day 30 (P30) of endogenous ShcD (green) and markers of
early (O4, magenta) and late (18.5-kDa MBP, red) OLG development. ShcD is
present within early developmental stages (E16.5, P3) colocalizing with O4positive cells, but is found at reduced levels in mature MBP-positive OLGs at later
timepoints (P10, P30).
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processes (Verity et al., 1993; Paez et al., 2004). Endogenous expression of
ShcD was detected in both OLG cell lines grown at 34oC (Figure AI.2A), with
IGR-37 and IGR-39 melanoma cell lines serving as positive and negative controls
for ShcD expression, respectively (Fagiani et al., 2007; Hawley et al., 2011). ShcD
protein could also be specifically immunoprecipitated from N19 OLGs (Figure
AI.2B). Notably, expression of ShcD declined substantially when N19 cells were
grown in differentiating conditions at 39oC, and even further following treatment
with apo-transferrin at 39oC (Figure AI.2C).

AI.4.3 Overexpression of ShcD causes regression in OLG maturation when
cultured in a neuronal environment
Having observed a decrease in ShcD expression in OLGs throughout
postnatal development as well as in cultured N19 OLG cells during differentiation,
we next sought to determine whether ShcD could impart a negative effect on
oligodendrogenesis, and whether this effect would be specific to ShcD among Shc
family proteins. To this end, we constructed GFP-tagged Shc proteins to facilitate
tracking using fluorescence microscopy, and validated their expression and cellular
localization (Figure AI.2A and B).

As OLG differentiation during CNS

development is significantly influenced by trophic support from neighbouring cells
(Luyt et al., 2007; Bagayogo and Dreyfus, 2009), we cultured N19 cells in the
presence of conditioned media obtained from primary cortical neurons. The N19
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cells expressing GFP-tagged ShcA, ShcB or ShcC or GFP alone showed no major
changes to cell morphology compared to cells grown in normal media
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Figure AI.2. Detection of ShcD protein in N19 and N20.1 OLGs under normal and
differentiating conditions, compared with control IGR-37 and IGR-39 human
melanoma cells. (A) Fluorescent micrographs of N19 and N20.1 OLGs grown at
34oC, and human melanoma cells stained for endogenous ShcD (green) along with
nuclear DAPI (blue). N19, N20.1 and IGR-37 cells exhibited high levels of
fluorescent staining when compared to IGR-39 cells that had a low signal. (B)
Western blot analysis of ShcD following immunoprecipitation (IP) from N19
lysate demonstrates the specificity of the ShcD antibody - the 75-kDa band
corresponding to ShcD (lane 1) is not seen with beads alone (lane 2). Total ShcD
and GAPDH serve as loading controls. (C) Western blot analysis of ShcD from
normalized lysates of N19 cells grown at 34oC (permissive temperature), 39oC
(non-permissive) and 39oC with 100 µg/mL apotransferrin (+aTf, differentiating
conditions) demonstrates that ShcD expression decreases as OLG cells
differentiate. GAPDH serves as a loading control and untagged ShcD expressed in
HEK 293T cells indicates the position of ShcD. Scale bar = 15 µm.
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sFigure AI.2. Characterization of GFP-tagged Shc family proteins. (A) Flagtagged variants of ShcA, ShcB, ShcC and ShcD were further tagged with GFP, and
expressed in HEK293T cells. Comparable expression of each can be seen by
Western blot analysis. GFP alone and non-transfected (NTF) cells serve as
controls. (B) Fluorescent micrographs of N19 OLGs demonstrating equivalent
localization of endogenous ShcD (immunostained using ShcD-specific polyclonal
antibodies) and transfected ShcD-GFP. In resting cells, ShcD (red, top row) and
ShcD-GFP (green, bottom row) are found throughout the cell, with some
enrichment at the leading edge of extending OLG membrane processes, as defined
by membrane-targeted GFP (GFP-myr, green, top row) or the lipid raft marker
GAP43 (red, bottom row). Nuclei are counterstained with DAPI (blue). Scale bar
= 15 µm.
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Figure AI.3. Exposure of ShcD-transfected N19 cells to a neuronal environment
induces a regression in morphological phenotype. (A) Fluorescent micrographs of
N19 OLGs expressing ShcA-GFP, ShcB-GFP, ShcC-GFP, ShcD-GFP or GFP
alone (green) following culture in the presence of 100% conditioned media
obtained over a period of 48 hours from primary E18.5 neurons. ShcD-GFPexpressing N19 OLGs exhibit a bipolar morphology when compared to other Shcexpressing cells, which show multiple cellular processes. Purity of the cortical
neuron population used to obtain conditioned media and for co-culture is shown.
(B) Direct co-culture of transfected N19 cells with primary neurons produces
changes to bipolar membrane morphology that are even more distinct in N19
OLGs expressing ShcD, compared to controls (ShcA-GFP and GFP alone) which
appear to extend their membranes into sheets to varying degrees. Transfections
shown in panels (A) and (B) were for a total of 4 days. Scale bar = 20 µm.
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(Figure AI.3A). Interestingly however, cells expressing ShcD showed significant
alterations to membrane morphology, reverting to a bipolar phenotype reminiscent
of OPCs that is not normally seen with this cell line. To determine if these effects
could be enhanced via continuous stimulus from neuronally-secreted factors and/or
contact-mediated interactions, we monitored the ability of N19 OLGs to
differentiate when fully co-cultured with primary cortical neurons. After 48 hours
in co-culture, virtually all N19 OLGs expressing ShcD were small and bipolar,
whereas cells expressing ShcA or GFP alone were enlarged and multiprocessed
(Figure AI.3B). Together, these data suggest that elevated levels of ShcD delay if
not regress development and differentiation of OLGs, and that this effect is
influenced by surrounding neurons and neuron-derived signaling molecules.

AI.4.4 ShcD signaling enhances OLG migration but not proliferation
A key feature of early, undifferentiated OLGs is their ability to divide and
migrate throughout the CNS prior to their maturation (Baumann and Pham-Dinh,
2001). As ShcD has been shown previously to enhance migration of melanoma
cells (Fagiani et al., 2007), and its expression is high in undifferentiated OLGs (our
results above), we examined whether overexpression of ShcD would alter the
ability of N19 OLGs to migrate. To assess cell movement, we performed scratch
wound assays on undifferentiated N19 monolayers transfected with GFP-tagged
Shc proteins. Consistent with previous findings, ShcD had a positive effect on cell
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migration, with N19 cultures expressing ShcD consistently migrating and filling
the wound faster than cell populations expressing other Shc proteins or GFP alone
(Figure AI.4A). Remarkably, cells devoid of ShcD-GFP expression interspersed
among the transfected population also had an increased migratory status,
suggesting a non-cell-autonomous effect of ShcD on N19 OLG motility.

To

quantify this effect, live-cell imaging was performed over a 20 hour time period,
and the rate at which individual cells infiltrated and surrounded the wound was
measured. N19 cell cultures expressing ShcD displayed a 10% increase (+/- 0.26
µm/hr) in average velocity when compared to GFP-expressing cells (Figure AI.4B
and C). This effect was not due to an increase in cell proliferation, as BrdU
incorporation over a 24 hour period showed only a 3% increase in OLG cultures
transfected with ShcD vs. GFP alone, compared to a 12% increase in cultures
transfected with ShcA (Figure AI.4D and E).

AI.4.5 ShcD overexpression negatively affects neuronal pathfinding and OLG
maturation
We hypothesized that this non-cell autonomous effect on neighbouring
untransfected cells might be mediated by secreted factors produced in N19 cells
expressing ShcD. To assess this possibility in a physiological context, conditioned
media obtained from N19 cells transfected with ShcD-GFP, ShcA-GFP or GFP
alone were added to postnatal rat cerebellar brain slice cultures. After 8 days,
immunostaining was performed to examine markers of mature OLGs (MBP) and
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Figure AI.4. ShcD enhances N19 cell migration but not cell proliferation. (A)
Fluorescent micrographs of wound assays performed on cultured N19 OLGs
following transfection with ShcA-GFP, ShcB-GFP, ShcC-GFP, ShcD-GFP or GFP
alone (green), with DAPI counterstained nuclei (blue). OLG cultures were
wounded 48 hours after transfection (T=0), and then grown for an additional 16
hours (T=16). ShcD-transfected cells showed increased migratory ability and
infiltrated the wound faster than cells expressing other Shc family proteins or GFP
control. Results shown are representative of at least three independent biological
replicates with multiple technical replicates in each experiment. Scale bar = 100
µm. (B) Time-lapse microscopy of N19 OLGs transfected with GFP or ShcD-GFP
over a 20 hour period following wounding. Coloured lines represent single tracks
of N19 cells migrating into or around the area of the wound. An increase in cell
motility can be observed in cell cultures expressing ShcD-GFP when compared to
GFP alone. Scale bar = 100 µm. (C) Statistical analyses of N19 cell migration
following wounding. ShcD-GFP transfected cultures demonstrated an increase in
average velocity (+10%+/-0.26 µm/hr) when compared to the GFP control. Values
are expressed as mean ± SEM of at least three independent experiments (n>60)
(p<0.05) vs. respective controls. (D) Cultured N19 OLGs expressing GFP alone,
ShcA-GFP or ShcD-GFP were immunoprocessed for BrdU incorporation
following a 24 hour BrdU pulse (BrdU administered between 48 and 72 hours post
transfection). BrdU was detected using diaminobenzidine staining. (E) Statistical
analyses of BrdU incorporation experiments. A slight statistically significant
increase of 3% (p<0.05) was observed for ShcD-GFP, and an increase of 12%
(p<0.05) was observed for ShcA-GFP transfected cultures.
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developing axonal tracts (via neurofilament staining). Axonal organization
was enhanced in the samples treated with conditioned media from N19 cells
expressing ShcA-GFP or GFP alone compared to slices not exposed to OLG
conditioned media (no treatment) (Figure AI.5). By contrast, we noted a striking
disruption of neuronal development in cerebellar slices cultured with ShcDconditioned media with fewer axonal extensions and disorganized patterning of
axons that migrated throughout the entire brain slice, rather than remaining
restricted to distinct areas (Figure AI.5). Furthermore, major decreases in MBP
expression were seen in brain slices treated with conditioned media from ShcDexpressing cells compared to all other treatments, particularly in the white matter
tracts adjacent to the granular layers (Figure AI.5). Collectively these experiments
support the existence of soluble factors that mediate ShcD-induced non-cellautonomous effects on cell migration, OLG differentiation and neuronal
development.
AI.4.6 ShcD signals via an EGFR pathway in OLGs
The role of ShcD in cell migration and OLG maturation is parallel to that
seen with EGFR. Overexpression of EGFR in glial progenitor cells inhibits their
differentiation and promotes extended migration (Aguirre et al., 2007; Ivkovic et
al., 2008), and similar to ShcD, EGFR expression decreases in CNS progenitor
cells during early postnatal development (Fox and Kornblum, 2005). We and
others have previously reported that ShcD binds and serves as a substrate of the
activated EGFR (Fagiani et al., 2007; Jones et al., 2007); thus, we reasoned that
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Figure AI.5. A ShcD-enhanced secreted factor causes altered axonal patterning
and OLG development in organotypic brain slice cultures. Cerebellar slices were
cultured in conditioned media from N19 OLGs transfected with ShcA-GFP, ShcDGFP or GFP alone at a 1:1 ratio with brain slice media, added at days 2 and 5. The
cells were cultured for 8 days and immunofluorescent staining was then performed.
All images were acquired at the same exposure settings and at the same time across
all treatments, in order to compare relative levels of staining within tissue slices.
Brain slices were immunostained for neurofilament heavy chain (green) and 18.5kDa MBP (red) and nuclei were counterstained with DAPI (blue). In cultures
treated with ShcD-conditioned media, there were pronounced effects on axonal
patterning, causing aberrant and disorganized neuronal extensions (white arrows).
ShcD-conditioned media also caused major decreases in the total amount of 18.5kDa MBP immunostaining throughout the entire slice, particularly in the
developing white matter tracts adjacent to the granular layers (dashed boxes and
magnified panels thereof). Results shown are representative of two independent
experiments, each with four separate slices per treatment, and a comparable effect
was seen in all samples examined. Scale bar = 500 µm.
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ShcD might participate in EGFR signaling pathways in OLGs. We first
examined whether ShcD could undergo EGF-induced tyrosine phosphorylation in
N19 OLGs. Cells expressing GFP-tagged ShcD or GFP alone were stimulated
with EGF or left untreated, and whole cell lysates were analyzed by Western
blotting. N19 cells express robust levels of EGFR, and upon EGF stimulation,
both EGFR and ShcD became tyrosine phosphorylated (Figure AI.6A).
Furthermore, using immunofluorescence microscopy, we found that ShcD-GFP but
not GFP alone redistributed into vesicles found throughout the cell body following
EGF treatment (Figure AI.6B). Live-cell imaging employing fluorescent EGF
revealed that the vesicles were indeed EGF-positive, and that extensive
colocalization of ShcD-GFP with internalized EGFR ligand occurred throughout
the timecourse (Figure AI.6C).
AI.4.7 ShcD enhances EGF-induced Ca2+ release from intracellular stores in
OLGs
EGFR is a known modulator of internal Ca2+ release, and changes in
intracellular

Ca2+

levels

are

required

for

cellular

processes

during

oligodendrogenesis including motility, membrane extension and differentiation
(Soliven, 2001). We have recently shown that immature OLGs display enhanced
Ca2+ influx compared to mature OLGs, and that activation of RTKs positively
influences this response (Paez et al., 2010). As little is currently known about the
intracellular signaling pathways that modulate kinase-dependent Ca2+ influx in
OLGs, we hypothesized that ShcD might provide such a link. Intracellular
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Figure AI.6. ShcD is a substrate of the activated EGFR and co-localizes with
EGFR following EGF stimulation of N19 OLGs. (A) Western blot analysis of
lysates from N19 cells transfected with ShcD-GFP or GFP alone following
stimulation with EGF. Robust levels of EGFR are present in N19 OLGs, and
tyrosine phosphorylation of both EGFR and ShcD can be seen upon EGF treatment
(+EGF) but not in untreated cells (-EGF). Anti-Flag immunoblot indicates the
presence of ShcD-GFP (which also has a C-terminal Flag-tag) and GAPDH serves
as a loading control. (B) Fluorescent micrographs of cultured N19 OLGs
transfected with ShcD-GFP or GFP alone following stimulation with EGF
(15ng/mL), showing inward vesiculation of ShcD-GFP throughout the cell body.
Scale bar = 15 µm. (C) Representative images of co-localization of Alexa Fluor
555-conjugated EGF (EGF-A555) and ShcD-GFP in N19 cells from a time-lapse
series over a period of 25 minutes. ShcD-positive vesicles (white arrows) can be
observed trafficking from the plasma membrane into the cell body. Scale bar = 15
µm.
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concentrations of Ca2+ were measured in individual transfected N19 cells using a
Fura-2 based calcium imaging approach. Initially, we examined VOCC activity by
stimulating N19 OLGs with high extracellular K+, and the Fura-2 ratios in selected
cells were plotted with respect to time of stimulation (Figure AI.7A). Following
exposure to high levels of K+, we detected no statistically significant change in
intracellular Ca2+ concentrations in N19 cells expressing ShcA-GFP or ShcD-GFP,
compared to cells transfected with GFP alone (control) (Figure AI.7A). We next
investigated whether Shc proteins could induce Ca2+ influx from intracellular
stores or by activating SOCCs.

Transfected N19 cells were treated with

thapsigargin to inhibit sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps
to induce SERCA-mediated store depletion and subsequent activation of storeoperated Ca2+ entry. Transient Ca2+ depletion caused a significant increase in
intracellular Ca2+ in cells expressing ShcD-GFP but not ShcA-GFP or GFP alone,
both in the presence (dark green) and absence (light green) of extracellular Ca2+
(Figure AI.7A). By contrast, no differences in Ca2+ influx were observed between
cells expressing ShcD-GFP or GFP alone following extensive Ca2+ depletion
(Figure AI.7B and C), thereby suggesting that ShcD enhances the release of Ca2+
from intracellular stores but not SOCCs. Interestingly, this effect on Ca2+ release
from intracellular stores was completely suppressed with a mutant form of ShcD
that cannot bind to tyrosine phosphorylated receptors (ShcD-PTB*SH2*, denoted
ShcD-mut) (Jones et al., 2007; MKB Wills and N Jones, unpublished) (Figure
AI.7A). Finally, we examined whether ShcD could mediate EGF-induced Ca2+
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Figure AI.7. ShcD enhances Ca2+ release from intracellular stores following EGF
stimulation. (A) Ca2+ uptake was stimulated in N19 cells overexpressing different
GFP-tagged Shc constructs using high [K+] (20 mM), thapsigargin (100 µM), or
EGF (100 ng/mL) by a fast and local perfusion system, and measured using a Fura2 based imaging approach. Measurements were performed on individual cells;
thus, the average effect on a population of transfected cells was determined in
order to compensate for the variation in expression levels of GFP-tagged protein
within different cells. All experiments were performed in the presence (dark green
bars) and absence (light green bars) of extracellular Ca2+. The bar plot shows the
average amplitude calculated from the responding cells (n>400 cells for each
condition), expressed as percentage change in emission intensities and percentage
of responding cells in each experimental group. Values are expressed as mean ±
SEM of at least four independent experiments. *p<0.05, **p<0.01 versus cells
transfected with unmodified GFP vector (control). (B) SOCC activity was
measured using the Fura-2-based video-imaging approach. To specifically
evaluate the ability of ShcD to modulate SOCCs, N19 OLGs were first pretreated
with thapsigargin (100 µM) for 16 minutes in Ca2+-free media to exhaust
intracellular stores, and then exposed to media containing 2 mM Ca2+ to trigger
Ca2+ influx via SOCCs. The time of addition of Ca2+-containing media is indicated
by the horizontal bar, and each trace corresponds to a single cell. (C) Bar plots
from experiments performed in panel (B), calculated as described for panel (A).
Values are expressed as mean ± SEM of at least four independent experiments.
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release in OLGs. Indeed, N19 cells expressing ShcD-GFP but not ShcA-GFP or
GFP alone showed a significant increase in intracellular Ca2+ levels following EGF
stimulation both in the presence and absence of extracellular Ca2+, and this increase
was not seen with the ShcD receptor binding mutant (Figure AI.7A). Together,
these findings clearly demonstrate that ShcD can amplify EGF-mediated release of
Ca2+ from intracellular stores in OLGs, in a manner that is dependent on the proper
binding of ShcD to the EGFR and independent of VOCC and SOCC activity at the
plasma membrane.
AI.5 Discussion
Here we report that the ShcD phosphotyrosine adaptor protein is expressed
in immature but not mature OLGs, and we demonstrate biological roles for ShcD
in promoting OLG migration and inhibiting differentiation. We also show that
ShcD participates in an EGF-dependent signaling pathway that regulates Ca2+
release from intracellular stores in OLGs.

ShcD may therefore represent an

important novel modulator of tyrosine kinase signaling during oligodendrogenesis.

AI.5.1 ShcD expression decreases in OLG during development and in
differentiated N19 cells
During embryogenesis, ShcD is expressed broadly within the CNS and
PNS (Hawley et al., 2011), and we demonstrate here that ShcD colocalizes with
markers of OLGs during mouse neurodevelopment but not in adulthood, where
expression gradually becomes limited to neurons (Figure AI.1). This observation
is in agreement with previous microarray results, which revealed elevated
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expression of ShcD in OPCs, but a steady decrease as OPCs matured to
myelinating OLGs (Cahoy et al., 2008). Furthermore, we observed a decline in
expression of ShcD in the N19 cell model of OLG development as the cells
underwent differentiation (Figure AI.2). These findings imply that ShcD may
play a role in immature but not mature OLGs.

As we did not detect ShcD

expression in early-stage OLGs in the adult brain, we propose that ShcD may
instead function to enhance the migratory ability of OPCs during early
development, similar to golli (gene of oligodendrocyte lineage) proteins, which
have an analogous developmental expression profile (Campagnoni et al., 1993;
Givogri et al., 2001). In the adult brain, we observed relatively high levels of
ShcD in neurons (Figure AI.1), and this expression mirrors that of ShcB and
ShcC, which are found exclusively in neurons in the adult mouse brain (Ponti et
al., 2005). To date, the only reported instances of Shc expression in adult glial
cells are during glial cell activation (Russo et al., 2002) and in glioblastoma, in
which high levels of both ShcA and ShcC have been detected (Magrassi et al.,
2005). Given the expression of ShcD in OLGs during development and
differentiation, it will be of interest to investigate whether it is similarly
upregulated in glial tumors.

AI.5.2 Biological effects of ShcD on OLG differentiation and motility
The N19 OLGs overexpressing ShcD but not other Shc proteins reverted
from their normal phenotype to a bipolar morphology reminiscent of OPCs when
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grown in neuron-derived conditioned media. The negative effect of ShcD on OLG
differentiation is consistent with its restricted expression in immature OLGs, and
the unique ability of ShcD to initiate this morphological change further
underscores that, in addition to their different expression profiles, Shc family
proteins have distinct signaling properties and downstream targets (Ravichandran,
2001). In the case of ShcD, additional tyrosine-based SH2 domain binding sites
and several proline rich sequences are proposed to confer this specificity (Jones et
al., 2007). Interestingly, the bipolar phenotype was even more pronounced when
ShcD-expressing N19 cells were grown in co-culture with primary cortical
neurons, suggesting that this inhibition of differentiation may be enhanced by
contact-mediated interactions. Indeed, extracellular matrix proteins produced by
neurons serve as ligands for integrins expressed on OLGs, and these associations
are essential for integrin-based signaling pathways which regulate OLG
proliferation, differentiation, maturation, and axonal myelination (O’Meara et al.,
2011). Association of ShcD with integrins has not yet been reported; however, it is
well established that ShcA can bind beta-1 integrin (Wary et al., 1996).

The ability of ShcD to inhibit OLG differentiation is also in keeping with
its positive effect on cell migration, as OLGs with a less mature phenotype display
enhanced motility (Gonzalez-Perez and Alvarez-Buylla, 2011).

N19 cells

expressing ShcD but not other Shc proteins displayed increased cell migration and,
intriguingly, we observed a non-cell-autonomous effect on OLG migration (Figure
AI.3), suggesting that ectopic expression of ShcD may result in enhanced secretion
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of soluble motility factors. We confirmed that this effect was not due to an overall
increase in OLG proliferation (Figure AI.4), similar to previous reports that
alterations in the level of ShcD expression do not affect proliferation of metastatic
melanoma cells or primary melanocytes, but do increase cell migration following
EGF stimulation (Fagiani et al., 2007).
Evidence for the role of ShcD in promoting the release of soluble factors
that regulate OLG development was also seen in organotypic brain slice cultures,
where conditioned media from N19 cells expressing ShcD suppressed OLG
maturation and disrupted normal neuronal patterning (Figure AI.5). OLGs are key
sources of growth factors and neurotrophins including nerve growth factor (NGF)
during CNS development (Martin, 1992; Du and Dreyfus, 2002), exemplified by
their ability to stimulate PC12 cell differentiation in co-culture (Byravan et al.,
1994). Interestingly, there is also evidence that immature OLGs promote neurite
outgrowth in the early stages of axonal patterning, whereas later stage OLGs,
specifically those expressing certain components of myelin, are actually nonpermissive substrates for neurite outgrowth (Schwab and Caroni, 1988; Ma et al.,
2009). Thus, ShcD-expressing N19 cells which regress to an earlier stage may
begin to secrete chemoattractant factors to promote neurite outgrowth. By
supplying these factors through conditioned media to the brain slice cultures,
normal axonal guidance would be disrupted.

In contrast, conditioned media

obtained from cells expressing ShcA or GFP, which do not appear to affect N19
differentiation, accordingly do not disrupt axon organization as the putative
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chemoattractants have not been secreted into the media. Determining the identity
of these ShcD-induced neuroactive factors will be an essential next step in
characterizing the signaling mechanisms that govern OLG development.

AI.5.3 ShcD expression modulates EGF signaling and intracellular calcium
release
Signaling by EGF regulates several cellular responses in OLGs including
proliferation, migration and differentiation (Ciccolini et al., 2005; Gonzalez-Perez
et al., 2009). We found that EGF stimulation of OLGs induced ShcD tyrosine
phosphorylation and colocalization of ShcD with the activated EGFR (Figure
AI.6), and that EGF stimulated ShcD-mediated Ca2+ release (Figure AI.7).
Previous reports have also demonstrated that migration is enhanced following EGF
stimulation of ShcD-expressing melanoma cells (Fagiani et al., 2007).
Overexpression of EGFR in OLG precursor cells results in inhibition of
differentiation, enhanced progenitor migration and proliferation and accelerated
remyelination following injury (Aguirre et al., 2007; Ivkovic et al., 2008).
Furthermore, a subpopulation of cells within the adult SVZ display markers of
OPCs and are highly migratory and proliferative when exposed to EGF (GonzalezPerez et al., 2009). When EGF stimulation is removed, these cells differentiate into
mature (myelinating and pre-myelinating) OLGs in the corpus callosum, fimbria
fornix and striatum (Gonzalez-Perez et al., 2009).

While it remains to be

established whether the EGF pathway underlies the non-cell-autonomous

244

mechanism seen in ShcD-expressing cells, it is tempting to speculate that ShcD
integrates EGF signals to control OLG maturation and motility.
One specific response to EGF signaling is regulation of intracellular Ca2+,
and in developing OLGs, control of Ca2+ influx is required for process extension,
retraction and cell migration (Soliven, 2001). Our experiments revealed that ShcD
but not ShcA was able to increase Ca2+ release from intracellular stores in N19
cells when stimulated with EGF or thapsigargin, and compound mutation of the
PTB and SH2 domains of ShcD abolished this effect, suggesting that binding to the
activated EGFR was required (Figure AI.7). EGF signaling promotes activation
of phospholipase Cγ (PLCγ), which in turn generates the second messengers
diacylglycerol (DAG) and inositol trisphosphate (IP3) (Wells, 1999). Both DAG
and IP3-mediated Ca2+ release from the ER facilitate activation of protein kinase C
(PKC), which promotes differentiation of OLGs (Shiga et al., 2005) and motility in
other cell types (Larsson, 2006). This is the first reported instance of a Shc family
protein acting to enhance Ca2+ release following EGF stimulation in OLGs, and it
remains to be determined whether ShcD will mediate Ca2+ signaling downstream
of other RTKs in OLGs. Interestingly however, there is evidence of an interaction
of TrkA with ShcA following NGF stimulation in pig OLGs, and consistent with
our findings with EGF, NGF treatment of these OLGs resulted in an increase in
intracellular Ca2+ from internal stores (Althaus et al., 1997). The ability of ShcD to
promote Ca2+ influx and potentially directly regulate PKC activity and cell motility
is in keeping with the hypothesis that a signaling pathway distinct from MAPK
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regulates EGF-stimulated migration of melanoma cells expressing ShcD (Fagiani
et al., 2007).
In summary, we propose that ShcD is an important determinant of OLG
maturity, and our results identify an EGFR-ShcD-Ca2+ signaling axis parallel to a
non-cell-autonomous mechanism that may regulate OLG differentiation and
migration (Figure AI.8).

These findings provide novel perspectives into the

molecular pathways that govern OLG development which may, in turn, lead to a
better understanding of processes such as cell specification, plasticity and repair
which occur in the CNS.
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Figure AI.8. Autonomous and non-cell-autonomous effects of ShcD in OLGs.
EGF stimulation induces recruitment and tyrosine phosphorylation of ShcD, and
ShcD potentiates EGF-induced Ca2+ release from the endoplasmic reticulum. In
parallel, expression of ShcD causes secretion of unidentified neuroactive factors
which enhance OLG motility and suppress OLG differentiation and MBP
expression.
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