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ABSTRACT

Oligodendrocytes (OL), the CNS myelinating cell, originate in discrete areas of the
developing brain. Myelination is preceded by migration, proliferation, and differentiation.
Platelet-derived growth factor AA (PDGF) is a critical regulator of OL progenitor (OP)
development. This project investigates the regulatory role of PDGF in OPs migration,
and maps expression patterns of PDGF and its receptor during the mouse brain
development. In addition, this study investigates the intracellular signaling pathways
involved in OP migration. This study shows that PDGF-Ra immunoreactivity is
restricted to the expected location of migrating OPs at the earliest stage, and spreads out
as the brain develops. In contrast, PDGF immunoreactivity is localized throughout the
developing mouse brain. In addition, this study shows that transient exposure to PDGF
can induce OP migration for up to 72 hours without affecting cell proliferation and cell
death. Further, PDGF induced OP migration is regulated via extracellular regulated

kinase signaling.
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Chapter I

Introduction




The Nervous System

A healthy nervous system is characterized by some critical factors, such as the
precisely constructed organization and the efficient transduction of the nerve impulses
along the axon. Therefore, clearly understanding the organization of the brain is
essential in studying its functions.

The nervous system is a complex network. It encompasses the peripheral
nervous system (PNS) and the central nervous system (CNS), both of which 'closely
interact, thus enabling the PNS to transmit messages or signals to and from the CNS.

Two principal cell types of the nervous System are neurons and glial cells. In
the human brain, there are biilions of neurons that process infornﬂation and convey '
signals. Most neurons have a tapered extension of cell body called dendrites and one
long, cylindrical process called an axon. The neurons are primarily the functional
circuit. They transmit signals from one to the other, with dendrites receiving
information from other neurons. The neuronal processes, or axons, transmit
information away from the cell body. Translated from Greek, “glia” means “glue”.
Glial cells are a major cellular component of the nervous system, ten times more in
number than neurons in the human brain (Ndubaku and de Bellard, 2008).
Historically, glial cells were so called because they occupy most of the spaces
between neurons.

For many years, glial cells were regarded as the supportive cells for neurons,
providing structural and metabolic support, responding to nervous system infection

and damage, and producing the insulating myelin sheath. In the last 20 years,



however, glial cells have been found to play a variety of important roles in brain
development. For example, giial cells regulate neuronal migration during early
development, shape the vital scaffold for neuronal structure and play significant roles
in synaptic formation, structure and nerve impulse transmission (Ndubaku and de
Bellard, 2008).

There are three types of glial cells: OLs, microglial cells and astrocytes, each of
which has a distinct morphology and characteristic functions. Astrocytes are
star-shaped, hence the name “astrocyte”. Microglial cells are also stellate but much
smaller, and function as the immune cells of the CNS. OLs are octopus-shaped,
having fewer branches than axons have dendrites. “Oligodendro” is historically
known in Greek as “a tree with fewer and smaller branchesf’.

This research project is a study and investigation into a specific part of the
nervous system, which in its complexity is still not well understood. The cell of
choice for this study is the OL, in particular the patterns of OL protein expression
from embry9nic to postnatal stage in the mouse brain were studied. OLs mylinate
the axon of the neurons to produce insulating sheaths (Figure 1.1).  The wrapping of
the axon provides a physical basis for rapid communication between neurons by

hastening the speed of the nerve impulse or action potential to reach its destination.
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DENDRITE

NEURON

OLIGODENDROCYTE

NODES OF AXON TERMINAL
RANVIER BUTTON

ASTROCYTE f,p

Figure 1.1. OL and it myelinates axons of the neurons. Diagram is drawn by Dr.
Emma Frost.

OL is Qctopus—shaped, having several processes.

Its plasma membrane spirally wraps around the portions of the axons to form the

concentric multilayer of myelin.



Myelination

As mentioned, a healthy nervous system is characterized by the efficient nerve
impulse or action potential conduction along the axon, and the effective conduction of
nerve impulse is facilitated by a mechanism known as saltatory conductance, which
will be explored in more detail below. An intact myelin system is crucial in
preventing a loss of electric impulse along the myelinated axon, thereby facilitating
the efficient conduction of effective nerve impulses from neuron to neuron. In this
way, myelination is essential for the normal function of a healthy nervous system.

Myelination is a developmental process and the entire procedure varies among

species. In most vertebrates, myelination of the CNS occurs after birth (Miller,
2002). For instance, myelination in a horse is almost completed by postnatal day 45
(Szalay, 2001), whereas during human brain development, it is considerably extended
till the third decade of life (Fields, 2008).

Myelin exists only in vertebrates, both in the PNS and CNS (Fields, 2008).
White matter is the area where myelinated axons predominate. It is so named
because many axons are coated with myelin svheaths that are mostly lipid, resulting in
a fatty, white appearance.

In the nervous system, the two most abundant cells, Schwann cells and OLs, are

responsible for generating the myelin sheath in the PNS and CNS respectively
(Ndubaku and de Bellard, 2008). Both cells express specific proteins and lipids to

assemble the myelin sheath, which are composed of multiple layers of compacted cell



membrane wrapped around the axon (Dyer, 2002; Fields, 2008). Some of the

differences between those two cells will be highlighted below.

The Differences between Schwann Cells and OLs

The two differences between the two myelin-forming cells are summarized
below:

1. An individual Schwaﬁn cell can only wrap around one single axon at a time.
On the contrary, several processes of an OL extend out from the cell until reaching an
axon and enveloping around a segment of it. Hence, 6ne single OL is able to
ensheathe up to 50 axons (Bjartmar et al., 1994), all of which have different neuronal
origins (Figure 1.2).

2. Schwann cells exit the cell cycle during the final maturation stage of the
lineage. However, Schwann cell has the ability to reenter the cell cycle and
de-differentiate (Zujovic et al., 2007). Once reconnecting with axons, Schwann cell
can redifferentiate and remyelinate (Zujovic et al., 2007). In contrast, OL does not

have such feature.



Schwann Cell

Axon

Oligodendrocyte

Figure 1.2. Myelinated axon in the PNS (A) and CNS (B). Diagram is drawn by Dr.
Emma Frost.

The myelin sheath is a segmented, discontinuous layer. The exposed area between
two adjoining segments of an axon is called the node of Ranvier.

Panel A: In the PNS, several Schwann cells wrap around a single axon.

Panel B: In the CNS, one single OL wraps more than one axon, all of which have

different neuronal origins.



Mechanism

As mentioned, myelination is critical for a healthy nervous system. Itis
apparent that careful molecular orchestration plays a pivotal role in assémbling the
myelin. However, the mechanism of myelination still remains unclear. There are
many unanswered questions: how does the complex process work? What are the
regulatory signals? ~ How do these signals regulate the different stages? These
questions need to be individually answered to fully understand the regulatory
mechanisms involved.

The following sequential steps are known to be crucial:

1. OLs migrate to the axons to be myelinated at the appropriate developmental
time;

2. OLs proliferate and polarize the pathways for tranéporting the extensions of
the OL plasma membrane to the axon, ensuring the delivery of myelin components to
the glial axon contact site;

3. OL processes adhere to the axon and deliver newly synthesized myelin
specific lipids and proteins;

4. OL processes spiral around the axon with the recognition of the space to be
myelinated;

5. Myelin membrane compaction occurs due to specific lipids and proteins
interactions.

It is acknowledged that OPs migration, proliferation and differentiation are

crucial to the success of these multiple steps (Baumann and Pham-Dinh, 2001).



The myelination is known to occur in a rostral té caudal direction in the human
brain (Kinney et al., 1988; Looney and Elberger, 1986). Conversely, Vincze found
that myelination took place first in the caudal area in the mouse corpus callosum
(Vincze et al., 2008).

Furthermore, neurons themselves have been found to regulate membrane
trafficking in OLs by reducing endocytosis and increasing transportation of
proteolipid protein (PLP), the major myelin protein, to the plasma membrane
(Trajkovic et al., 2006). Likewise, OLs and myelin may also stimulate neurons
development and maturation by increasing the axonal caliber (Windebank et al., 1985;
Vincze et al., 2008).

In addition, other factors are known to modulate myelin development. For
example, experiments by Zalc and Fields indicated that nerve impulse activity is
important to myelin formation in optic nerve development, and the firing pattern of
axons may influence myelination (Zalc and Fields, 2000).

There is also some evidence suggesting that environmental factors might
influence myelination. For instance, pregnant rats were exposed to a restraint stress
once a day during the late gestation. This stress leads to hypermyelination in the
offspring of rats (Wiggins and Gottesfeld, 1986). As well, the myelinated axons are
increased in the corpus callosum of rats when raised in an enriched environment

(Juraska and Kopcik, 1988).



Structure

In myelinated neurons, most of the axon is wrapped by myelin. Unlike other
membranes, myelin has elevated lipid content, containing 70% lipids and 30%
proteins (Baumann and Pham-Dinh, 2001). For comparison, mitochondrial inner
membrane contains 76% protein and only 24% lipid. Plasma membranes of human
red blood cells and mouse liver contain nearly equal amounts of proteins 44, 49% and

lipids 43, 52% respectively.

The Structure of the Node of Ranvier

Electron microscopy is a useful tool to better understand the delicate structure
of the myelin. The myelin sheath is interrupted at regular intervals where the
axolemma, the axonal membrane, is exposed. These exposed portions between
adjoining portions of the myelin sheath are termed the nodes of Ranvier where
sodium ion channels are clustered. Kaplan et al showed that OLs are required to
induce sodium channel clustering (Kaplan et al., 1997). The myelin structure
between two nodes is called an internode where multi layers of compact myelin are
wrapped (Figure 1.3.). The interﬁodes are sealed by compacted myelin sheath,
thereby restricting current flow at the nodes of Ranvier (Fields, 2008).

Accordingly, the segmental structure allows the nerve impulses or action
potentials to propagate by jumping from node to node or skipping the myelinated
areas. This type of impulse transduction is known as saltatory conductance (Huxley

and Stampfli, 1949). “Saltatory” stems from a Latin word which means “to leap or
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to dance”. More detail about the saltatory conductance will be discussed in the
“nature or function of the myelin sheath”.

In addition, two other specialized areas of the myelin sheath have been
identified:

1. The adjacent paranode where the myelin adheres to the axon by cell-adhesion
molecules.

2. The juxtaparanode where the potassium ion channels are located.

The compact myelin sheath when viewed transversely, is composed of tight
Junctions and adherent junctions (Dyer, 2002). The former are where three major
constituent proteins are located: 2, 3- cyclic nucleotide 3’- phosphohydrolase
(CNPase), actin filaments and tubules, all of which contribute to the construction of
cytoskeletal veins of the compact myelin sheath (Dyer, 2002). The latter, containing
PLP ar{d myelin basic protein (MBP), are the areas where the major and minor dense
lines localize (Dyer, 2002). The cytoplasmic interfaces combine to form the major
dense lines and two extracellular faces constitute the minor dense lines (Baumann and

Pham-Dinh, 2001) (Figure 1.4.).

Myelin Proteins

The two major structural proteins of myelin are PLP (and isoform DM-QO) and
MBP. PLP is synthesized in the endoplasmic reticulum and then transported to the
plasma membrane by vesicular transport (Simons and Trotter, 2007). Onthe

contrary, MBP is synthesized at the myelin membrane by local mRNAs translation,



which may prevent non specific adhesion to the membranes (Simons and Trotter,

2007).

PLP

PLP constitutes 50% of myelin proteins (Baumann and Pham-Dinh, 2001).
PLP binds to other PLP proteins which reside in the next loop of the myelin spirals.
The network of PLPs results in the close apposition of the outer membranes of .
adjoining myelin sheath. Mutations involving PLP gives rise to the Jimpy mouse, in
which OL death and dysmyelination occur. In this mouse, the myelin sheaths are
thinner than normal and the myelin compaction is abnormal (Campagnoni and Skoff,
2001). The Jimpy mouse is regarded as a model of Pelizaeus-Merzbacher disease,
where mental and motor coordination are disrupted (Mikoshiba et al., 1991).
However, even without PLP expression, OLs are still capable of assembling myelin
sheaths, indicating PLP is not critical for the formation of myelin (Garbern, 2007).

However, it is critical for the normal structure of myelin.

MBP

MBP is the second most abundant myelin protein, comprising 30% of the
myelin proteins (Baumann and Pham-Dinh, 2001). MBPs are located at the
cytoplasmic side of the membrane. They interact with lipids, which are also at the

cytoplasmic side of the membrane, to stabilize the myelin. Correspondingly, a MBP
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mutation results in the Shiverer mouse, in which the major dense line is missing
(Privat et al., 1979).

It is likely that highly positive charged MBPs binding a negatively charged
cytoplasmic membrane is critical for compact myelin formation (Harauz et al., 2004).
Fitzner demonstrated that MBP plays a role in forming the myelin lipid bilayer by
increasing lipid packing (Fitzner et al., 2006). MBP may act as a lipid coupler which
either brings the different layers of myelin together or clusters the lipid bilayer to help

facilitate myelin sheath formation (Fitzner et al., 2006).

Other Myelin Protein
In the CNS myelin, OL specific protein (OSP), also known as Claudin-11, is the
third most abundant myelin protein, representing 7% of the myelin proteins. It is

required to form the tight junctions (Bajramovic et al., 2008; Dyer, 2002).
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Oligodendrocyte cell body

Oligodendrocyte cytoplasm

Figure 1.3. Myelin in the CNS. Diagram is drawn by Dr. Emma Frost.

Several processes (P) of an OL extend out from the cell, each process gives rise to an
extension that wraps around a segment of the axon to form an internode resulting in a
multiple layers appearance. Most of the internode is composed of firmly wrapped
membranes and OL cytoplasm. The bare axon between the internodes is the node of

Ranvier.
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Figure 1.4. The structure of the compact myelin. Diagram is drawn by Dr. Emma
Frost.

Mpyelin sheath is a lipid bilayer which contains several large proteins. MBP locates
at the cytoplasmic site between the lipid bilayer. Two cytoplasmic sites fuse
together to form the major dense line (red). PLP .locates at the extracellular surface

of the lipid bilayer, and two extracellular surfaces form the intraperiodic line (blue).
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Nature or Function of lthe Mpyelin Sheath

The myelin sheath’s unique structure and composition, as described, is essential
to build a membrane with high electrical resistance and low capacitance to prevent
current loss during nerve impulse conduction. Furthermore, in contrast to the
invertebrate nervous system where the fast nerve conduction is achieved by increased
axonal diameter, the myelin sheath has three main advantages: high-speed conduction,
fidelity of transmitting sjgnaling over long distance and space economy. The
saltatory conductance contributes to all of these (Baumann and Pham-Dinh, 2001).

As stated, the mechanism by which myelinated axons conduct nerve impulse is
saltatory conduction. In contrast, the propagation speed of unmyelinated axons is
directly proportional to the axon diameter, thereby, nerve impulse progresses in a
slow and continuous manner (Zalc et al., 2008). In addition, the signal may get lost
or lose its strength as it travels through the unmyelinated axon. For example, it takes
longer for a signal of an unmyelinated axon of a heat sensor in the finger to travel to
the brain, than that of the myelinated axons of the pain receptor. Myelinated axons
conduct nerve impulse 50 to 100 times faster than non-myelinated axons which have
the same diameter (Zalc et al., 2008).

Further, by saltatory conductance, fewer ions enter or leave the axon during
membrane potential changes and less energy is required by the sodium-potassium
exchange pump. Hence, energy is saved for the action potential conduction. By
adding faster nerve transmission, the myelin sheaths are able to achieve an efficient

and effective action potential conduction.



The myelin not only hastens the speed of nerve impulse, but also regulates it by
several features, such as the diameter of the axon, the thickness of the myelin sheath,
the number and the structure of nodes of Ranvier, as well as the distribution of ion
channels (Fields, 2008).

New findings also indicate that myelin has additional functions besides being
an insulator. For instance, the myelin sheath maintains the ionic balance in the
periaxonal space by distributing channels for ions such as sodium, potassium and
chloride (Dyer, 2002). It also plays a role in maintaining axonal integrity (Simons
and Trotter, 2007). In addition, it maintains the axon caliber to ensure normal
conduction of the action potential by acting as a water exchange pump (Dyer, 2002).
Myelin, on the other hand, is also capable of inhibiting axonal growth and
regeneration (Simons and Trotter, 2007; Baumann and Pham-Dinh, 2001).
Moreover, myelin proteins such as Nogo-A and myelin-associated glycoprotein
(MAG) modulate synapse formation by suppressing axon sprouting (Chen et al.,
2000; McKerracher et al., 1994).

In humans, the myelin function facilitates cognitive development, and the
learning and memory development of young children (Zalc and Fields, 2000; Fields,
2008). It is known that decision-making skills are not fully developed in
adolescence. This observétion could be explained by incomplete myelination of the
frontal lobes, which regulate higher reasoning, until the early twenties (Giedd, 2004).

In addition, numerous disorders of the brain associated with dysfunctional



myelination, further prove the functional importance of myelin; this will be explored

in greater detail below.

Disorder of Myelination

To properly acknowledge the importance of the myelin, it is worthwhile
examining neurological disorders. ~For example, incorrect myelination, leading to
failure to conduct nerve impulses, may lead to paralysis, sensory-motor dysfunction,
cognitive impairment, mental retardation and even death (Fields, 2008).

There are two major disorders of myelin: dysmyelination and demyelination.
The dysmyelinating disorders are characterized by abnormality in myelin formation,
resulting in dysfunctional myelin. In most cases, heritable conditions affect the
biosynthesis and formation of myelin, causing the dysmyelination disorders.
Demyelinating disorders are characterized by the damage or loss of the myelin sheath.
Often the cause is unknown, however, autoimmune, toxic, metabolic, infectious or
traumatic conditions are factors that are associated with demyelination. A variety of
nervous system and psychiatric disorders, then, are related to the abnormal myelin

sheath formation or damaged myelin.

Dysmyelination
The leukodystrophies are a group of rare CNS diseases affecting myelin, the
major component of white matter (Lyon et al., 2006). Metachromatic
leukodystrophy (ML), the most common form of leukodystrophy, is an autosomal

recessive disorder with the incidence of 1 per 40,000 to 100,000 (Lyon et al., 2006).
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ML is caused by lack of activity of the lysosomal enzyme, arylsulfatase, resulting in
the accumulation of sulfatides, which in turn cause myelin breakdown (Lyon et al.,
2006). Both central and peripheral white matter can be involved. The
histopathologic finding is diffuse, confluent loss of myelin that is most advanced in
the cerebrum.  Most patients suffer the onset in infancy, usually between 18 and 24
months (Lyon et al., 2006). Death occurs by the end of the first deéade (Lyon et
al., 2006). However, two other onset forms exist: juvenile and adult (Lyon et al,,
2006). Gait abnormalities, ataxia, nystagmus, hypotonia, diffuse spasticity and
pathologic reflexes are common symptoms.

Pelizaeus-Merzbacher disease, making up 6.5% of all leukodystrophies, is an X
linked myelin disorder, showing a total absence of myelin (Koeppen et al., 2002).
Mutation of the PLP gene has been shown to be the cause of Pelizaeus-Merzbacher
disease (Lyon et al., 2006).  This rare CNS disease progresses slowly (Garbern,
2007). The patients present symptoms in the neonatal period with classic signs
including ataxia, nystagmus, spastic quadriparesis and cognitive delay in early
childhood (Lyon et al., 2006; Garbern, 2007).  Affected individuals may survive into

the second to fourth decades of life (Lyon et al., 2006).

Demyelination

Multiple sclerosis (MS) is the most well known neurological disorder of the
white matter, characterized by multiple areas of demyelination within the CNS.  40%
of MS patients show impaired cognitive ability (Kujala et al., 1997). The

pathological findings include inflammation, astrocyte scarring, loss of OLs and
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consequent destruction of myelin (Storch and Lassmann, 1997; Omari et al., 2006).
Although the pathogenesis of demyelination is not well understood, it is agreed that T
lymphocytes, mediating an immune response against the myelin, trigger the disease
(Storch and Lassmann, 1997).

Recently, damaged myelin has also been discovered in the brains of normal
aged individuals, and of schizophrenic patients (Miller, 2007). Several experiments
have proved that the length of myelinated axons decreases with age in the human
brain (Hinman and Abraham, 2007).

Schizophrenia, major depression and bipolar disorder fall in the realm of
psychiatric disorders. Hakak used gene expression studies analyzing thousands of
genes from schizophrenia brains. He found 35 myelin genes were abnormally
regulated (Hakak et al., 2001).  Post mortem studies of brain tissue from patients
suffering from schizophrenia, major depression and bipolar disorder found a
decreased number of mRNA transcripts of myelin genes and genes modulating OLs

(Tkachev et al., 2003; Aston et al., 2005).

Oligodendrocyte Origin and Lineage

OPs initially appear in discrete areas of the developing CNS, such as the
embryonic telecephalon (Rakic and Zecevic, 2003; Menn et al., 2006), the ganglionic
eminences (Kessaris et al., 2006) and the sub-ventricular or sub-ependymal zone
(Miller, 1996).  These areas consist of highly proliferative precursor cells, which

ultimately produce neural and glial progenitor cells.
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‘ OPs migrate extensive distances from the site of origin to their final location
where they will myelinate the axon.  Subsequently, OPs start to proliferate and
generate a sufficient population of cells, prior to differentiating into mature OLs.

The mature OLs are capable of populating putative white matter tracts, such as the
corpus callosum (Levison and Goldman, 1993).  Thereby, OPs disperse extensively
radially and tangentially throughout the brain (Suzuki and Goldman, 2003). To date,
the mechanisms underlying these developmental stages are not well understood.
Experiments on the adult brain reveal that adult SVZ continues to be a source of
neurons and OPs (Menn et al., 2006). Menn and his colleagues used SVZ type B
cells or astrocytes to generate OLs and neurons successfully in vivo and in vitro.
More importantly, the number of OPs derived from the adult SVZ type B cellé
increased significantly. These OPs were found within or around the demyelination
areas, suggesting that adult SVZ type B cells contribute to repair myelin after the |

development of a demyelinating lesion (Menn et al., 2006).

Five Stages

In the developing rat CNS, at least five developmental stages are identified
based on morphology, behavioral characteristic and antigenic expression (Figure 1.5.)
(Armstrong, 1998). OLs originate as progenitors, with a simple bi-polar
morphology. The progenitors are highly migratory and actively proliferating. As
the cell differentiates, it undergoes a vast morphological change to form a large

network with multiple branching processes. At this stage, the cell has reduced
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proliferative capacity, yet is not generating myelin. The cell eventually
differentiates into a mature, myelin sheath-producing OL.

Different antigenic markers are used to identify the different stages of the
lineage. OL pre-progenitor cells express high levels of PDGF receptor alpha
(PDGF-Ra) (Pringle and Richardson, 1993), or the proteoglycan NG2 (Nishiyama et
al., 1996), OPs also express cell surface ganglioside which is recognized by the
monoclonal antibody A2B5, (Raff et al., 1983) or the single ganglioside Gp3 (Levi et
al., 1987).

Eventually, with the differentiation of OP, another cell surface ganglioside,
termed O4 is expressed.  As the cell differentiates into pre-myelinating OLs, some
surface or intracellular antigens disappear and new ones are acquired. Although
expression of A2B5 and Gp3 is lost, 04 expression is still maintained, and another
ganglioside is newly expressed, termed O1.  Furthermore, the pre-myelinating OLs
express myelin proteins, for example PLP and its isoform DM-20 (Fruttiger et al.,
1999) and MBP (Lin et al., 2006). Later markers are MAG and myelin
oligodendrocyte glycoprotein (MOG), at the final stage of differentiation (Lietal.,
1994; Duchala et al., 1995).  Different stages of the OL lineage can be identified by
these specific cell markers.

Most OPs expressing proteoglycan NG2 differentiate into mature myelinating
OLs, but some remain at the immature stage and the rest undergo programmed cell

death (Polito and Reynolds, 2005; Bozzali and Wrabetz, 2004).
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Figure 1.5. The OL lineage. Diagram is drawn by Dr. Emma Frost.

The names of the cell type are listed at the top, from the pre-progenitor cell,
oligodendrocyte progenitor, immature oligodendrocyte to the mature
myelinating-oligodendrocyte (left to the right).

The morphological change develops from very simple to complex. The three
behavioral characteristics are: migration, proliferation and differentiation.. The
different antigenic markers are used to identify different stage of lineage. OPs
express PDGF-Ra, NG2, A2B5 and Gp3.  As those markers decline, some other
markers take over, such as O4, O1, and myelin proteins: MBP and PLP. Late

markers comprise MOG and MAG, at the late stage of the differentiation.
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Factors Regulating Oligodendrocyte

OL development is carefully orchestrated on the basis of a complex series of
migration, proliferation and differentiation events. A broad range of growth factors
have been postulated to regulate the development of OLs, including fibroblast growth
factor- 2 (FGF-2), glial growth factor-2 (GGF-2) and PDGF-A (Frost et al., 2003;

Miller, 2007).

PDGF

Among these growth factors, the most significant and best characterized is
PDGF-A. PDGEF is so called because it was originally isolated from platelets and
has been found to play an important role in vascular biology (Soriano, 1997). PDGF
was one of the growth factors which was first characterized as well as being the most
studied. Study of PDGF has led to an understanding of many different signaling
pathways.

In the CNS, PDGF-A is synthesized widely by different cells such as neurons,
astrocytes and OLs (Fruttiger et al., 1999; Heldin and Westermark, 1999). PDGFs
are homodimers or heterodimers consisting of two polypeptide chains (Fredriksson et
al., 2004).  There are five different isoforms: AA, AB, BB, CC and DD (Fredriksson
etal., 2004). These isoforms achieve their effects via plasma membrane recep;tors:
the alpha and beta isoforms (PDGF-Ra and PDGF-Rf3), which may combine to form

homo or hetero dimers: o, o3 and B (Soriano, 1997). PDGF-Ra can bind to both
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PDGF-A and PDGF-B, while PDGF-Rf only binds PDGF dimer containing B chains

(see table 1.1.) (Pringle et al., 1992).

Ligand
AA AB BB CcC DD
Receptor
oo V V v v
op Y Y Y
BB v v

Table 1.1. Receptor specifically binding to the five different isoforms of PDGE

(Fredriksson et al., 2004)

These receptors are members of the tyrosine kinase receptor family. Binding
to the receptors by extracellular ligand-binding domains activates an intracellular
tyrosine kinase diomain triggering a series of events known as the tyrosine kinase
cascade:

1. Receptor dimerization activates tyrosine kinase;

2. Autophosphorylation of tyrosine residue occurs both inside and outside the kinase
domain, leading to elevated catalytic efficiencies of the kinases and creating
docking sites for SH2 domains;

3. Binding of SH2 domain and further initiation of signal transmission. A number
of SH2 domain containing proteins are able to bind to either PDGF-Rot or
PDGF-RB, such as phosphatidylinositol 3’-kinase (PI3-kinase) and phospholipase

C -y (PLC-y) and a guanosine triphosphatase (GTPase) activating protein (GAP)
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for Ras. (Pringle et al., 1992; Oumesmar et al., 1997; Klinghoffer et al., 2001;

Heldin and Westermark, 1999).

During OPs development, PDGF is known to be a potent mitogen which
promotes proliferation. It also regulates precursor motility and survival (Tsai et al.,
2002; Frost et al., 2003; Barres et al., 1993). PDGF has been shown to be essential
for normal myelination of the CNS during brain development (Soriano, 1997).

PDGF is also involved in the regulation of OPs migration, differentiation and survival
(Calver et al., 1998; Armstrong et al., 1991; Frost et al., 1996; Frost et al., 2008;
Barres et al., 1993; Noble et al., 1988). Over-expression of PDGF in a transgenic
mouse results in the hyperproliferation of OPs (Calver et al., 1998). Experiments
using knockout mouse models proved that PDGE-A, but not PDGF-B, is necessary in
spinal cord development (Fruttiger et al., 1999). PDGE-A knockout mouse embryos
have severely reduced numbers of PDGF-Ra positive OPs at different sites, such as
the spinal cord, optic nerve, cerebellum and those embryos that survive postnatally are
severely hypo-myelinated (Fruttiger et al., 1999). The PDGF-Ra knockout
phenotype is severe and includes mesodermal and neural crest cell migration defects,
leading to death between embryonic day 8 (E8) and E16 (Soriano, 1997). In
addition, PDGF-Ra knockout mice exhibit subepidermal blebs, skeletal abnormalities
and bleeding (Soriano, 1997). PDGF-Ra is considered to be the only PDGF
receptor expressed by OL.  Further studies are required to identify the role of the B,

C and D isoforms of PDGF in OL lineage regulation.
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PDGF is not the only extracellular signaling molecule that is important in
regulating the development of OL. PDGF might act in concert with other
environmental signals to influence OPs behavior. Chemokine (C-X-C motif) ligand

1 (CXCL1) is such a candidate (Robinson et al., 1998; Tsai et al., 2002).

CXCLI

Chemokines or chemoattractant cytokinés are a family of proteins that primarily
regulates leukocyte migration (Amiri and Richmond, 2003). Chemokines are
categorized into four groups: CXC, CC, C and CX3C, which are based on the location
of the first two of four conserved cysteine (C) residues within the mature proteins
(Amiri and Richmond, 2003). The CXC chemokines are defined as one amino acid
residue separating the first two conserved cysteines. The CC chemokines have
adjacent conserved cysteines at the first two residues. The C chemokines lack the
first two conserved cysteine residues while the CX;3C has three amino acid residues
separating the first two cysteines (Amiri and Richmond, 2003).

The first isolated chemokine family member CXCL1, which is a homologue of
interleukin-8 (IL-8), is a high affinity ligand for the CXC receptor type 2 (CXCR2).
CXCL1 has proved to have a range of functions, such as modulating inflammation,
angiogenesis, wound healing and tumorigenesis (Amiri and Richmond, 2003). In
addition, CXCL1 is the first chemokine that was identified as having a proliferative

effect on rat OPs (Robinson et al., 1998). Robinson et al discovered that CXCL1
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expression is correlated with OPs proliferation (Robinson et al., 1998), which
significantly increased knowledge of the local control of OPs proliferation.

In combination with PDGF, CXCL1 regulates myelination by inhibiting OPs
migration as well as promoting cell proliferation, both of which are mediated through
the interaction with its receptor CXCR2, suggesting that both CXCL1 and CXCR2
contribute to the modulation of normal myelination (Robinson et al., 1998; Tsai et al.,

2002). More detail about CXCL1 regulation of OP will be discussed in Chapter VI.
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Chapter 11

Objectives and Hypotheses

29



Rationale and Objectives
Many previous studies have demonstrated that PDGF-A plays a significant role

in the distribution of OPs during brain development (Calver et al., 1998; Armstrong et
al., 1991; Frost et al., 1996; Frost et al 2008; Barres et al., 1993; Noble et al., 1988).
The growth factor, PDGF-A acts as not only a powerful motogen for OPs, but also an
important factor regulating OPs migration, proliferation, differentiation and survival
(Calver et al., 1998; Armstrong et al., 1991; Frost et al., 1996; Frost et al 2008; Barres
etal, 1993; Noble et al., 1988). In addition, the chemokine, CXCL1 synergizes with
PDGF-A to regulate OPs migration, proliferation and myelination (Robinson et al.,
1998; Tsai et al., 2002; Fillpovic and Zecevic, 2008).  Furthermore, it has previously
been thought that there ‘is a gradient of PDGF-A concentrations drawing OPs away
from their site of origin. However the presence of a concentration gradient has never
been experimentally identified. In addition, previous studies have indicated that
PDGF-A is expressed throughout the developing brain (Calver et al.,A1998; Hutchins
and Jefferson, 1992; Miller, 2002). Therefore, the main objectives of this res'earch
project are:
1. To clarify the role of PDGF-A in regulating OPs migration.
2. To map the expression patterns of PDGF-A and its receptor PDGF-ch during

development of the mouse brain.
3. To mab the expression patterns of CXCL1 and its receptor CXCR2 during

development of the mouse brain.
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Hypotheses
The underlying hypotheses of the research project are:
1. PDGF-A regulates OP migration via extracellular regulated kinase (ERK)
signaling.
2. PDGF-Ra expression is restricted to the location of OPs in the CNS, and its
ligand PD‘.GF—A is expressed throughout embryonic brain development.
3. CXCL1 expression is ubiquitous throughout the postnatal stage as brain develops

and the expression of its receptor CXCR2 is similar to PDGF-Ra.
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Materials and Methods
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Materials
Animal Source

This project was performed using pregnant adult and postnatal C57BL/6 mice,
and postnatal day 1(P1) Sprague-Dawley rats, purchased from the Central Animal
Care Services, Faculty of Medicine, University of Manitoba (Winnipeg, Manitoba,
Canada). All animal experiments were conducted under University of Manitoba
Protocol Management and Review Committee approved animal use protocols and

conformed to the Canadian Council on Animal Care.

Chemicals

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich,
Inc. (St. Louis, MO, U.S.A) and were of analytical grade. OCT cryocompound was
from Fisher Scientific Company (Ottawa, ON, Canada). PDGF-A was from
Research & Diagnostics Systems, Inc. (Minneapolis, MN, U.S.A).
Bromodeoxyuridine (BrdU) was from Boehringer Ingelheim GmbH (Ingelheim,
Germany). Monoclonal anti-BrdU antibody was from Becton, Dickinson and
Company (Mississauga, ON, Canada). Rabbit polyclonal anti-activated caspase-3
was from BioVision, Inc. (Mountain View, CA, U.S.A). Rabbit anti-PDGF-Ra,
rabbit anti-PDGF-A and goat anti-GRO o were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA., USA). Secondary antibodies were from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, U.S.A), using

fluorescein isothiocyanate (FITC) conjugated goat anti-rabbit, FITC conjugated



F(ab’), fragment donkey anti-mouse IgG (H+L), peroxidase conjugated donkey
anti-goat IgG and horseradish peroxidase (HRP)-conjugated secondary antibody.

- Antibody serum used for Western blot: polyclonal anti-phospho- ERK1/ERK2 was
from Research & Diagnostics Systems, Inc. (Minneapolis, MN, U.S.A); polyclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from GenWay
Biotech, Inc. (San Diego, CA, U.S.A). The pharmacological inhibitors used were -
1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-butadiene (U0126) from EMD
Chemicals Inc. (San Diego, CA, U.S.A) and
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) from
AXXORA, LLC (San Diego, CA, U.S.A). Chemilucent ECL detection system was
from Millipore Corporation (Temecula, CA, US.A). L-glutamine was from
Invitrogen Canada Inc. (Burlington, ON, Canada). Fetal bovine serum (FBS) was
from Thermo Fisher Scientific Inc. (Waltham, MA, U.S.A). Trypan blue solution
was from Mediatech, Inc. (Manassas, VA, U.S.A). Methanol, alcohol, 30%
hydrogen peroxide and 10% buffered formalin were from Fisher Scientific Company

(Ottawa, ON, Canada).

Methods
Cryosectioning

The experimental mice were sacrificed at specific days post-conception by CO,
asphyxiation. Death was verified by the absence of both respiration and heart beat,

and a lack of response to tail and foot pinch. The mice were then pinned and the
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thoraxes were opened. The right atria were snipped, and 50 ml phosphate buffered
saline (PBS) containing 10 U/ml heparin and 10% buffered formalin were injected
through the left ventricle to circulate through the entire vascular system which was
operated by a syringe. PBS was followed by 50 ml of 10% buffered formalin, to fix_
the entire animal. ~ After fixation, the uterine horns were exposed, removed in their
entirety and placed into a petri dish (Fisher Scientific Company). The uterine
muscle layers and the amniotic membranes were removed and the embryos were put
in 10% buffered formalin for 48 hours fixation at 4°C. The embryos were then
incubated in 20% followed by 30% sucrose in PBS for 2-3 days at 4°C; thereaftér, the
heads were dissected from the bodies, embedded in OCT cryocompound, quickly
frozen on dry ice and stored at -80°C until sectioned. The postnatal mice were
sacrificed as described above. The mice heads were then dissected from the bodies
and fixed in 10% buffered formalin for 48 hours at 4°C. After fixation, the heads
were soaked in 20% followed by 30% sucrose in PBS for 2-3 days at 4°C, thereafter,
embedded in OCT cryocompound, quickly frozen on dry ice and stored at -80°C until
sectioned.

During cryosectioning, the headé were mounted on the cryostat chuck. From
olfactory bulb to brain stem, 12 pm sections were cut coronally on a Shandon
cryotome® SME cryostat (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A).
One exception is E11.5 head which was cut sagittally. Serial sections were mounted
on superfrost ® microscope slides (Fisher Scientific Company) and stored at -80°C

until stained.



Immunohistochemistry

Serial sections were immunostained for PDGF-Ra and PDGF-A. The primary
antibodies were visualized by fluorescently conjugated secondary antibodies. The
slides were taken through the following steps: blocking with 20% normal goat serum
(NGS) in PBS for 20 minutes, incubating rabbit anti-PDGF-Ra. — 1:50 dilution in PBS
and 5% NGS for 60 minutes or rabbit anti-PDGF-A — 1:100 dilution in PBS and 5%
NGS for 4 hours, goat anti-rabbit FITC conjugated antibody — 1:100 dilution in PBS
for 30 minutes, nuclear staining 4’6-diamidino-2-phenylindole (DAPI) — 1:500
dilution in PBS for 5 minutes.

Negative control Sections were incubated in either primary antibody alone, or
secondary antibody alone, to demonstrate non-specific binding.

Images were then photographed using an Inverted Olympus IX51 with
c-mounted Retiga 2000 RV monochrome camera with EXFO X- Cite metal halide

fluorescence system. Image Pro 6.0 was used to capture images.

CXCLI staining

Serial sections were stained for CXCL1 and visualized using
3-amino-9-ethyl-carbazole (AEC) staining. AEC is an enzyme reaction that deposits
a reddish brown precipitation on the antibody, enhancing the signal. It provides a
more stable visualization than fluorochromes.

The slides were treated in 100% methano! for 5 minutes, blocked with 5%

normal donkey serum (NDS) in PBS for 30 minutes, followed by primary antibody,
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goat anti-GRO o - 1:200 dilution in 5% NDS and PBS for 60 minutes and
corresponding secondary antibody peroxidase conjugated donkey anti-goat IgG -
1:2500 dilution in PBS for 30 minutes.

50 mM acetate buffer was prepared as follow: 115 pl glacial acetic acid in 100
ml deinonized water to make 0.2M acetic acid; mixing together of 7.4 ml of 0.2 M
acetic acid, 544 mg sodium acetate trihydrate and 75 ml deinonized water to make up
the 50 mM acetate buffer. After that, AEC was added to 1 ml
N,N-Dimethylformamide (DMF), then diluted 1:20 in prepared 50 mM acetate buffer.
Add 30% hydrogen peroxide - 1:20 dilution into AEC, DMF and acetate buffer
immediately before adding to the sections, allowing color to develop. Finally, the

sections were mounted in aqueous mounting medium.

Oligodendrocyte Isolation

OPs were obtained from P1 rat brain. The pups were anesthetized and
decapitated. The heads were then pinned and sprayed with 70% ethanol. The
brains were removed and placed into a tissue culture plastic petri dish containing
Minimum Essential Mediurﬁ Eagle (MEME). Working under a dissecting
microscope (Fisher Scientific Company), cerebral cortexes were dissected and the
meninges were removed. The clean hemisphereé were then transferred into a 50 ml
centrifuge tube (Corning Inc., Corning, NY, U.S.A) containing fresh MEME,
thereafter, the tissue was triturated with an 18-gauge needle followed by a 21-gauge

needle. The solution was then transferred to a 70 um cell strainer (Becton,
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Dickinson and Company, Mississauga, ON, Canada) on the top of a 50 ml centrifuge
tube. Cells were then centrifuged at 1000-1200 revolutions per minute (rpm) for 5
minutes and resuspended in DFG — Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 5000U penicillin and streptomycin, 4mM L-glutamine and 10%
FBS. The cells were then plated into 75 ml tissue culture flasks (Becton, Dickinson
and Company, Mississauga, ON, Canada), which were coated with poly-D-lysine
(PDL) (5pg/ml). DFG medium was changed every three days.

Approximately 7-10 days after plating, OPs and microglia were removed by
shaking the flasks at 250 rpm (New Brunswick Scientific Co., Inc., Edison, NJ,
U.S.A). The medium was replaced with the fresh DGF after a two hour preliminary
shake, followed by a further 16-20 hours shake. The supernatant was placed in a
non-coated tissue culture plastic petri dish for 25-40 minutes at 37°C, 7.5% CO, to
allow the differential adhesion of microglial cells. The supernatant was then
centrifuged at 1000-1200 rpm for 5 minutes, resuspended in Sato’s modification of
DMEM, the components of which were 5 ug/ml bovine insulin, 100 pg/ml bovine
serum albumin (BSA) fraction V, 50 pg/ml human transferrin, 66 ng/ml progesterone,
5 ng/ml sodium selenite, 400 ng/ml thyroxine (T4) and 400 ng/ml Tri-iodothyroxine
(T3). After gentle trituration, 10 ul of a 1:3 dilution of Trypan blue solution was
added to 10 pl of the cell suspension, followed by cell counting using a

haemocytometer (Glaswarenfabrik Karl Hecht KG, Sondheim, Germany).
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Agarose Drop Migration Assay

Weigh out agarose to make 1% agarose in PBS and dissolve the solution in a
microwave oven. OLs were obtained from day 1 rat pups, as described in OL
isolation. ~ Approximately 50,000 OPs per well were mixed with 1% agarose in PBS.
Both cell suspensions and 1% agarose were transferred to a clean microfuge tube
(Fisher Scientific Company) to make a final 0.3% agarose solution. Cell
suspensions were then triturated thoroughly in 0.3% agarose, containing 10% FBS.
Immediately, 1.5 pl of cell suspension was plated at the centre of wells of 24 well
tissue culture plates (MJS Biolynx Inc., Brockville, ON, Canada) which were
precoated with PDL.  The plates were then placed on the ice for no more than 3
minutes to allow the agarose drop to set, followed by carefully adding Sato with 0.5%
FBS around the drops.  After 24 hours incubation at 37°C, the supernatant was
removed and replaced with defined medium containing test reagents.

The response of cells to PDGF-A in both the presence and absence of inhibitory
reagents were tested.  Cells were pretreated with inhibitory reagents, AMPA and
U0126 at the specified concentrations for 1 to 2 hours prior to incubating in PDGF-A.
The exposure times designed for PDGF-A were 30, 60, and 120 minutes, after which,
the supernatant was carefully removed and replaced with serum and PDGF-A free
Sato medium for 3 to 5 minutes. The medium was again replaced with serum and
PDGF-A free Sato medium for the duration of the experiment.

The cells migrated away from the agarose drop in a corona and the distance was

measured between the edge of the drop and the leading edge of the migrating cells
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(Frost et al., 2000). The measurement was taken at 0, 90, 180 and 270° around the
drop every 24 hour for 3 days, using a calibrated eyepiece graticule, in which the

width of one square is equivalent to 162 pm.

Proliferation Assay

OLs were obtained from day 1 rat pups, as described in OL isolation. Twelve
mm glass coverslips (Fisher Scientific Company) were coated with PDL, and 25,000
cells were plated on each coverslip. The cells were settled on the coverslips in Sato
medium with 1% FBS at 37°C for 2 hours.  After which time, the cells were washed
using serum free Sato medium. The supernatant was then replaced with Sato
medium containing 10 ng/ml PDGF-A. After 30, 60 and 120 minutes, the
supernatant was removed and the coverslips washed twice with serum and PDGF-A
free Sato medium. Subsequently, serum and PDGF-A free Sato medium was
replaced again for 24 hours. Ten uM BrdU was then added to each well for the final
2 hours of the experiment.

The immunodetection of incorporated BrdU was assayed as follows: the cells
were washed with cold HEPES buffered Minimal Essential Medium, fixed in 100%
methanol at -20°C for 10 minutes, followed by treatment with 0.2% paraformaldehyde
for 1 minute, 0.07 M NaOH for 7 minutes and another treatment with 2%
paraformaldehyde for 3 minutes. Cells were then incubated with anti-BrdU

monoclonal antibody at 0.25 pg/ml in PBS for 60 minutes, followed by incubation in
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donkey anti-mouse IgG (H+L) F(ab’), FITC conjugate and counter staining with
DAPIL

Cell proliferation was assessed as the percentage of DAPI positive that were
also BrdU positive. At least IOO cells per coverslip were counted with 3 to 4
coverslips per experiment, using an Olympus inverted IX70 microscope. For each
coverslip, 5 randomly selected fields of view were counted at 10 x magnification.
Total cell numbers were assessed from DAPI staining; and BrdU positive cell
numbers, as assessed by fluorescent conjugated primary antibody, were recorded.
Counts for each coverslip were averaged, and then the experiments were averaged to

get the final data.

Activated Caspase-3 Staining

OLs were isolated and plated on the glass coverslips, as described in OL
isolation and proliferation assay. After the initial PDGF-A exposure, cells were
incubated in serum free Sato medium for 24 to 72 hours, after which, cells were fixed
in 4% paraformaldehyde for 10 minutes. Cells were then washed twice with 1%
saponin in PBS and blocked in 10% NGS. Cells were incubated in rabbit polyclonal
anti-activated caspase-3 (1:20) for 1 hour and visualized using goat anti-rabbit
conjugated with FITC (1:100) for 20 minutes. DAPI was then used to counter stain
nuclei.

At least 3 coverslips were prepared for each experiment. For each coverslip, 7

randomly selected fields of view were counted at 10 x magnification. Total cell
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numbers were recorded by counting DAPI staining; and caspase-3 positive cell
numbers by counting fluorescent conjugated primary antibody, using a Zeiss Axio
Imager Z1 inverted microscope with Axiocam monochrome digital camera and
software. Counts for each coverslip were averaged, and then the experiments were

averaged to obtain the final data.

Western Blot

OLs were obtained from day 1 rat pups, as described in OL isolation. OPs
were pretreated with PDGF-A in the presence or absence of pharmacological
inhibitor. ~ Cells were treated with U0126 at the specified concentration for 30
minutes prior to a 30 minute exposure to 10 ng/ml PDGF-A. Cells were then lysed
with Laemmli sample buffer and boiled at 100°C for no more than 5 minutes.
Samples were stored at -80°C until analyzed. 2X sample buffer were composed of
80 ml 0.125 M Tris HCL buffer (pH6.8), 20 ml glycerol, 10 ml 2-mercaptoethanol, 4g
sodium dodecyl sulfate and 1 mg bromophenol blue.

15-20 pl samples were loaded onto a 12% SDS-PAGE gel and electrophoresed
for 2 hours at 100 volts. The proteins were transferred to PVDF membranes (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, U.S.A), using a Panther Semidry
electroblotter (Thermo Fisher Scientific Owl Separation Systems, Rochester, NY,
U.S.A) at 40 mA overnight. After the transfer, blots were blocked for 1 hour with
5% skim milk in Tris-buffered saline containing 0.5% Tween-20 (TBS-T), with

agitation at room temperature. The blots were then incubated at 4°C overnight with
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the primary antibody, using an appropriate dilution in 5% skim milk in TBS-T
(phosphorylated extracellular regulated kinase (pERK), 1:10,000; total ERK,
1:10,000; GAPDH, 1:1,000). After that, the blobs were treated with
HRP-conjugated secondary antibody in TBS-T for | hour at room temperature. By
using the ECL detection kit, a luminol-HRP-chemiluminescence reaction was used to
enhance the secondary signal. Finally, blobs were exposed to X-ray film (Kodak
Graphic Communications Company, Burnaby, BC, Canada) to visualize protein

bands.

Statistical Analysis
One-way analysis of variance was used to analyze differences between
migration curves, followed by Dunnett’s t-test post hoc analysis. The student t-test

was used to test the differences between means of cell count experiments.
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Chapter 1V

Regulation of OP Migration
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Introduction

In the CNS, OPs initially appear in discrete areas of the developing CNS, such
as the embryonic telecephalon (Rakic and Zecevic, 2003; Menn et al., 2006), the
ganglionic eminences (Kessaris et al., 2006) and the SVZ or sub-ependymal zone
(Miller, 1996). OP development then occurs in sequential steps, whereby OPs
migrate, proliferate, and differentiate into mature OLs. Migration, in which OPs
migrate extensively from their site of origin to colonize the entire CNS, is a critical
step in myelination (Levison, Chuang et al., 1993; Kakita and Goldman, 1999).

A number of growth factors mediate OL development. Many studies have
revealed that PDGF plays a significant role in OL development both in vivo and in
vitro (Calver et al., 1998; Armstrong et al., 1991; Frost et al., 1996; Frost et al 2008;
Barres et al., 1993; Noble et al., 1988). Not only is PDGF-A a powerful motogen for
OPs, but also an important growth factor to promote the migration, proliferation,
differentiation and survival (Calver et al., 1998; Armstrong et al., 1991; Frost et al.,
1996; Frost et al 2008; Barres et al., 1993; Noble et al., 1988). Further, Soriano and
Fruttiger provided persuasive evidence, using the PDGF-A and PDGF-Ro, knockout
mice, that PDGF is pivotal to normal myelination (Soriano, 1997; Fruttiger et al.,
1999).

As stated previously, five different PDGF isoforms exert their effects by
activating two receptors: PDGF-Ra and PDGF-Rf. Both are tyrosine kinase
receptors.  Ligand binding results in the activation of several different intracellular

signaling pathways, including Pls- kinase, mitogen activated protein kinase (MAPK)
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and PLCy. Among these, the MAPK pathway has been demonstrated to play an
important roles in OL development, such as cell growth, proliferation and death
(Stariha and Kim, 2001; Wang et al., 2003).

ERK, c-jun NH2-terminal protein kinase (JNK) and p38 MAPK constitute three
members of the MAPK family (Stariha and Kim, 2001; Wang et al., 2003). ERK is
activated by the tyrosine kinase receptor signaling pathway composed of sequential
kinases activation: Ras, Raf, MAP/ extracellular-related kinase (MEK), ERK, (Figure
4.1.) (Stariha and Kim, 2001). Further, ERK is the best characterized MAPK
member in mammals and one of the major downstream signaling pathways. In
addition, it has two isoforms: 44 KDa ERK1 and 42 KDa ERK2 (Stariha and Kim,
2001; Wang et al., 2003).

To date, the mechanism regulating OL development remains unclear.
Therefore, this study was undertaken to clearly investigate the role of PDGF and ERK
pathway underlying OL migration, using migration assay, Western blot analysis and

immunohistochemistry, etc.
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Actin Cytoskeleton
Reoganization

MHC

Figure 4.1. Schematic view of the MAPK signaling pathway. Figure is drawn by Dr.

Emma Frost. (RTK: receptor tyrosine kinase. MHC: myosin heavy chain. MLC:

myosin light chain. MLCK: myosin light chain kinase. MPK: MAPK phosphatase)

ERK1/2 is triggered by PDGF binding to its receptor. The binding of PDGF ligand

and receptor results in a series of events.

1. Growth factor receptor binding protein 2 (Grb2) binds to the receptor through the
SH2 domain.

2. Son of sevenless (SoS) is activated through SH3 domain.

3. Ras-GDP converts to Ras-GTP by SoS acting as the exchange factor.

4. Activated Ras-GTP phosphorylates Raf.

5. Raf, in turn, activates MEK1/2.

6. MEKI1/2 phosphorylates ERK1/2.

7. Actin cytoskeletion is reorganized, leading to the cell migration.
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Migration Assay

The agarose drop migration assay was used to investigate OPs migration in
response to PDGF-A in both the presence and absence of inhibitory reagents. The
inhibitory reagents: AMPA and U0126 at the specified concentrations were used to
pretreat cells for 1 to 2 hours prior to incubating in PDGF-A. The exposure times
for PDGF-A were 30, 60, 120 minutes respectively, after which time, the supernatant
was carefully removed and replaced with serum and PDGF-A free Séto medium for 3
to 5 minutes. Then the medium was again replaced with serum and PDGF-A free
Sato medium for the duration of the experiment.

The cells migrated away from the drop in a corona and the distance was
measured between the edge of the drop and the leading edge of migrating cells (Frost
et al.,, 2000). The measurement was taken at 0, 90, 180 and 270° around the drop
every 24 hour for 3 days, using a calibrated eyepiece graticule, in which the width of
one square is equivalent to 162 um.

In this study, OPs migratory distance was analyzed when OPs were exposed to
PDGF-A transiently and continuously. In addition, the measurement was taken
when OPs were pretreated with the OP prdliferation inhibitor, AMPA and ERK

signaling inhibitor, U0126.
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The Effect of Short Term Exposure (30 minutes) PDGF-A on OPs Migration
Exposure to PDGF-A at 10 ng/ml for 30 minutes resulted in 917.0 + 8.6 um
migration, compared to 973.3 + 6.6 um migration when the cells were exposed to

PDGF-A continuously (Figure. 4.2.).
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Figure 4.2. Effect of short term exposure (30 minutes) to PDGF-A on OPs migration
OPs which were exposed to 10ng/ml PDGF-A for 30 minutes (open circles and
dashed line), migrate to the same extent as OPs continuously exposed to PDGF-A

(closed circles).  Control (no PDGF) was shown as open squares and dashed lines.
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The Change of OP Cell Density in Response to Transient and Continuous
Exposure to PDGF-A

OPs showed a lower cell density when exposed to PDGF-A for only 30

minutes, as compared to continuous exposure to PDGF-A (Figure 4.3.).

Figure 4.3. Change of OP cell density in response to transient and continuous
exposure to PDGF-A. (bar = 0.1 mm)

Left panel: Control OPs were untreated and the measurement was taken 48 hours
later.

Middle panel: The measurement was taken 48 hours after OPs were treated with 10
ng/ml PDGF-A continuously.

Right panel: The measurement was taken 48 hours after OPs were treated with 10

ng/ml PDGF-A for 30 minutes.
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The Effect of the OPs Proliferation Inhibitor, AMPA, on OPs Migration
It was important to determine whether PDGF induced OP migration was not
related to OPs proliferation. For this purpose, the OP proliferation inhibitor,
AMPA at 200 pm was used.  Using the proliferation assay, it was confirmed that
AMPA inhibits OP proliferation (Frost et al., 2008). In the presence of AMPA
prior to continuous exposure to PDGF-A, the migration was measured as 849.72+13

um, while 828.09+30.6 pm for the cells continuously exposed to PDGF-A. (Figure

4.4.).
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Figure 4.4. Effect of the OP proliferation inhibitor, AMPA, on OPs migration
AMPA, which inhibits OP proliferation, does not have an effect on OPs migration in
the presence of PDGF-A (open circles and dashed line), as compared to treatment
with only PDGF-A (closed circle). Control (no PDGF) was shown as open squares

and dashed lines.
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The Effect of ERK Signaling in PDGF-A Induced OPs Migration

A widely used inhibitor of ERK signaling is 2’- amino - 3’- methoxylflavone
(PD098059). Previous studies revealed that PD098059 does not inhibit PDGF-A
induced OP migration (Simpson and Armstrong, 1999; Frost et al., 2008). Further,
PD098059 only inhibits the activation of MEK-1 (Alessi et al., 1995). On the
contrary, U0126, a dual ERK signaling inhibitor, acts to selectively inhibit MEK-1
and MEK-2 phosphorylation and the activation of ERKs (Newton et al., 2000).
Moreover, U0126 has a 100 fold higher potency in inhibiting ERK signaling than
PD098059 (Newton et al., 2000; Favata et al., 1998). In addition, U0126 does not
cause OP death (Frost et al., 2008).

Therefore, in this study, U0126 was used to assess the contribution of ERK
signaling to OPs migration. OPs migration was 672+18 um in the presence of a 5.0
uM U0126 pretreatment prior to 30 minutes exposure to 10 ng/ml PDGF-A,
compared to 483+83 um following a 10.0 uM U0126 pretreatment (Figure 4.5.).

Migration was 878+48 pm when the cells were exposed to PDGF-A for 30 minutes.
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Figure 4.5. Effect of the ERK signaling inhibitor, U0126, on OPs migration

PDGF-A (10 ng/ml) induced OP migration was significantly reduced by using U0126
at both 5.0 pM (open circles and dashed line) and 10.0 uM (open circles and solid
line), as compared to OPs exposed to 10 ng/ml PDGE-A alone for 30 minutes (closed

circle). Control (no PDGF) was shown as open squares and dashed line.

#* P < 0.01 as compared to continuous exposure to PDGF-A.
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Western Blot

Western blot analysis was carried out in order to investigate ERK
phosphorylation in OPs in response to a 30 minutes of exposure to PDGF-A in the
presence or absence of pharmacological inhibitors.

Figure 4.6.A shows that the activated form of ERK, pERK was activated after
OPs were treated with PDGF-A alone. Control OPs without the PDGF-A treatment
also show ERK activation, but, the band is onlsl faintly discernible (Figure 4.6.A.
Lane 1). The level of pERK was increased 24 hours after a 30 minutes exposure to
10 ng/ml PDGF-A (Figure 4.6.A. Lane 2). The levels of pERK remained elevated
72 hours following a 30 minutes exposure to PDGF-A (Figure 4.6.A. Lane 3-5). In
contrast, the total ERK, in response to the growth factor, was unchanged.

Further, pERK activation was studied after OPs were treated with both
PDGF-A and a pharmacological inhibitor (Figure 4.6.B). Control (untreated) OPs
showed low level of ERK activation (Figure 4.6.B. Lane 1), compared to the
increased levels of pERK when OPs were harvested immediately or 24 hours after a
30 minutes exposure to 10ng/ml PDGF-A (Figure 4.6.B. Lane 2-3).  On the contrary,
the levels of pERK were lower when OPs were pretreated with U0126 (Figure 4.6.B.
Lane 4-5).

The relative band densities of OPs showed a significant decrease when OPs

were pretreated with U0126 prior to the PDGF-A exposure (Figure 4.6.C).
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Figure 4.6. ERK phosphorylation in OPs
(A) ERK phosphorylation was analyzed after a 30 minutes PDGF-A treatmént.
Lane 1- Control OPs were untreated.
Lane 2- OPs were harvested 24 hours after a 30 minutes exposure to 10 ng/ml
PDGF-A.
Lane 3-5 Replicates of cells were harvested 72 hours after a 30 minutes exposure
to 10 ng/ml PDGF-A.
(B) ERK phosphorylation was analyzed after a 30 minutes PDGF-A treatment in the

presence of pharmacological inhibitor.
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Lane 1- Control OPs were untreated.

Lane 2- OPs were harvested immediately after a 30 minutes exposure to 10 ng/ml
PDGF-A.

Lane 3- OPs were harvested 24 hours after a 30 minutes exposure to 10 ng/ml
PDGF-A.

Lane 4- OPs were pretreated with U0126 for 30 minutes prior to 30 minutes
PDGF-A treatment and then harvested immediately.

Lane 5- OPs were pretreated with U0126 for 30 minutes prior to 30 minutes
PDGF-A treatment and then harvested 24 hours later.

(C) Relative density values for the pERK protein bands were obtained by testing three

different cell preparations

Lane 1- Control OPs were harvested 24 hours later.

Lane 2- Control OPs were harvested 48 hours later.

Lane 3- OPs were harvested 24 hours after a 30 minutes exposure to 10 ng/ml
PDGF-A

Lane 4- OPs were harvested 48 hours after a 30 minutes exposure to 10 ng/ml
PDGF-A

Lane 5- OPs were pretreated with U0126 for 30 minutes prior to 30 minutes
PDGF-A treatment and then harvested 24 hours later.

Lane 6- OPs were pretreated with U0126 for 30 minutes prior to 30 minutes

PDGF-A treatment and then harvested 48 hours later.
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Activated Caspase-3 Staining
The Effect of PDGF-A Withdrawal on OPs Death

A previous study indicated that PDGF withdrawal resulted in increased OP
death (Tokumoto et al., 1999). In order to examine the effect of PDGF-A
withdrawal after transient PDGF-A treatment, a cell death assay was performed, using
activated caspase-3 staining. ~ As an important caspase, caspase-3 can be activated by
both intrinsic and extrinsic apoptotic pathways (Budihardjo et al., 1999).

Based on the randomly selected fields of view, 100 cells per coverslip were
counted with 3 to 4 replicates. Total cell numbers were recorded by counting DAPI
staining; and caspase-3 positive cell numbers by counting fluorescent conjugated
primary antibody. This study assesses the extent of cell death 72 hours after a 30
minutes exposure to 10 ng/ml PDGF-A.  As measured by immunoreactivity,
15.8+1.5% cells were detected as positive for activated caspase-3 (Figure 4.7.). In
contrast to the control data (data not shown here), the data showed no significant

increase of cell death.
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Figure 4.7. Activated caspase-3 in OPs
Very few cells were positive caspase-3 cells (green) 72 hours after OPs were exposed
to 10 ng/ml PDGF-A for 30 minutes. The cells were counter stained with DAPI

(blue).
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Proliferation Assay
The Effect of Transient PDGF-A Exposure on OPs Proliferation

Transient exposure to PDGF-A (10 ng/ml) for 30, 60 and 120 minutes and 24
hours of continuous exposure resulted in 15.84+3.7%, 15.33£2.1%, 19.23£1.9% and

65.49+2.6% BrdU positive cells, respectively (Figure 4.8.).
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Figure 4.8. Transient PDGF-A exposure on OPs proliferation
Transient 10 ng/ml PDGF-A exposure for up to 120 minutes does not have an effect

on OPs proliferation.

*x% P < 0.005 as compared to untreated cells.
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Results

OPs, exposed to PDGF-A (10 ng/ml) for 30 minutes, migrate to the same extent
as cells exposed to PDGF-A (10 ng/ml) continuously for the duration of the
experiment.  Further, transient exposure to PDGF-A (10 ng/ml) for up to 120
minutes does not induce OPs proliferation, as compared to the PDGF-A incubation
for 24 hours which does induce proliferation. This was also confirmed by AMPA,
which proved that inhibition of OPs proliferation does not affect OPs migration in
response to PDGF-A.  However, the cell density revealed to be lower when OPs
were exposed to PDGF-A for only 30 minutes. - Together, short term exposure to
PDGF-A is sufficient to stimulate OPs migration for up to 72 hours without inducing
OPs proliferation.

The extent of cell death 72 hours after 30 minutes exposure to PDGF-A was
determined by activated caspase-3 staining. Very few cells, 15.8+1.5% cells, were
measured as positive for activated caspase-3, indicating PDGF withdrawal has no
effect on cell death. The results presented here confirm that PDGF is a critical factor
stimulating OP migration without affecting OP proliferation and cell death.

In order to assess the ERK signaling in PDGF-A induced OPs migration, ERK
phosphorylation in OPs in response to a 30 minutes PDGF-A treatment was
examined, using Western blot analysis. The level of pERK activation was increased
24 hours after transient PDGF-A exposure, and remained at the same level for the

following 48 hours.
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The study further investigated the effect of ERK signaling by using its inhibitor
U0126. As shown, OPs migration was reduced by 23.3% in the presence of 5.0 uM
U 0126, and 45.0% in the presence of 10.0 uM U 0126. The above studies strongly

suggest that ERK signaling pathway is crucial in PDGF-A induced OPs migration.
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Chapter V
PDGF Ligand and Receptor

Expression in the Developing Mouse
Brain
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Introduction

PDGF exists as disulfide-bonded homodimers or heterodimers consisting of
two polypeptide chains. There are five isoforms AA, AB, BB, CC and DD
(Fredriksson et al., 2004). There are two PDGF Reueptors, the alpha and beta
isoforms, PDGF-Ro and PDGF-R3, which form homodimers or heterodimers: oL,
af and BB. They are members of the tyrosine kinase receptor family and activate
numerous different intracellular signaling pathways (Heldin and Westermark, 1999).
The distinct functions of each PDGF isoforms is achieved by different affinities to
different receptors, and the nature of the ligand (i.e. homodimer or heterodimer)
binding to receptors (Heldin and Westermark, 1999). Receptor dimerization occurs
after ligand binding, and results in phosphorylation of the cytoplasmic tail‘(Heldin
and Westermark, 1999).

During CNS development, PDGF is synthesized by astrocytes, neurons, as well
as OLs (Fruttiger et al., 1999; Heldin and Westermark, 1999). As described, many
studies have showed that both PDGF-A and PDGF-Ro. are essential in regulating OL
development both in vivo and in vitro (Calver et al., 1998; Armstrong et al., 1991;
Frost et al., 1996; Frost et al 2008; Barres et al., 1993; Noble et al., 1988; Fruttiger et
al., 1999; Soriano, 1997).

In the intact mouse CNS, PDGF-A is ubiquitously distributed both in the spinal
cord at E15 and brain at E11, E13, E15 (Calver et al., 1998; Hutchins and Jefferson,
1992; Miller, 2002). There is a slight difference in the tem‘poral expression of

PDGF-A and PDGF-Ra..  In the mouse brain, PDGF-A mRNA expression in
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neurons first appears at E15, whereas, in the mouse spinal cord, its expression is first
seen at E12 (Heldin and Westermark, 1999). Hutchins and Jefferson, however,
showed that PDGF-A positive cells are detected throughout the ventricular zone at
E11 in the developing mouse brain and at E12 in the mouée spinal cord (Hutchins and
Jefferson, 1992). In the mouse brain, a transient expression of PDGF-Ra protein is
found in the neuronal tube at E9, while its expression in the brain and spinal cord
appears at E13 (Heldin and Westermark, 1999).  Another study in rats, found that
PDGF-Ra positive cells are present in the forebrain at E16 and increase in numbers
until P10 (Pringle et al., 1992).

It is important to note that previous studies on protein expression have not
provided a complete picture. For example, the study by Hutchins and Jefferson did
not investigate the expression of PDGF between E11 to P7, the most important stage
of OL development, but only chose three time points at E11, E13 and E15 (Hutchins
and Jefferson, 1992).

To fully understand the role of PDGF-A and its receptor PDGF-Ra, it is
necessary to examine PDGF-A and PDGF-Ra expression at all stages of brain
development relevant to OP development. The morphological development of the
mouse brain changes significantly between E11 and the adult mouse. Those changes
occurring within a single day may affect the development of OL significantly. This
study, therefore, will provide data that is both novel and comprehensive, providing
critical information for the future studies related to the roles of other proteins in the

regulation of different stages of the OL development.
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PDGF-A and PDGF-Ra Expression in the Mouse Brain

In order to investigate the temporal-spatial expression of PDGF ligand and
receptor a in the developing mouse brain, sequential sections of mice brains from
E11.5 to P7 were stained and analyzed for expression of two most significant
proteins: PDGF-Ra. and PDGF-A.  Cryostat sections of mouse brain stained with
PDGF-A or PDGF-Ra. were visualized by FITC conjugated secondary antibody.

The sections were photographed under bright-field and epifluorescence
microscopy. The images were pseudocolored in Image Pro 6.0. The age of the
tissue is denoted at the lower right and the higher magnification images are derived
from the boxes in phase contrast images.

The proteins expression was analyzed throughout the brain, including SVZ,
lateral ganglion eminence and cortical regions. Representative pictures are shown as

follows.
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PI)GF -A Expression Pictures from E11 to E19

Figure 5.1. PDGF-A expression at E11.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E11 mouse brain section (10x).
Areas shown at higher magnification are labeled A-D. Bar = 500 pum.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from ventricular zone of frontal cortex showing extensive PDGF-A
expression. B — Area from mesencephalon showing PDGF-A expression. C - The
conjunction of superior colliculus and mesencephalon showing PDGF-A expression.

D - Area from cerebellum showing PDGF-A expression. Bar =50 pum.
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Figure 5.2. PDGF-A expression at E12.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E12 mouse brain section showing
one region of the brain: posterior (10x).  Areas shown at higher magnification are
labeled A-D. Bar =500 um.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). ~Cells are counterstained with DAPI (blue).
A and B — Area from mesencephalic tegmentum showing PDGF-A expression. C
and D — The conjunction of superior colliculus and mesencephalon showing PDGF-A

expression. Bar =50 um.
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Figure 5.3. PDGF-A expression at E14.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E14 mouse brain section showing
three regions of the brain: in the middle (left and middle panels) and posterior (right
panel) (10x).  Areas shown at higher magnification are labeled A-D. Bar = 500
pm.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAP] (blue).
A - Area from amygdala showing PDGF-A expression. B — Area from dorsal
thalamus showing PDGF-A expression. C — Area from dorsal thalamus showing
PDGF-A expression. D - Area from amygdala besides lateral ventricle showing

PDGF-A expression. Bar =50 um.
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Figure 5.4. PDGF-A expression at E16.5 in the mouse brain:

Panel | — Phase contrast photomicrograph of an E16 mouse brain section showing
four regions of the brain: anterior (top left and top right panels), in the middle (bottom
left panel) and posterior (bottom right panel) (10x). Areas shown at higher
magnification are labeled A-D. Bar = 500 pum.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). ~Cells are counterstained with DAPI (blue).
A - Area from subventricular zone (olfactory bulb) showing PDGF-A expression. B
~ Area from subventricular zone (olfactory bulb) showing PDGF-A expression. C—
Area from diagonal band, vertical limb showing PDGF-A expression. D — The
conjunction of lateral lemniscus and medial cerebellar peduncle showing PDGF-A

expression. Bar =50 um.

72



EI16.5

73



Figure 5.5. PDGF-A expression at E17.5 in the mouse brain:

Panel | — Phase contrast photomicrograph of an E17 mouse brain section showing
four regions of the brain: anterior (top left panel), in the middle (top right and bottom
left panels) and posterior (bottom right panel) (10x).  Areas shown at higher
magnification are labeled A-D. Bar =500 pum.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from subventricular zone (olfactory bulb) showing PDGF-A expression. B
— Area from subventricular zone besides lateral ventricle showing PDGF-A
expression.  C - Area from caudate putamen showing PDGF-A expression. D —
Area from hippocampal area besides lateral ventricle showing PDGF-A expression.

Bar = 50 um.
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Figure 5.6. PDGF-A expression at E18.5 in the mouse brain: |

Panel I — Phase contrast photomicrograph of an E18 mouse brain section showing
four regions of the brain: in the middle (top left, top right and bottom left panels) and
posterior (bottom right panel) (10x).  Areas shown at higher magnification are
labeled A-D. Bar = 500 um.

Panel 2 — Immunohistochemistry showing PDGF-A (green) expression in the
different regions of mouse brain (60x). ~ Cells are counterstained with DAPI (blue).
A —Medial preoptic area showing PDGF-A expression. B — Hippocampal area
besides lateral ventricle showing PDGF-A expression. C — The conjunction of
cortical plate and subplate showing PDGF-A expression. D — Area from

posteromedial cortical amygdaloid nucleus showing PDGF-A expression. Bar = 50

um.
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Figure 5.7. PDGF-A expression at E19.5 in the mouse brain:

FPanel I — Phase contrast photomicrograph of an E19 mouse brain section showing
four regions of the brain: anterior (top left, top right panels), in the middle (bottom
left) and posterior (bottom right) (10x). ~Areas shown at higher magnification are
labeled A-D. Bar =500 um.

Panel 2 ~ Immunohistochemistry showing PDGF-A (green) expression in the

different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).

A — Area from subventricular zone besides lateral ventricle showing PDGF-A
expression. B — Area from olfactory tubercle showing PDGF-A expression. C —
The conjunction of caudate putamen and cerebral cortex showing PDGF-A expression.

D — Area from medial preoptic area showing PDGF-A expression. Bar = 50 pm.
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PDGF-Ra Expression Pictures from E11 to P7

Figure 5.8. PDGF-Ro expression at E11.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E11 mouse brain section showing
three regions of the brain: anterior (left and middle panels) and in the middle (right
panel) (10x).  Areas shown at higher magnification are labeled A-D. Bar = 500
pm.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from pallidum showing no PDGF-Ro expression. B — Area from
hypothalamus showing no PDGF-Ra. expression.  C — Area from mesencephalic
tegmentum besides aqueduct showing PDGF-Rg, expression. D — Area from

anterior thalamus besides 3™ ventricle showing PDGF-Ra, expression.  Bar = 50 pm.
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Figure 5.9. PDGF-Ra expression at E12.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E12 mouse brain section showing

one region of the brain: in the middle (10x). Areas shown at higher magnification
are labeled A-D.  Bar = 500 um.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).

A — Area from posterior thalamus besides 3" ventricle showing PDGF-Ra. expression.
B and C ~ The conjunction of posterior thalamus and hypothalamus showing no
PDGF-Ra expression. D —~ Area from hypothalamus showing no PDGF-Ra

expression. Bar =50 um.
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Figure 5.10. PDGF-Ro expression at E13.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E13 mouse brain section showing
one region of the brain: in the middle (10x).  Areas shown at higher magnification
are labeled A-D.  Bar = 500 um.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from thalamic eminence showing no PDGF-Ra. expression. B — Area from
dorsal thalamus showing PDGF-Ra, expression. C — Area from dorsal thalamus
showing PDGF-Ra expression. D ~ Area from thalamic eminence showing no

PDGF-Ra. expression.  Bar = 50 pm.
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Figure 5.11. PDGF-Ra expression at E14.5 in the mouse brain:

Panel 1 - Phase contrast photomicrograph of an E14 mouse brain section showing
two regions of the brain: posterior (left and right panels) (10x).  Areas shown at
higher magnification are labeled A-D.  Bar = 500 pm.

Panel 2 — Immunohistochemistry showing PDGF-Ro, (green) expression in the
different regions of mouse brain (60x).  Cells are counterstained with DAPI (blue).

A — Area from cerebral cortex besides lateral ventricle showing PDGF-Ra, expression.
B — Area from dorsal thalamus showing PDGF-Ra. expression. C — Area from
thalamic eminence showing no PDGF-Ra. expression. D — Area from cerebral

cortex showing PDGF-Ra. expression.  Bar = 50 pm.

86



El4.5

87



Figure 5.12. PDGF-Ro expression at E16.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E16 mouse brain section showing
three regions of the brain: anterior (bottom left and bottom right panels) and in the
middle (top panel) (10x). Areas shown at higher magnification are labeled A-D.
Bar = 500 um.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). ~ Cells are counterstained with DAPI (blue).
A — Area from subventricular zone showing PDGF-Ra. expression. B — Area from
subventricular zone showing no PDGF-Ra. expression.  C — Area from
subventricular zone (olfactory bulb) showing PDGF-Ro expression. D — Area from

subventricular zone (olfactory bulb) showing PDGF-Ra expression.  Bar = 50 pm.
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Figure 5.13. PDGF-Ra expression at E17.5 in the mouse brain:

Panel I ~ Phase contrast photomicrograph of an E17 mouse brain section showing
three regions of the brain: in the middle (left and middle panels) and posterior (right
panel) (10x). Areas shown at higher magnification are labeled A-D. Bar = 500
pm.

Panel 2 — Immunohistochemistry showing PDGF-Ra. (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from subventricular zone showing PDGF-Ra, expression. B — Area from
caudate putamen showing PDGF-Ra expression. C — Area from cerebral cortex
showing PDGF-Ra expression. D — Area from caudate putamen showing PDGF-Ra

expression. Bar =50 pum.
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Figure 5.14. PDGF-Ro. expression at E18.5 in the mouse brain:

Panel I — Phase contrast photomicrograph of an E18 mouse brain section showing
two regions of the brain: in the middle (left and right panels) (10x). Bar=500 um.
Panel 2 — Immunohistochemistry showing PDGF-Ro. (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A - Area from paraventricular thalamus showing PDGF-Ro, expression. B - Area
from cerebral cortex showing PDGF-Ra expression. C — Area from cerebral cortex
showing PDGF-Ra expression. D — Area from cerebral cortex showing PDGF-Ra.

expression. Bar =50 pum.
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Figure 5.15. PDGF-Ro expression at £19.5 in the mouse brain:

Panel I - Phase contrast photomicrograph of an E19 mouse brain section showing
three regions of the brain: in the middle (bottom left and bottom right panels) and
posterior (top panel) (10x). ~ Areas shown at higher magnification are labeled A-D.
Bar =500 um.

Panel 2 — Immunohistochemistry showing PDGF-Ra. (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from caudate putamen besides ventricle showing PDGF -Ro expression. B
— Area from fornix showing PDGF-Ra expression.  C — Area from cerebral cortex
showing PDGF-Ra expression. D — Area from cerebral cortex showing PDGF-Ra

expression. Bar =50 um.
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Figure 5.16. PDGF-Ro expression at P2 in the mouse brain:

Panel I — Phase contrast photomicrograph of P2 mouse brain section showing three
regions of the brain: in the middle (top, bottom left and bottom right panels) (10x).
Areas shown at higher magnification are labeled A-D. Bar = 500 pm.

Panel 2 — Immunohistochemistry showing PDGF-Ro, (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAP] (blue).
A — Area from caudate putamen showing PDGF-Ra expression. B — Area from
hippocampus showing PDGF-Ra. expression. C — Area from primary auditory
cortex showing PDGF-Ra expression. D — Area from primary somatosensory cortex

showing PDGF-Ra. expression.  Bar = 50 pm.
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Figure 5.17. PDGF-Ro expression at P3 in the mouse brain:

Panel 1 — Phase contrast photomicrograph of a P3 mouse brain section showing two
regions of the brain: anterior (left panel) and in the middle (right panel) (10x). Areas
shown at higher magnification are labeled A-D. Bar = 500 pm.

Panel 2 — Immunohistochemistry showing PDGF-Ra. (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from olfactory bulb showing PDGF-Ra. expression. B —Area from caudate
putamen showing PDGF-Ra expression.  C — Area from secondary somatosensory
cortex showing PDGF-Ro expression. D — The conjunction of caudate putamen and

piriform cortex showing PDGF-Ro expression.  Bar = 50 pm.
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Figure 5.18. PDGF-Ra expression at P4 in the mouse brain:

Panel | — Phase contrast photomicrograph of a P4 mouse brain section showing four
regions of the brain: anterior (top left panel) and posterior (top right, bottom left and
bottom right panels) (10x). Areas shown at higher magnification are labeled A-D.
Bar =500 pm.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). ~Cells are counterstained with DAPI (blue).
A — Area from olfactory bulb showing PDGF-Ra. expression. B —Area from caudate
putamen showing PDGF-Ra expression.  C — Area from lateral hypothalamic area
showing PDGF-Ra. expression. D — Area from piriform cortex showing PDGF-Ra

expression. Bar =50 um.
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Figure 5.19. PDGF-Ra expression at PS5 in the mouse brain:

Panel I — Phase contrast photomicrograph of a P5 mouse brain section showing three
regions of the brain: anterior (left panel) and posterior (middle and right panels)
(10x). Areas shown at higher magnification are labeled A-D. Bar =500 um.
Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from olfactory bulb showing PDGF-Ra expression. B —Area from caudate
putamen showing PDGF-Ra expression. C — Area from accumbens nucleus
showing PDGF-Ra expression. D — Area from accumbens nucleus showing

PDGF-Ra expression.  Bar = 50 pm.
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Figure 5.20. PDGF-Ra expression at P6 in the mouse brain:

Panel 1 — Phase contrast photomicrograph of a P6 mouse brain section showing four
regions of the brain: anterior (top left panel) and posterior (top right, bottom left and
bottom right panels) (10x). Areas shown at higher magnification are labeled A-D.
Bar = 500 pm.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from olfactory bulb showing PDGF-Ra expression. B —Area from caudate
putamen showing PDGF-Ra expression. C — Area from accumbens nucleus
showing PDGF-Ra expression. D — Area from secondary motor cortex showing

PDGF-Ra expression. Bar = 50 pum.
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Figure 5.21. PDGF-Ra expression at P7 in the mouse brain:

Panel 1 — Phase contrast photomicrograph of a P7 mouse brain section showing four
regions of the brain: anterior (top left panel), in the middle (bottom left and bottom
right panels) and posterior (top right) (10x). Areas shown at higher magnification
are labeled A-D. Bar =500 um.

Panel 2 — Immunohistochemistry showing PDGF-Ra (green) expression in the
different regions of mouse brain (60x). Cells are counterstained with DAPI (blue).
A — Area from olfactory bulb showing PDGF-Ra expression. B —Area from caudate
putamen showing PDGF-Ra expression. C — Area from agranular insular cortex
showing PDGF-Ra expression. D — Area from piriform cortex showing PDGF-Ra

expression. Bar =50 pum.
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Results

The current study examined PDGF-A and PDGF-Ra. expression all over the
brain at both embryonic and postnatal stages. The results showed that PDGF-Ra
immunoreactivity is restricted to the germinal matrix, where the ventricular zone and
SVZ are located, at the earliest stage of brain development. ~As the brain develops,
PDGF-Ro, immunoreactivity is seen at an increasing distance from the germinal
matrix. PDGF-Ra expression pattern, therefore, changes in correlation to expected
movement of OPs in the developing brain.

On the other hand, PDGF-A protein expression is ubiquitous.' The
immunoreactivity of PDGF-A is seen everywhere throughout the developing mouse
brain. Further, the extent of the PDGF-A expression is the same at the different

stages.
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Chapter VI

CXCL1 Expression in the
Developing Mouse Brain
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Introduction

The CXC chemokines are a group of chemokines that have the two conserved
cysteine residues separated by one amino acid residue. CXCL1 is a high affinity
ligand for CXCR2. Inthe CNS, CXCLI is largely expressed by astrocytes (Tsai et
al., 2002). In contrast, its receptor CXCR?2 is expressed by a variety of cells:
immature OPs, mature OLs, neurons, microglia cells and astrocytes (Tsai et al., 2002;
Fillpovic and Zecevic, 2008; Omari et al., 2006).

To date, the role of chemokines in regulating OL lineage and myelination is not
fully understood. Previous studies have shown that CXCL1, in combination with
PDGF, plays an important role in the regulation of OP dispersal in the developing
CNS (Robinson et al., 1998; Tsai et al., 2002; Fillpovic and Zecevic, 2008). CXCL1
is known to regulate OPs migration, proliferation and myelination in the rodent CNS
(Robinson et al., 1998; Tsai et al., 2002; Fillpovic and Zecevic, 2008). It is
important to note that its receptor, CXCR2, is also essential for the OL development,
distribution as well as myelination in the CNS (Robinson et al., 1998; Tsai et al., 2002;
Padovani-Claudio et al., 2006). Further, CXCR2s bind some other chemokines, such
as IL-8 and CXCL8 which may also regulate OP proliferation (Fillpovic and Zecevic,
2008).

In the developing spinal cord, CXCL1 contributes to the distribution of OPs by
inhibiting PDGF induced OPs migration (Tsai et al., 2002).  Further, this effect is
rapid and reversible (Tsai et al., 2002). However, the mechanism by which CXCLI

inhibits OPs migration is currently unclear. In addition, CXCLI initiates
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proliferation in human and rodent OPs (Robinson et al., 1998; Fillpovic and Zecevic,
2008). Robinson et al first discovered that CXCL1 induces the OPs proliferative
response in synergy with PDGF in rats (Robinson et al., 1998).  One recent study
also found that CXCL1 promotes OPs proliferation in the human fetal brain (Fillpovic
and Zecevic, 2008). Fillpovic and Zecevic further revealed that this effect is
achieved by activating the ERK1/2 pathway and releasing IL-6 from astrocytes in the
human fetal brain (Fillpovic and Zecevic, 2008). Moreover, one in vitro study
demonstrated that CXC chemokines, such as CXCL1, IL-8, and stromal cell-derived
factor- 1 alpha (SDF-1a), are able to increase OL proliferation, MBP synthesis, as
well as enhance myelin sheath formation (Kadi et al., 2006).

A few studies have examined the CXCL1 expression in fhe rat spinal cord and
brain. Robinson et al detected CXCL1 expression at the postnatal stage, both in the
rat spinal cord and brain (Robinson et al., 1998; Robinson and Franic, 2001). Tsaiet
al further confirmed the above finding in the rat spinal cord (Tsai et al., 2002). Due
to the few published studies focusing on the role of expression in the developing brain,

this study’s purpose was proposed to clarify the pattern of expression of CXCL1.

CXCL1 Expression in the Mouse Brain

The expression of CXCL1 was hypothesized that it is expressed after OPs
migration and proliferation, but prior to differentiation, which is at the postnatal stage
(personal communication with Dr. Emma, Frost). Therefore, sequential sections of
mice brains from P2 to P7 were used to investigate CXCL1 expression in the

developing mouse brain. The fluorescent secondary antibodies were not as robust as
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was required, and photobleaching of the staining occurred. Therefore, AEC which is
a permanent, enzymatic visualization and a robust reliable procedure was used to
assess immunoreactivity.

The sections were photographed under bright-field microscopy using Image Pro
6.0. The age of the tissue is denoted at the lower right and the higher magnification
images are derived from the boxes in phase contrast images.

The protein expression was analyzed throughout the brain, including SVZ,
lateral ganglion eminence and cortical regions. Representative pictures are shown as

follows.
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CXCL1 Expression Pictures from P2-P7

Figure 6.1. CXCL1 expression at P2 in the mouse brain:

Panel I — Phase contrast photomicrograph of a P2 mouse brain section showing two
regions of the brain: anterior (left panel) and in the middle (right panel) (10x). Areas
shown at higher magnification are labeled A-D. Bar = 500 um.

Panel 2 — High magnification bright field photomicrograph of P2 mouse brain section
showing CXCL1 expression (60x). A~ Area from olfactory bulb showing no
detectable CXCL1 expression. B — Area from caudate putamen showing no
detectable CXCL1 expression. C — Area from primary motor cortex showing no
detectable CXCLI expression. D — Area from primary motor cortex showing no
detectable CXCL1 expression. The arrow indicated red cell which is from the blood

vessel. Bar =50 um.
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Figure 6.2. CXCL1 expression at P3 in the mouse brain:

Panel I — Phase contrast photomicrograph of a P3 mouse brain section showing two
regions of the brain: anterior (left panel) and in the middle (middle and right panels)
(10x).  Areas shown at higher magnification are labeled A-D. Bar = 500 pm.
Panel 2 — High magnification bright field photomicrograph of P3 mouse brain section
showing CXCLI expression (60x). A — Area from olfactory bulb showing no
detectable CXCL1 expression. B — Area from caudate putamen showing no
detectable CXCL1 expression. C — Area from primary motor cortex and secondary
motor cortex showing no detectable CXCL1 expression. D — Area from primary

somatosensory cortex showing no detectable CXCL1 expression. Bar = 50 um.
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Figure 6.3. CXCLI expression at P4 in the mouse brain:

Panel | - Phase contrast photomicrograph of a P4 mouse brain section showing three
regions of the brain: anterior (left panel), in the middle (middle and right panels)
(10x).  Areas shown at higher magnification are labeled A-D. Bar = 500 pm.
Panel 2 - High magnification bright field photomicrograph of P4 mouse brain section
showing CXCL1 expression (60x). A — Area from olfactory bulb showing no
detectable CXCL1 expression. B — Area from the conjunction of lateral orbital
cortex and ventral orbital cortex showing no detectable CXCLI expression. C —
Area from caudate putamen showing no detectable CXCL1 expression. D —Area

from secondary motor cortex showing no detectable CXCL1 expression. Bar =50

pm.
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Figure 6.4. CXCL1 expression at P5 in the mouse brain:

Panel I - Phase contrast photomicrograph of a P5 mouse brain section showing three
regions of the brain: anterior (left panel), in the middle (middle panel) and posterior
(right panel) (10x).  Areas shown at higher magnification are labeled A-D. Bar =
500 pum.

Panel 2 — High magnification bright field photomicrograph of P5 mouse brain section
showing CXCL1 expression (60x). A — Area from olfactory bulb showing no
detectable CXCL1 expression. B — Area from caudate putamen showing no
detectable CXCL1 expression. C ~ Area from piriform cortex showing no detectable
CXCLI expression. D — Area from the conjunction of primary motor cortex and
primary somatosensory cortex showing no detectable CXCL | expression. Bar = 50

pm.

119



P5

120



Figure 6.5. CXCL1 expression at P6 in the mouse brain:

Panel 1 — Phase contrast photomicrograph of a P6 mouse brain section showing three
regions of the brain: in the middle (top panel) and posterior (bottom left and bottom
right panels) (10x). Areas shown at higher magnification are labeled A-D. Bar=
500 pm.

Panel 2 — High magnification bright field photomicrograph of P6 mouse brain section
showing CXCL1 expression (60x). A — Area from anterior olfactory nucleus
showing no detectable CXCL1 expression. B — Area from caudate putamen showing
no detectable CXCL1 expression. C — Area from primary somatosensory cortex
showing no detectable CXCL1 expression. D — Area from primary somatosensory

cortex showing no detectable CXCL1 expression. Bar = 50 pm.
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Figure 6.6. CXCLI expression at P7 in the mouse brain:

Panel 1 — Phase contrast photomicrograph of a P7 mouse brain section showing three
regions of the brain: anterior (top left panel) and in the middle (top right, bottom left
and bottom right panels) (60x). Areas shown at higher magnification are labeled
A-D. Bar=500 pm.

Panel 2 — High magnification bright field photomicrograph of P7 mouse brain section
showing CXCL1 expression (60x). A — Area from olfactory bulb showing no
detectable CXCL1 expression. B — Area from caudate putamen showing no
detectable CXCL1 expression. C — Area from primary motor cortex showing no
detectable CXCL1 expression. D — Area from primary motor cortex showing no

detectable CXCLI1 expression. Bar =50 pm.
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Results

From postnatal stage P2 to P7, CXCL1 expression is undetectable throughout
this stage of brain development. However, positive control study was not conducted
prior to this study. The reason is that I have difficulty to find suitable tissue or organ
to test the antibody. Therefore, further study needs to be performed before drawing

conclusions.
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In the CNS, OLs play an important role in the formation aﬁd maintenance of the
myelin sheath. An intact myelin system is essential for the efficient conduction of
nerve impulses. As previously mentioned, OPs initially appear in discrete areas of
the developing CNS, such as the embryonic epencephalon (Rakic and Zecevic, 2003),
the ganglionic eminences (Kessaris et al., 2006) and the SVZ, or sub-ependymal zone
(Miller, 1996).  Subsequently, OPs proceed through a complex lineage series of
events, including migration, proliferation, differentiation and myelination.

The development of OLs is associated with several growth factors that
appropriately govern OL migration, proliferation and differentiation, ultimately
leading to the assembly of myelin sheath. Therefore, to achieve a clear
understanding of the growth factors that regulate OL de\)elopment, it would be greatly
beneficial to explore these intricate mechanisms. Of these growth factors, PDGF-A
is known to act as a powerful motogen for OPs, as well as being an important factor
for regulating OPs migration, proliferation, differentiation and survival (Calver et al.,
1998; Armstrong et al., 1991; Frost et al., 1996; Frost et al., 2008; Barres et al., 1993;
Noble et al., 1988). CXCL1 has been shown to synergize with PDGF-A to regulate
OPs migration, proliferation and myelination (Robinson et al., 1998; Tsai et al., 2002;
Fillpovic and Zecevic, 2008).

Early hypotheses suggested that a gradient of PDGF-A concentrations exists to

drive OPs migration away from their site of origin. However, such concentration
gradient has never been experimentally identified. Therefore, this study was

designed to answer the question “Is there a concentration gradient of PDGF-A in the
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developing mouse brain?”

In the study presented in this thesis, novel finding includes short term exposure
(30 minutes) to PDGF-A is able to induce OPs migration for up to 72 hours without
increasing cell number or causing cell death.  Further, another novel finding of this
study is that ERK signaling pathway is responsible for the PDGF-A stimulated OP
migration. As the first to analyze the OL specific proteins expression in daily |
succession during both embryonic and postnatal development, this study showed that
PDGF-Ro immunoreactivity is restricted to the germinal matrix at the earliest stage,
and then as the brain develops, is seen at an increasing distance from the germinal
matrix. In contrast, PDGF-A expression is ubiquitous, which is in accordance with
the previous studies (Calver et al., 1998; Hutchins and Jefferson, 1992).
Furthermore, there is no detectable CXCL1 expression at the postnatal stage, differing -
from the previous studies (Robinson et al., 1998; Robinson and Franic, 2001; Tsai et
al., 2002).

Previous studies have shown that PDGF is indispensable for normal OL
development (Fruttiger et al., 1999; Soriano, 1997) and plays a critical role in
regulating OP migration (Armstrong et al., 1991; Frost et al., 1996; Milner et al.,
1997). Based on the present study, the results are consistent with the previous
studies that PDGF is a key factor to initiate OPs migration. In addition, this study
does not support a PDGF-A concentrations gradient both in vivo and in vitro. In
vivo study proved that PDGF-A expression is ubiquitous. In vitro study further

revealed that OP does not require such concentration gradient in order to migrate.
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Transient Exposure to PDGF-A Induces OPs Migration for up to 72 Hours

Previous studies looked at OPs migration by exposing OPs to PDGF
continuously (Armstrong et al., 1991; Frost et al., 1996; Milner et al., 1997), while
this study investigated OPs migration in response to transient PDGF exposure. The
results showed that OPs treated with 10 ng/ml PDGF-A for 30 minutes migrate as far
as cells exposed to PDGF-A continuously throughout the 72 hours duration of the
experiment. This novel finding indicates that OP does not need to expose to
PDGF-A continuously, in other words, OP does not require a PDGF-A concentration
gradient in order to migrate. In addition, PDGF-A is confirmed to be critical in
inducing and maintaining OPs migration.

Further, transient exposure to 10 ng/ml PDGF-A for up to 120 minutes does not
initiate OPs proliferation, in contrast to the PDGF-A incubation for 24 hours which
does induce proliferation. This was also confirmed by AMPA, which proved that
inhibition of OPs proliferation does not affect OPs migration in response to PDGF-A.
According to the migration assay, the cell density, on the other hand, appeared to be
lower when OPs were exposed to PDGF-A for only 30 minutes.

A study by Dyson and Gurdon revealed that cells can detect morphogen
concentration, followed by changing receptor occupancy from below to above 50%
(Dyson and Gurdon, 1998). In addition, another previous study showed that ligand
and receptor tyrosine kinase binding duration plays an important role in activation of

different downstream signaling pathways (Stork, 2002). For example, transient and
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continuous ERK activation may result in proliferation and differentiation, respectively
(Stork, 2002).  Further, Heldin and his co-workers reported that the binding of ligand
and receptor for at least 8 hours is required to activate cell cycle progression (Heldin
etal, 1998). In the current study, transient PDGF-A exposure for up to 120 minutes
does not stimulate OPs proliferation, which is consistent with the previous study
(Heldin et al., 1998). Therefore, transient PDGF-A exposure only activates OPs

migratory capacity, but not proliferation (Frost et al., 2008).

PDGF Withdrawal

In this study, there is no significant increase of activated caspase-3 in OPs 72
hours after PDGF-A withdrawal. ~ As stated, PDGF-A is essential to regulate OP
survival (Calver et al., 1998).  Tokumoto et al used RT-PCR to investigate the effect
of PDGF withdrawal on mRNAs encoding cyclin D and E which is necessary for cell
progression through G1 phase and into S phase (Tokumoto et al., 1999). They found
that PDGF withdrawal resulted in a decrease in cyclin D2 mRNA and an increase in
cyclin D3 mRNA (Tokumoto et al., 1999). In addition, they also used RT-PCR to
examine the induction of several immediate early genes in OPs in response to PDGF
withdrawal. The mRNAs of two genes: c-fos and NGFI-A/Krox-23 were found
decreasing rapidly, suggesting that such change plays a role in facilitating cells to
arrest from cell cycle and differentiate (Tokumoto et al., 1999). However, the data
presented in this study differ from the previous study.

An explanation for the difference is the different techniques used. The current

standard technique for culturing OP includes the addition of PDGF and FGF to
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increase cell numbers prior to analysis. Consequently, removal of the PDGF leads to
cell death. In contrast, OPs in this study are not exposed to PDGF-A prior to running
experiment.  Further, Baron showed that when PDGF at the physiological
concentration, OPs proliferation depends on the growth factor and the avB3 integrin
binding to PDGF-Ra (Baron et al., 2002). Thus, we (personal communication with
Dr. Emma Frost) hypothesized that PDGF dependency occurs only after PDGF

exposure.  Further experiments are required to clarify this hypothesis.

ERK Signaling Regulates PDGF Induced OPs Migration

ERK signaling activation is one of the most rapid cellular responses to growth
factor and other external stimuli (Bhat and Zhang, 1996). The current study deals
with the characterization of the e;ctivation of ERK signaling in response to PDGF-A,
using the agarose drop migration assay and Western blot analysis.

The results indicated that ERK signaling pathway is activated in OPs upon
PDGF-A stimulation and is a necessary requirement for PDGF-A induced OPs
migration.  Further, this study shows that U0126, an inhibitor for both ERK1 and
ERK2, reduced PDGF-A stimulated OPs migration at both 5 and 10 pM in a
concentration;dependent manner.

In a recent study, Kato et al investigated the expression of the activated form of
ERK, phosphorylated ERK, in the developing chick spinal cord and dorsal root
ganglia. They showed that expression of PERK is in a spatio-temporal pattern,

supporting the role of ERK in the regulation of OPs migration (Kato et al., 2005).
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The ﬁ'nding from this previous study also supports the results presented from the
current study that the ERK signaling pathway is involved in the PDGF-A stimulated

OPs migration.

PDGF Ligand and Receptor Expression in the Developing Mouse Brain

Accumulating evidence demonstrates that both PDGF-A and PDGF-Ra are
crucial in the development of OL (Fruttiger et al., 1999; Soriano, 1997). Previous
studies have shown that PDGF-Ra is expressed exclusively or predominantly on OL
pre-progenitor cells and OPs (Pringlé etal., 1992). PDGF-A is ubiquitously
distributed in the developing CNS (Calver et al., 1998). Mercola and colleagues
showed that PDGF-A mRNA , but not PDGF-B mRNA is detectable at both E 6.5 and
E 7.5 (Mercola et al., 1990). In addition, they also demonstrated that transcripts
encoding receptor o were more abundant than those encoding receptor B in embryos
from E 6.5 to E 8.5 (Mercola et al., 1990). Another study using Western blot showed
that PDGF-A protein expression becomes detectablé at E11, peaks at E18 and
disappears at P14 (Hutchins and Jefferson, 1992).

Previous studies showed that PDGF-Ro expression is time dependent and
location specific. Using in situ hybridization, Pringle et al showed that a few
PDGF-Ra positive cells are expressed inferior to the lateral ventricles outside of the
rat SVZ at E16 (Pringle et al., 1992). The PDGF-Ra positive cells distribute widely
throughout the brain and increase in numbers with time until P 10 (Pringle et al.,

1992).
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Levison et al examined the patterns or pathways of OPs migration in rats, using
a retroviral expression vector (Levison, Chuang et al., 1993). The retroviral labeling
study has the ability to integrate the recombinant retrovirus into the host genome
stably. Further, the labeled cells can be easily visualized. They found that the
majority of the labeled cells were restricted to the SVZ, and the remainders were
located close to the SVZ at postinjection day 2 (Levison, Chuang et al., 1993). The
labeled cells then decreased in the SVZ with time, while more cells appeared in the
white matter adjacent to the SVZ. They concluded that the cells had migrated from
the SVZ (Levison, Chuang et al., 1993).

The results outlined here corroborate the earlier studies, showing that the
developmental pattern of PDGF-Ra is temporally and spatially regulated. T also
found that PDGF-Ro expression is restricted to the germinal matrix at the earliest
stage. As the brain develops, PDGF-Ra expression is seen at an increasing distance
from the germinal matrix. Therefore, PDGF-Ra is expressed in a pattern that
correlates to hypothesized movement of OPs in the developing rodent brain, which
concurred with a previous study by Levison in 1993 (Levison, Chuang et al., 1993).

In contrast, PDGF-A, which is synthesized by neurons, astrocytes and OLs
(Fruttiger et al., 1999; Heldin and Westermark, 1999), is expressed everywhere
throughout the developing mouse brain.  Early hypotheses suggested that there is a
chemotactic gradient of PDGF-A driving OP migration. However, the current
findings do not support such hypotheses. Further, future experiments using in situ

hybridization will be conducted to map the distribution of mRNA of both PDGF-A
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and PDGF-Ra..  This will provide information on differential expression patterns of
the genes, further clarifying the role of PDGF-A expression in the regulation of OPs,

which is indispensable to make a complete and full descriptive study.

CXCL1 Expression in the Developing Mouse Brain

The responsiveness of OPs can be altered by interacting with a variety of other
mediators. The chemokine, CXCL1 is an ideal candidate. CXCLI1 is crucial for
the OL development, which is evident by the CXCR2 knockout mouse. The absence
of CXCR?2 leads to reduced numbers of OL, hypomyelination and a decreased size of
OL distribution in the spinal cord white matter (Tsai et al., 2002). It has been clearly
demonstrated that CXCL1 plays an essential role in patterning the developing spinal
cord (Tsai et al., 2002).

Previous studies showed that CXCL1 synergizes with PDGF to promote OP
proliferation as well as to inhibit OP migration in the rodent spinal cord (Robinson et
al., 1998; Tsai et al., 2002). However, no clear mechanism underlying the CXCL1
inhibiting OPs migration has been determined.

Several investigators described that the CXCL1 is expressed in the developing
spinal cord and brain of the rat.  Robinson et al used 3,3’- diaminobenzidine (DAB)
staining to detect CXCL1 positive cells from P1 to P8 in the rat spinal cord (Robinson
etal., 1998). This group using the same method showed that the CXCL1 expression
is temporally and spatially regulated in the neonatal rat brain (Robinson and Franic,

2001). Tsaietal also found that CXCLI expression appears at postnatal stages in
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thé rat spinal cord (Tsai et al., 2002).

In the current study, there is no detectable CXCL1 expression throughout the
brain from postnatal stage P2 to P7. The results differ widely from the previous
studies. This perhaps stems from the varying methodologies or techniques applied.
For example, monoclonal anti-human GRO o from Sigma-Aldrich, Inc. was used in
the previous studies, while polyclonal goat-anti-GRO o from Santa Cruz
Biotechnology, Inc. was used in the present study. Further, positive control study
was not tested in the present study. Moreover, slides are 12um, in contrast to the
50um and 200um of the previous studies. Thus, it is essential for a further study to
be conducted to confirm the validity of the current study, using the previous methods.
An alternate approach could be transient focal CXCL 1 expression. In such a
hypothesis, CXCL1 is transiently expressed by astrocytes only when OPs migrate to

the presumptive white matter (Tsai et al., 2002).
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Chapter VIII

Conclusions
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Early hypotheses suggested that a chemotactic gradient of PDGF-A exists to
drive the OPs migration. However, the novel findings presented in this study do not
support such a gradient. In the current study, OPs do not require a chemotactic
gradient in order to migrate. As shown, OPs exposed to PDGF-A for 30 minutes
undergo continued active migration. Further, the equivalent extent of migration was
reached by OPs exposed to PDGF-A transiently as well as exposed to PDGF-A
continuously. In addition, there was no increase in cell numbers when OPs were
treated transiently with PDGF-A. Moreover, a 30 minutes PDGF-A exposure is
demonstrated to be sufficient to activate ERK signaling pathway. Therefore, the
present study has provided unique evidence that PDGF-A acts as an inducer to initiate
OPs migration through the activation of ERK signaling.

Further, this study provides novel data demonstrating that the immunoreactivity
of PDGF-A is seen everywhere throughout the developing mouse brain, and the
expression level remains consistent at all developmental stages. In contrast, a
marker of OPs, PDGF-Ro immunoreactivity is restricted to the putative location of
the migrating OPs at the earliest stage of brain development. As the brain develops,
PDGF-Ra is seen at increasingly larger distances from the germinal matrix.

Based on the above novel findings, this study, therefore, will provide valuable
and basic information for future research on the role of different proteins in the
regulation of the different stages of OL lineage.

CXCL1 has been demonstrated to play a pivotal role in patterning the developing

spinal cord (Tsai et al., 2002). However, [ was unable to detect CXCL1
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immunoreactivity during development of the mouse brain in the current study.
Therefore, it is surely evident that further study needs to be performed prior to

drawing conclusions.
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Chapter IX

Future Directions

139



Future directions include:

. Identify positive control for CXCL1 and do the CXCR2 study.

. Further study the role of ERK signaling using knockdown and specific
pharmacological inhibitor.

. Study the signaling pathway interaction.
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