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Abstract

In the central nervous system, oligodendrocytes (OLs) form myelin that
facilitates conduction of impulses along axons. An individual OL has the unique
capability to myelinate up to SO axons and to produce dramatic quantities of myelin
proteins and lipids. The importance of myelin is well reflected in a number of
neurological pathologies such as multiple sclerosis, a human demyelinating disease,
where severe damage/loss of myelin and OLs are apparent. Although numerous studies
have provided evidence of the possibility of remyelination in experimental models,
successful remyelination in the demyelinated lesions has not been achieved.

One approach to enhance the remyelinating capability of OLs maybe to
stimulate OL process outgrowth, a prerequisite event for myelin formation. In this
thesis, I have tested three hypotheses to elucidate the mechanisms of process outgrowth
by OLs. The first hypothesis is that other glial cell types provide stimulatory factors to
promote process outgrowth by OLs. In this regard, I have found that astrocytes promote
OL process outgrowth through the interaction between bFGF and astrocyte extracellular
matrix (ECM). The second hypothesis that I tested is that protein kinase C activation in
OLs is involved in mediating the promoting effects of astrocytes. My results describe
that the inhibition of PKC activity attenuates the promoting action of bFGF and
astrocyte ECM on process outgrowth by OLs. The final hypothesis that I tested is that
matrix metalloproteinases (MMPs) are utilized in OL process outgrowth, since the

advancement of OL processes would require proteases to remodel the pericellular

.
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microenvironment. My results suggest that the production of MMP-9 by OLs,
downstream of PKC activation, allows process outgrowth by OLs.

Overall this thesis has addressed the mechanism of process outgrowth by OLs. [
propose that astrocytes in close contact to OLs in vivo produce the proper stimuli (i.e.
bFGF and ECM molecules) to OLs for PKC activation and that this leads to up-
regulation of MMPs, particularly MMP-9. This latter effector molecule is then utilized
by OLs to advance their processes across a matrix to reach target axons. Although
many 'questions still remain to be resolved to achieve satisfactory remyelination, the
current portrait of the mechanism of OL process outgrowth should lead to a better

appreciation of OL biology and myelin formation.
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Resumé

Dans le systéme nerveux central, les oligodendrocytes produisent la gaine de
myéline qui facilite la conduction de I’impulsion éléctrique le long des axones. Un seul
oligodendrocyte peut produire la gaine de myéline d’environ 50 axones, ceci représente
une production énorme des protéines et lipides qui composent la myéline. L’importance
de la myéline est illustrée dans un certain nombre de maladies neurologiques
caractérisées par une destruction de la gaine de myéline, comme c’est le cas dans la
sclérose en plaques ou de sévéres dommages au niveau de la myéline et des
oligodendrocytes sont apparents. Bien que de nombreuses études aient fourni des
preuves de Dexistence d’un processus de re-myélination dans des modéles

expérimentaux, la re-myélination de lésions démyélinées n’a jamais été observée.

Une approche possible pour augmenter la capacité des _oligodendrocytes a
remyéliner des lésions serait de stimuler la croissance des pseudopodes des
oligodendrocytes, 1’extension de pseudopodes est un pré-requit pour permettre la re-
myélination. Au cours de ce projet de théses, j’ai testé trois hypothéses pour élucider le
mecanisme de croissance des pseudopodes par les oligodendrocytes. Premiérement, la
possibilité que d’autres cellules d’origine gliales produisent des facteurs de croissance
qui stimulent I’extension de pseudopodes par les oligodendrocytes. J’ai pu demontrer
que les astrocytes stimulent I’extension de pseudopodes par les oligodendrocytes grace
a la production concertée du facteur de croissance bFGF et de matrice extracellulaire
(MEC). La seconde hypothése testée etait que I’activation de PKC dans les

oligodendrocytes etait impliquée dans la mediation des effets promoteurs de croissance
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fourni par les astrocytes. Mes resultats indiquent que I’inhibition de I’activité de PKC
atténue ’effet promoteur de bFGF et de la MEC des astrocytes sur la croissance des
pseudopodes des oligodendrocytes. L’hypothése finale que j'ai testé etait que les
métalloproteinases de la matrice (MMPs) jouent un role dans la croissance des
pseudopodes des oligodendrocytes; en effet, I’extension des pseudopodes par les
oligodendrocytes nécessiterait la production de protéases pour remodeler le micro-
environnement extracellulaire. Mes résultats indiquent que la production de MMP-9 par
les olfgodendrocytes, en conséquence de I’activation de PKC, permet la croissance des
pseudopodes des oligodendrocytes.

Globalement, cette thése fourni le mécanisme d’extension des pseudopodes des
oligodendrocytes. Je propose que les astrocytes a proximité des oligodendrocytes,
fournissent les stimulis requis (bFGF et MEC) par les oligodendrocytes pour
I’activation de PKC, qui, a son tour méne a I’augmentation de la production de MMPs,
en particulier MMP-9. Ce demier effecteur est utilisé par les oligodendrocytes pour
étendre leurs pseudopodes a travers la matrice extracellulaire jusqu’a atteindre les
neurones qui sont leurs cibles. Bien qu’il reste de nombreuses questions a resoudre pour
permettre une compléte re-myélination des lesions, les informations presentées ici sur
les mecanismes d’extension des pseudopodes par les oligodendrocytes devrait mener a
une meilleure comprehension de la biologie des oligodendrocytes et du processus de

formation de la myéline.
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GENERAL INTRODUCTION

The central nervous system (CNS) is the most complex and least understood
organ of the human body. The CNS, consisting of the brain and spinal cord, processes
sophisticated psychological and physiological functions including consciousness,
emotion, sensory and motor functions. Although the human brain constitutes only 2 %
of the total weight of the body, it receives about 15% of the cardiac output and its
oxygc;,n consumption is approximately 20% of that for the total body; these statistics
show that the brain is a highly active and dynamic organ. In the CNS, neurons and glial
cells form intensely interconnected networks in a complicated but organized manner
implicating their intimate relations. Failure or defect of any cell type can affect other
cells critically, and possibly lead to severe damage of neurological functions with little
chance of recovery or regeneration.

Electrical impulses are transmitted along axons to allow signaling to occur from
one neuron to another. Transmission of impulses along axons is facilitated by a
structure called myelin, which is a multi-lamellar membrane that surrounds axons. The
presence of myelin allows rapid propagation of an action potential along the axon by
increasing its diameter. Although myelin decreases the capacitance of the axon, the
action potential gradually diminishes as it spreads passively down the axon. To prevent
such decrement of action potentials, the myelin sheath is interrupted every 1-2 mm by
bare, non-myelinated segments (about ~2 pm) of axon, called the node of Ranvier (Fig.
[-1). The node of Ranvier contains high density of voltage-gated Na* channels and thus

can generate an intense depolarizing Na® influx in fesponse to the passive spread of



Chapter 1-2

action potential from the axon upstream. These regularly distributed nodes boost the
amplitude of the action potential periodically, preventing it from dying out. The action
potential, which spreads quite rapidly along the internode (i.e. myelinated region of
axon), slows down as it passes the high capacitance region of the node of Ranvier.
Consequently, as the action potential moves down the axon, it appears to jump from
node to node. This is called saltatory conduction (from the Latin “saltare”, which
means “to leap™). Thus, the myelin sheath is critical in facilitating saltatory conduction
of an action potential along the axon.

Oligodendrocytes (OLs) are the cells that enwrap and myelinate the axons to
facilitate the conductivity of nerve impulses. Successful myelin formation by OLs is a
very critical event during development. Although the overall steps are complex, myelin
formation can be reduced to the following steps: process extension by OLs to contact
axons, the appropriate OL process-axon recognition and interaction, the ensheathment
of the axon by OL process, the extrusion of cytoplasm (i.e; compaction), and
completion of myelin sheath (reviewed in McLaurin and Yong, 1995). In so doing,
specific myelin proteins are localized to particular areas of the myelin lamella. They
include proteolipid protein (PLP) as a major intrinsic protein, myelin basic protein
(MBP) in the major dense line, and myelin-oligodendrocyte glycoprotein in the outer
lamella (Fig. I-1). Defective developmental myelination or demyelination can render
severe phenotypes in animals (e.g. those occurring in shiverer and jimpy mice), and
blindness and paralysis in patients with multiple sclerosis (MS), which is the prototype

of human demyelinating diseases.
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Recent years of research in OL biology and myelination have uncovered many
aspects of OLs. Particularly, observations of limited remyelination in demyelinated
lesions in MS brain (see section on Myelination and Remyelination) have suggested the
potential for greater recovery from demyelinating disease. Since OL process outgrowth
is an early critical step to complete myelin formation/remyelination, a potential
approach to enhance remyelination is to understand the mechanism of process
outgrowth by OLs. Such studies could uncover new strategies or drugs aimed at
promc;ting process extension to allow regeneration. At the very least, these studies are
relevant to understanding an early step in developmental myelin formation, that of
process extension.

The main aim of my thesis is to understand the mechanisms of process
outgrowth by OLs. Given that glial cells in the brain are intimately related to each
other, I have tested the hypothesis that astrocytes promote OL process outgrowth
through the elaboration of growth factors and that these prdmoting effects are
mediated through the protein kinase C (PKC) signal transduction pathway in OL.
As downstream effectors of PKC activation, I have tested the hypothesis that
matrix metalloproteinases (MMPs) are involved since these proteinases are
involved in the physiological remodeling of the extracellular matrix (ECM), which
may be necessary for the OL processes to advance. The main aims of my thesis,
which will be clarified further on page I-32, can be summarized in Figure I-2.

In order to provide the reader with sufficient background to the aims of my

thesis, I will review these topics in the following sections: 1. Development of OLs, 2.

S~ s
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Myelination and remyelination, 3. The interaction of OL with other cell types, 4.

Growth factors and OL biology, 5. Protein kinase C, and 6. Matrix metalloproteinases.
DEVELOPMENT OF OLIGODENDROCYTES

In the CNS, cells that resemble OLs were first described in the late 19" century
(Robertson, 1899; Ramon y Cajal, 1913). Later, using metal impregnation based on
silver.carbonate or silver nitrate modified from Goigi’s technique, Del Rio Hortega
characterized and named oligodendroglia (from Greek oligo: few, dendro: tree, and glia:
glue) (Del Rio Hortega, 1921; 1928). Several decades after, using electron microscopy,
the uitrastructure of OL was described. The mature OL was shown to have multiple
processes extending from a cell soma (10~20 um in diameter) (Wood and Bunge,
1984). Within the round or oval nucleus, the substantial amounts of heterochromatin
occupying the nuclear periphery contribute to its dense appea?anca No unique
organelles are found, although the rough endoplasmic reticulum is well developed, and
the cisternae appear to be empty, flattened, and arranged in stacks. Elaborate studies
based on morphology revealed OLs to be the myelinating cells that generate myelin
sheets around axons (Bunge et al., 1960;1961;1962; Wood and Bunge, 1984)

OLs originate mainly from the subventricular zone where immature
neuroectodermal cells expand substantially in late gestation and early postnatal CNS
development (Goldman, 1992). Cells similar to OL progenitor cells have been isolated
from other regions of the neonatal rodent brain including the cerebral cortex and

cerebellum (Levi et al., 1987; Levine and Stalléup, 1987; Grinspan et al., 1990;
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Grinspan et al., 1993). Others described a pluripotent stem cell isolated from
subventricular zone or adult mouse striatum, which can produce neurons, astrocytes or
OLs in culture (Halliday and Cepko, 1992; Reynolds and Weiss, 1992). Recently, using
chick-quail chimeras, it was demonstrated that OLs in the spinal cord are specifically
derived from ventral neuroepithelium while astrocytes are from both ventral and dorsal
regions (Pringle et al., 1998). While they proliferate and differentiate, OL progenitor
cells migrate from their original locations into the designated regions of grey and white
matters. Mature OLs extend their processes to the target axons and myelin formation
takes place.

The development of techniques to isolate and maintain OLs in culture for
prolonged periods has contributed significantly to the understanding of the OL biology
(McCarthy and de Vellis, 1980; Suzchet et al., 1980; Lisak et al., 1981) since OLs in
culture extend multiple processes and express all the major myelin proteins and lipids
(Szuchet, 1987; Vartanian et al., 1992). Moreover, in the absence of neurons and
astrocytes, the appearance of myelin proteins and lipids on isolated OLs follows a time
course corresponding to that in vivo: CNP and galactocerebroside (GC), then MAG,
MBP and PLP (Zeller et al., 1985; Dubois-Dalcq et al., 1986; Zalc et al., 1987; Amur-
Umarjee et al., 1990).

Extensive studies have generated a number of antibodies to classify OL
development in a stage-specific manner; these antibodies recognize cell surface lipids
and myelin proteins. An OL progenitor cell, also called O-2A cell, was first found in
cultures of the developing rat optic nerve (Raff et al, 1983); the O-2A cells is

recognized by the A2B5 antibody directed against gangliosides. Antibodies (e.g. NSP-
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4) that bind to specific glycoproteins (e.g. NG-2) or intermediate filaments (i.e.
vimentin) also recognize O-2A cells. O-2A cells can develop into either OL or type 2
astrocytes depending on culture conditions (Raff et al., 1983). In the presence of serum,
O-2A cells develop into type 2 astrocytes, while they become OLs in the absence of
serum. OL progenitors express PDGF-a receptor during development, and an antibody
targeting PDGF-a receptor is used to characterize OL progenitors in vivo (Hart et al.,
1989). O-2A cells have been found not only in neonatal rodent cell cultures but also in
the cﬁltures of adult rodent brain (ffrench-Constant and Raff, 1986; Dubois-Dalcq,
1987; Wolswijk and Noble, 1989). Analyses of semi-thin frozen sections and
associated cell suspensions indicate that O-2A progenitors comprise less than two
percent of the total cell population in adult rodent CNS (Miller et al., 1985; Wood and
Bunge, 1991). These adult brain progenitor cells have lower capability to migrate and
proliferate compared to their neonatal couterparts (Wolswijk and Noble, 1989; Wren et
al., 1992; Engel and Wolswijk, 1996). Administration of growth faétors such as PDGF
and FGF can convert adult progenitor cells into cells reminiscent of neonatal O-2A
cells: high proliferative rate, bipolar morphology, and increased motility (Wolswijk and
Noble, 1992; Engel and Wolswijk, 1996).

Whether the O-2A cell exists in vivo has been controversial, particularly with
the difficulty of using the A2BS antibody to reliably recognize antigens in vivo
(William and Price, 1992; Ludwin, 1997). Furthermore, the transplantation of O-2A
cells into the normal neonatal rat brain yielded only OLs (Espinosa de los Monteros et
al., 1993). In addition, it was demonstrated that astrocytes and OLs were generated in

distinct and different phases in vivo (Skoff et al.,~1991). To further complicate cell
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lineage analysis, markers such as those directed against the GD3 ganglioside, that was
thought to be expressed by OL precursors in vivo (Curtis et al., 1988; Reynold and
Wilkin, 1988), have been shown in more recent studies to label also ramified and
amoeboid microglia. Indeed, a significant portion of GD3+ cells in developing
cerebellum appears to belong to the microglia lineage (Wolswijk, 1995; Ludwin, 1997).
In parallel, microglia can produce carbonic anhydrase II (CAII) suggesting that
antibodies targeting CAII are not appropriate to identify OL lineage in vivo (Nogardi,
1993). -

A pro-oligodendrocyte, which is thought to be an intermediate stage between O-
2A progenitor and mature oligodendrocyte (Fig. [-3), is characterized by the presence of
multiple processes from the cell soma, capability to migrate and proliferate (Warrington
and Pfeiffer, 1992), and by the expression of sulfated glycolipids, recognized by the
monoclonal antibody O4 (Sommer and Schachner, 1981; Gard and Pfeiffer, 1990). GC
is not expressed and vimentin immunoreactivity is absent in thcsé cells. The pro-OL
and O-2A cell have collectively been referred to as an oligodendrocyte precursor cell
(Wang et al., 1998).

Mature OLs express myelin proteins and GC, which is recognized by the
monoclonal antibody Ol. Although there are other antibodies (e.g. R-mAb) that bind to
GC, they tend to bind other surface molecules (i.e. seminolipid and sulfatide) that are
expressed by pro-OLs (Bansal et al., 1989; Bansal and Pfeiffer, 1992). Mature Ol
positive OLs are considered as post-mitotic cells while O-2A progenitors and pro-

oligodendrocytes are proliferative (Gard and Pfeiffer, 1990). The monoclonal antibody,

\’
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RIP, directed against an unknown antigen on OL, is used to identify a broad range of

OL lineage cells in vivo as well as in vitro (Friedman et al., 1989).

MYELINATION

In humans, myelination in the brain occurs within the first year after birth; in the
spinal cord, it begins at 11 to 12 week of fetal life (Niebroj-Dobosz et al., 1980; Choi et
al., l§84). Light and electron microscopic studies showed that the amount of myelin
increases rapidly between 12 and 24 weeks of gestation in all areas of the spinal cord
except the lateral cortical spinal tract (Weidenheim et al., 1992). Nonetheless, studies
of human fetal tissues of various gestational ages have implicated significant variations
in the onset and rate of myelination (Gilles et al., 1983; Poduslo and Jang, 1984).

Developmental myelination in rodent brain generally proceeds from rostral to
caudal direction. Within the brain, the brain stem is myelinated ﬁ.rst, followed by the
cerebellum and then propagates to other area (Monge et al., 1986; Foran and Peterson,
1992; Bjartmar et al.,, 1994). Onset of myelination is region-specific; in the corpus
callosum, it begins at around postnatal day (P) 10 to 12, while in the optic nerve it starts
at P5 (Foran and Peterson, 1992). Active myelination in the brain is usually between 14
to 30 days. During this time, the myelinating OL is able to produce three times of its
own weight of myelin per day (Norton and Poduslo, 1973). In the rat optic nerve, the
estimated surface area of the myelin that an OL sustains is over 500 fold of the surface
area of its soma (Raine, 1981). Morphological studies showed that OLs extend multiple

processes with secondary, tertiary branches prior to contacting the target axons. Once
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processes contact and enwrap the axon, many un-contacted processes retract resulting in
the organized structure of myelin (Braun et al., 1988). Recent studies revealed that
during myelination, up to 30-50% of the total OLs fail to complete myelin formation
and subsequently undergo programmed cell death (Braun et al., 1988; Barres et al.,
1992; Trapp et al., 1997).

As alluded to above, a number of events have to occur in a precise sequence for
myelin formation. Initially, OLs extend processes from their soma to the target axons.
Amoﬁg OLs with multiple processes, only those that make proper contact with axons
allowing the next events to occur survive and proceed with the wrapping of an axon.
As an OL process encircles its axon several times forming inner and outer mesaxons, its
cytoplasm gets extruded so that the membranes condense into a compact paracrystalline
structure in which each unit membrane is closely apposed to the adjacent one (Fig. I-1).
The inner or cytoplasmic surfaces of the membrane of the OL processes involved in
myelin formation fuse to form a major dense line, while the intraperiod line results from
close apposition of the external leaflets of the same unit membrane (reviewed by
McLaurin and Yong, 1995). Although the mecharisms by which an OL enwraps an
axon is speculative, the most accepted model proposes that the inner leaflet continues to
migrate around the axon by making and breaking ionic interactions with molecuies on
the axonal surface (Peters and Vaughn, 1970; Raine, 1984). In this manner, the
outermost layer is the initial wrap and new ones are added at the periaxonal space.

The molecular events that control myelin formation are still largely unknown.
Recently, signaling through the notch receptor has been implicated in inhibiting the

differentiation of OL precursor cells into OLs (Wang et al., 1998). When this pathway
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is quiescent, OL differentiation and maturation promptly occur. The fyn tyrosine kinase
was found to regulate the initiation of myelin formation as a signaling molecule
downstream of MAG (Umemori et al., 1994) and by stimulating MBP transcription
(Umeomori et al., 1999). Essential growth factors that appear to signal the initiation or
enhance the rate of myelination include transferrin (Espinosa de los Monteros et al.,
1999), glucocorticoids and progestins (Chan et al., 1998).

Myelin proteins and lipids maintain the integrity of myelin structure and help to
propaéate efficient nerve impulse conduction. Myelin basic protein (MBP), a major
constituent of myelin proteins, is a family of alternatively spliced variants ranging in
size from 14 to 21.5 kDa. Unlike other myelin proteins, MBP is exclusively
intracellular, its expression begins mainly in the myelin sheath, at the major dense line
(Morell et al., 1994)(Fig. [-1). The function and importance of MBP is revealed from a
mutant that is deficient in MBP. Shiverer mice develop severe seizures early in life and
have short life span (Schwartz, 1991). In these mice, myelin compéction is incomplete
at the major dense line suggesting a role of MBP in intracellular membrane compaction
in myelin.

Proteolipid protein (PLP) is the predominant intrinsic protein in CNS myelin
constituting about 50 % of the total myelin protein content (Fig. [-1). There is a smaller
(26.5 vs. 30 kDa) variant of PLP, termed DM-20, which is derived by alternative
splicing. PLP has been reported to play a role in compaction of the intraperiod line of
myelin (Hudson et al., 1989; Morell et al., 1994) whereas DM-20 may function in the
onset of myelinogenesis (Ikenaka et al., 1992). Among several PLP mutant mouse"

models with varying phenotypes, the jimpy mouse suffers from seizures and dies
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prematurely (Klugmann et al., 1997). It is of interest that the PLP null mouse lacks any
phenotype and abnormal myelination although dysmyelination may be manifest in aged
mice (Klugmann et al., 1997). There are related human diseases including Pelizaeus-
Merzbacher disease, in which point mutations of the PLP gene result in dysmyelination
and mental retardation. Although the defined functions of PLP are still unclear, the lack
of intraperiod lines in PLP mutants compared to normals (Duncan et al., 1989) suggests
that PLP functions in the interaction and stabilization between opposing sheets of
meml;ranes in the myelin sheath.

2°,3’-cyclic nucleotide 3’-phosphodiesterase (CNP) is an important component
in myelinogenesis, which is implicated in roles in morphological differentiation of OLs
and in the interaction with axons (Yin et al., 1997). The CNP protein can be detected at
the time of the appearance of GC in OLs (Braun et al., 1988; Pfeiffer et al., 1993). CNP
is localized in the OL cytoplasm where it is involved in signal transduction and binds to
cytoskeletal proteins such as actin (DeAngelis and Braun, 1956). In vitro, the
application of CNP antisense oligonucleotides interferes with OL process formation
implicating the participation of CNP in the differentiation of OL (Bernier and Braun,
1991). Furthermore, a CNP isoform is phosphorylated by protein kinase C (Vartanian
et al., 1986) which is proposed as a critical mediator in OL process extension (see
section on Protein kinase C). Although CNP overexpressing mice do not show
behavioral abnormalities, myelin proteins are expressed earlier than those in normal
control mice (Gravel et al., 1996). Dramatic vacuolation in the brain sections of CNP

overexpressing mice (Gravel et al., 1996) and the lack of major dense line in the myelin

s
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sheath caused by inhibiting MBP accumulation (Yin et al., 1997) implicate a role of
CNP in myelinogenesis.

Myelin associated protein (MAG) is a transmembrane glycoprotein localized in
the periaxonal OL membrane (Trapp et al., 1989) where it is thought to function in OL-
axon interaction during myelination (Tropak et al., 1988; Sato et al., 1989; Quarles,
1997). Several studies show that MAG interacts with a number of signal transduction
molecules such as fyn tyrosine kinase, FAK, and phopholipase Cy (Jaramillo et al.,
1994;, Umemori et al., 1994). Moreover, MAG influences neurite outgrowth
(McKerracher et al., 1994), and axonal abnormalities are observed in MAG null mice
(Fruttiger et al., 1995; Yin et al., 1997).

There are several other minor myelin proteins which are not fully characterized
yet. Myelin/oligodendrocyte glycoprotein (MOG) constitutes a small percentage of
total myelin protein but is highly concentrated on the outermost surface of myelin
sheath (Brunner et al., 1989). Although little is currently knowﬂ about its function,
MOG may be involved in transmitting signals to the OL soma from extracellular
factors. MOG has received attention as an important antigen in autoimmune
demyelinating diseases in the CNS (Amor et al., 1994; Quarles et al., 1997). The
oligodendrocyte-myelin glycoprotein (OMgp) is a 120 kDa glycoprotein expressed on
the surface of OLs in culture. Its function is unknown although OMgp is shown to be
anchored to membrane through a phosphatidyl inositol linkage suggesting its
involvement in signaling, adhesion, and recognition (Quarles et al., 1997).

Lipids constitute 70 % of the dry weight of total myelin, and consist of three

major components: cholesterol (25%), phospholipids {40%) and glycolipids (30%) with
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some variations depending on age, species and pathological condition (Wood and
Moscarello, 1989; reviewed by McLaurin and Yong, 1995). Cholesterol is thought to
regulate the fluidity of fatty acyl chains in the membrane (Rumbsy, 1984). It is of note
that the total amount of cerebroside in the brain is directly proportional to the amount of
myelin present (Norton and Poduslo, 1973), suggesting a role in myelinogenesis.
Although the significance of the cerebroside is not clear yet, it may be involved in the
control of fluidity in the membrane. The compositional asymmetry of myelin lipids
betwe:en the extracellular and intracellular membranes has been demounstrated (Rumbsy,
1984). The asymmetry of the lipid phase in myelin is GC, cholesterol and
phosphatidylcholine and sphingomyelin in the outer leaflet, while cerebrosides,
ethanolamine, phosphoglycerides and phosphatidylserine are located at the cytoplasmic
side (reviewed by McLaurin and Yong, 1995). The presence of certain lipid
components including inositol phospholipids and GC suggests a role of myelin lipids in
signal transduction during myelin formation (see section on Proteiﬁ kinase C). GC has
been demonstrated to affect calcium influx and cytoskeleton organization in cultured

OLs (Dyer and Benjamins, 1990; Dyer et al., 1997).

REMYELINATION

Remyelination by OLs in demyelinated lesions would require a number of
interacting factors including the availability of OLs, the proper synthesis and turnover
of OL/myelin components, and the interaction between the ensheathing OLs and the

axons (Ludwin, 1989; reviewed by McLaurin and ;Yong, 1995). These factors are
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present to some degree in the lesions in human demyelinating diseases such as MS,
since the presence of healthy OLs and limited remyelination around the lesion of the
MS brain have been observed (Raine et al., 1981; Ghatak et al., 1989; Prineas et al.,
1989; Prineas et al., 1993; Raine and Wu, 1993). The occurrence of remyelination in
MS lesions was first suggested by ultrastructural studies almost 30 years ago (Suzuki et
al., 1969). Later extensive studies appreciated the significant extent of spontaneous
myelin repair; approximately 40 % of plaques exhibit remyelination extending over 10
% of éhe lesion area during ongoing inflammation (Prineas et al., 1993; Raine and Wu,
1993)

The origin of the remyelinating cells in MS has remained obscure and
controversial. In animal models of demyelinating insults, several reports demonstrated
that OL progenitors have significant roles in remyelination (Ludwin and Bakker, 1988;
Godfraind et al., 1989; Rodriguez et al., 1991; Gensert and Goldman, 1997). Gensert
and Goldman (1997) showed that OL progenitor cells are caﬁable of significant
remyelination; when dividing cells in the subcortical white matter of adult rats were
tagged by injection of a replication-deficient lacZ-encoding retrovirus, and the animals
then subjected to a focal demyelination induced with lysolecithin, significant numbers
of B-galactosidase labeled cells differentiated into myelinating OLs and engaged in
repair of the lesion, implicating the contribution of endogenous OL progenitor cells in
remyelination. The transplantation of glial cells into the CNS has been studied to
understand the mechanisms of remyelination; OL progenitor cells transplanted into the
normal CNS did not survive well whereas those introduced into the demyelinated site

caused by X-irradiation or injection of ethidium bromide migrated long distances and
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remyelinated (Franklin et al., 1995; Franklin and Blakemore, 1997). Transplantation of
OLs and OL progenitors into the CNS of myelin deficient canines or into the
demyelinated lesions of the spinal cord of adult rat produced extensive remyelination
(Groves et al., 1993; Archer et al., 1997). Although functional improvement following
remyelination by transplanted OLs is lacking, normal conductivity of nerve impulse is
restored (Utzschneider et al., 1994).

While few progenitor cells were found in the CNS of adult normal mice, the
numb;ers increased significantly following demyelinating injuries; moreover, progenitor
cells at various stages of remyelination showed a higher potential for proliferation than
cells from normal animals (Armstrong et al., 1990; Lucchinetti et al., 1996).

The presence of OL progenitor cells or pro-OLs has been demonstrated in
normal adult human CNS and in the lesions of MS brain by using antibodies to PDGF-o
receptor or O4 antibody (Armstrong et al., 1992; Gogate et al., 1994; Scolding et al.,
1998; Wolswijk, 1998). Pro-OLs in the chronic lesions of MS. brain bear notable
processes and do not proliferate (Wolswijk, 1998) whereas OL progenitor cells (i.e.
PDGF-o receptor+), without notable processes, are found in both acute and chronic
lesions in MS brains (Scolding et al., 1998). Although it is not yet known that these
cells contribute to remyelination several studies suggest that OL proliferation occurs in
MS lesions (Raine et al., 1981; Prineas et al., 1989; Lucchinetti et al., 1996).

While adult human OL progenitor cells have the capacity to divide in vitro, they
do not respond to PDGF and bFGF (Armstrong et al., 1992; Scolding et al., 1995),

which are potent mitogens for adult rodent OL progenitor cells (Richardson et al., 1988;

\'
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Hart et al., 1989; Wolswijk and Noble, 1992), suggesting that the capacity of OL
progenitors to regenerate is dependent on the species.

A number of studies revealed that a relatively large number of OLs are
preserved in the acute lesion of MS (Rodriguez et al., 1993; Rodriguez and Scheithauer,
1994; Lucchinetti et al., 1997). These morphologically preserved OLs in the lesion may
be disrupted in function without being dead and possibly may participate in
remyelination. These cells may dedifferentiate into proliferative cells to replenish OLs
in the' lesion which then effect remyelination (Ludwin and Bakker, 1988; Wood and
Bunge, 1991; Duncan et al., 1992; Wu and Raine, 1992; Ludwin and Szuchet, 1993;
Raine and Wu, 1993).

Although recovery from demyelination in animal models is generally
satisfactory (Ludwin, 1981), it is not the case in human demyelinating diseases such as
MS. The unresolved question is why the extent of myelin repair is incomplete in MS
patients, and this may be related to the immune abnormalities of thé disease. However,
as aforementioned, limited remyelination occurs in MS despite the prevailing immune
irregularities suggesting that a better knowledge of OL biclogy can provide novel

avenues to treat the disease.

THE INTERACTION OF OLS WITH OTHER CELL TYPES

Astrocytes have been known to be very versatile in function. They can provide
a wide range of growth factors and extracellular matrix (ECM) components that are

involved in maintenance of CNS homeostasis, reg\eﬁeraﬁon, and formation of blood
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brain barrier (BBB) (Muller et al., 1995). Extensive studies provide evidence that
astrocytes are good substrates and produce a number of neurotrophic factors that are
favorable for neuron survival and neurite outgrowth (Noble et al., 1984; Fallon, 1985;
Hatten et al., 1988; Liesi and Silver; 1988; Ang et al., 1992; Ang et al., 1993; Giulian et
al., 1993; Muller et al.,, 1995). The role of astrocytes in OL development and
myelination has been studied extensively but substantial controversy still exists.
Although OLs in culture survive, differentiate, and even myelinate axons in the absence
of ast;'ocytes, a large literature (see below) provides evidence that astrocytes regulate
OL biology, and support OL development and myelin formation. Conditioned medium
from astrocyte cultures or ECM deposited by astrocytes is beneficial for OL survival
and differentiation (Bhat and Pfeiffer, 1986; Gard et al., 1995).

While astrocytes have been known to produce a number of ECM molecules that
provide favorable substrates for adhesion, neurite outgrowth, and neuronal migration
(Fallon, 1985; Doherty and Walsh, 1989; Matthiessen et al., 1989; ﬁatten, 1990; Miller
and Smith, 1990; Johnson-Green et al., 1991), the role of astrocyte-derived ECM
molecules in OL development is poorly understood (Ovadia et al., 1984). Among cell
surface adhesion and ECM molecules, astrocytes express N-CAM, L1, laminin,
fibronectin, and tenascin as well as various proteoglycans (Liesi et al., 1986; Sanes,
1989; Muller et al., 1995). Given the local and transient nature of the expression of
ECM components and growth factors in the CNS, the interaction between growth
factors and ECM constituents may be an important issue in OL development as well as

regeneration (see also section on Growth factors and OL biology).

\'
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Several astrocyte-derived growth factors have been identified to promote OL
development and these include platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), ciliary neurotrophic factor (CNTF), transforming growth factor
(TGF)- B, insulin-like growth factors (IGFs) (Richardson et al., 1988; Hart et al., 1989;
McKinnon et al., 1990; Komoly et al., 1992; Barres et al., 1993; Eckenstein, 1994;
Mayer et al., 1994; Gard et al., 1995; Muller et al., 1995). In contrast, other studies
showed inhibitory effects of astrocytes on the myelin forming capacity of OLs (Rosen
et al.,’1989; Amur-Umarjee et al., 1993).

In the normal brain, immunohistochemistry studies show that astrocytic
processes are in close interaction with processes of OLs and surround the OL soma
(Suzuki and Raisman, 1992; Butt and Ransom, 1993; Butt et al., 1994). In situ, OLs
and astrocytes are coupled by gap junctions suggesting the potential intercellular
communication between these two cell types (Massa and Mugnaini, 1982).
Transplantation of astrocytes into demyelinated lesions enhances. remyelination, and
where astrocyte density is high, remyelinated sheaths tend to be thicker (Franklin et al.,
1993). Furthermore, in demyelinated lesions OL soma are often invested by astrocytic
processes (Prineas et al., 1990; Ghatak, 1992; Wu et al., 1992). Whether astrocytes are
detrimental or beneficial to OLs in the lesion is still uncertain. Nevertheless, it is
evident that astrocytes play important roles in OL biology during development and in
response to injuries.

Neurons also regulate myelinogenesis. In vitro, conditioned medium of
neuronal cultures is mitogenic to OL progenitors (Wood and Bunge, 1986; Gard and

Pfeiffer, 1990; Hardy and Reynolds, 1993). Like dstrocytes, neurons are capable of
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producing several growth factors which can be facilitatory to OL maturation. Upon the
contact between OL and neuron, the expression of myelin proteins such as MBP and
PLP is elevated (Ludwin and Suzchet, 1993; Matsuda et al., 1997). In vivo, OL
development and gene expression of major myelin protein are modulated by the
presence of axons (Kidd et al., 1990; McPhilemy et al., 1990; Barres et al., 1992; Trapp
et al., 1997). The electrical activity of neurons appears to affect OL survival and
proliferation (Barres and Raff, 1993), and myelin formation (Stevens et al., 1998) which
inﬂue;lces the distribution of Na* and K channels on the axons (Kaplan et al., 1997).
The notch receptor on OL precursor cells and expression of the jagged ligand on retinal
ganglion neurons, are thought to regulate the timing of OL differentiation (Blaschuk
and ffrench-Constant, 1998; Wang et al., 1998). In demyelinated lesions in the brain,
initial damages occur in myelin and OLs, but in chronic lesions, naked axons are also
severely impaired. Recently, the phosphoinositide pathway in myelin was found to
require an interaction with axon (Chakraborty et al., 1999). -

Microglia can produce a variety of inflammatory cytokines and neurotoxic
factors such as tumor necrotic factor (TNF)-o, which can be toxic to OLs. In co-
culture, microglia are cytotoxic to OLs (Merrill and Zimmerman, 1991; Merrill et al.,
1993). Nitric oxide that is produced by rat amoeboid microglia induces necrotic death
of OLs, while the promoting effect of microglia on myelin protein synthesis has also
been observed (Hamilton and Rome, 1994; Loughlin et al.,, 1994). The conditions

under which microglia become neurotoxic or oligodenrocyte-trophic are not known.
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GROWTH FACTORS & OL BIOLOGY

In the last two decades, several studies have identified a number of growth
factors that are involved in OL development. PDGF and basic FGF are potent mitogens
of OL progenitors (Richardson et al., 1988; Hart et al., 1989). Studies with mice that
are genetically manipulated have shown that PDGF influences the number of OL
progenitor cells and myelin formation in the brain and spinal cord (Calver et al., 1998;
Fruttiéer et al.,, 1999). Basic FGF stimulates proliferation and blocks maturation of
rodent OL progenitors in culture. When bFGF and PDGF are given together, OL
proliferation is enhanced, and cells eventually differentiate into mature OLs (McKinnon
et al.,, 1991). The presence of astrocytes or astrocyte-conditioned medium can override
the inhibitory effect of bFGF on OL differentiation in vitro (Mayer et al., 1993).
Interestingly, as described on page I-15, studies with OL progenitors derived from
human do not proliferate in response to PDGF and bFGF sugg;est the presence of
species difference (Yong et al., 1988; Armstrong et al., 1992; Gogate et al., 1994; Satoh
and Kim, 1994; Scolding et al., 1995).

Other growth factors besides bFGF and PDGF also influence OL development.
Insulin and IGFs regulate OL development and myelination (McMorris et al., 1986;
Barres et al., 1992; Carson et al., 1993), whereas CNTF and leukemia inhibitory factor
(LIF) promote OL survival (Louis et al., 1993; Mayer et al., 1994). Neurotrophin-3
(NT-3) stimulates proliferation of OL progenitors (Barres et al., 1993), while TGF-3
inhibits it and allows differentiation (McKinnon et al., 1993). Effects of growth factors

are stage-specific in OL development; mature OLs ‘do not proliferate in response to
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PDGF or bFGF treatment. Rather, survival and differentiation of mature OL are
promoted by PDGF and bFGF (Gogate et al., 1994; Gard et al., 1995; Yasuda et al.,
1995).

Not all growth factors are favorable for OL survival and development.
Apoptosis of OLs is induced when TNF-o is introduced to the culture (Mayer et al.,
1994; D’Souza et al., 1996), and antibodies to TNF-o. or soluble TNF receptor,
prevented OL death (Wilt et al., 1995). Injection of TNF-o antibodies to mice primed
for e;cpeﬁmental allergic encephalomylitis (EAE) suppressed EAE development
(Selmaj et al., 1991). Several pro-inflammatory cytokines such as interleukin-2 and
interferon-y are also detrimental to OLs, and in vivo, levels of TNF-a and pro-
inflammatory cytokines are elevated in active lesions of MS and EAE (Selmaj et al.,
1991; Cannella and Raine, 1995).

The ECM is a multifunctional complex of proteins. A large volume of literature
provides evidence that ECM can trigger signal transduction by interacting with cell
surface receptors such as integrins and eventually influence gene expression (Hynes,
1992; Juliano and Haskill, 1993; Schwartz et al., 1995). Numerous ECM components
are assembled in a highly organized manner that contributes to the structural integrity
and biological processes including development, tumor metastasis, inflammation and
tissue remodeling. The fundamental role of ECM in these processes is to modulate
cellular behaviors such as proliferation, adhesion, migration, differentiation and
apoptosis (Venstrom and Reichardt, 1993).

Immunohistochemistry studies revealed that in the adult normal brain

parenchyma, ECM molecules such as laminin, hepariri sulfate proteoglycan (HSPG) and



Chapter 1-22

chondroitin sulfate proteoglycan (CSPG) are distributed in a diffuse and amorphous
pattern, while injury such as that induced by a neurotoxin injection induces astrogliosis
accompanied by up-regulation of several ECM components (Liesi et al., 1984;
Bertolotto et al., 1990). During development, a number of ECM molecules are
transiently and locally expressed, and are involved in migration, axon guidance, synapse
formation (Liesi and Silver, 1988; McLoon et al., 1988; Liesi and Risteli, 1989; Rogers
et al., 1989; Sanes, 1989; Sheppard et al., 1991). For instance, laminin is transiently
expres;sed and colocalized with GFAP immunoreactivity in developing rat optic nerve
(McLoon et al., 1988). In vitro, laminin that is expressed by astrocytes stimulates
neurite outgrowth and migration of neuronal cells (Liesi, 1985; Calof and Lander, 1991;
Lentz et al.,, 1997). HSPG and laminin deposited by astrocytes stimulate neurite
outgrowth (Ard and Bunge, 1988) while an anitbody to an HSPG-laminin complex was
inhibitory (Matthew et al., 1985). Certain ECM components exert inhibitory influence
on neurite outgrowth (Letourneau et al., 1992); for instance, CSPG and tepascin have
shown to limit regeneration of CNS axons after injury (McKeon et al., 1991).

Bartsch and colleagues demonstrated that the expression of janusin, an isoform
of tenascin, is coincident with the period of myelination in the mouse optic nerve. With
the observation that janusin is localized on the outer aspect of myelin sheet and cell
surface of OLs, these authors have proposed a functional role of janusin during
myelination (Bartsch et al., 1993; Wintergerst et al., 1993).

In vivo, many ECM molecules are interconnected by building web-like
structures with distinct 3D conformation of each constituents (Luckenbill-Edds, 1997).

Moreover, a number of growth factors are able to bind ECM complexes rendering the
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notion that ECM is a reservoir of growth factors. ECM constituents regulate the
stability and diffusion of growth factors such as bFGF, PDGF, and TGF-8 (Venstrom
and Reichardt, 1993). In addition, adhesion of cells to ECM influences growth factor
expression and activity by the cell. Matrix composition and cell surface expression of
adhesion receptors are in turn modulated by growth factors.

Accumulating literature indicates that integrin receptors on the cell surface bind
to ECM components and mediate signal transduction in the cell. The integrin receptors
are a'family of heterodimers consisting of various & and B subunits that are non-
covalently linked. Different integrin receptors are expressed on diverse cell types,
which interact with specific ECM. molecules. The intracellular domains of integrin
subunits function as docking or binding sites for numerous cytoskeletal proteins and
signal transduction molecules. Cell-ECM interaction via integrin receptor thus elicits a
number of cellular responses such as platelet aggregation, tumor metastasis, and neurite
extension. In addition, cells at different stages (e.g. floating versﬁs adherent) express
different profiles of integrins. It has been shown that OL lineage cells express several
integrin receptors including avf3, cwvfs, oovB8 and o631 (Milner and ffrench-Constant,
1994; Milner et al.,, 1997), and astrocytes produce ECM molecules that enhance
adhesion of OLs (Cardwell and Rome, 1988). Other studies reported that OL adhesion
to substratum and their migration are integrin-dependent mechanisms (Malek-Heyadat
and Rome, 1994; Milner et al., 1996). When OLs are cultured on ECM derived from
bovine corneal endothelial cells, proliferation and survival of OLs are enhanced

(Lubetzki-korn et al., 1983; Ovadia et al., 1984).
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Therefore it is likely that growth factors and ECM components via integrin
receptors orchestrate to regulate OL biology such as proliferation, migration,

differentiation and myelin formation.
PROTEIN KINASE C

Protein kinase C (PKC) is a ubiquitous family of phospholipid-dependent
isozymes that are abundant in the CNS. Biochemical and molecular cloning analyses
have shown that PKC comprises a large family with at least 12 isozymes that are
categorized into three subgroups depending on structural differences and mode of
activation. Cellular response upon PKC activation can vary depending on several
factors including subcellular localization of the isozyme and the availability of the
substrates (Nishizuka, 1992; Newton, 1995).

The PKC isozymes (reviewed in Nishizuka, 1995) can be divided into three
groups and these are conventional PKCs (o,BI,BII and y), novel PKCs
(8, €, U, B and 1), and atypical PKCs (€ and t; the mouse homolog of 1 is called ). The
structure of PKC consists of a single polypeptide chain that contains an amino-terminal
regulatory region and a carboxy-terminal kinase region (Fig. I-4). There are distinct
domains in the regulatory and catalytic regions. In the regulatory region, the C1 domain
has cysteine-rich sequences that coordinate two Zn" atoms. This domain binds to
ligands such as phorbol esters and diacylglycerol, and contains a pseudosubstrate motif,
which exerts an autoinhibitory activity. In atypical PKC isozymes, modification of the

C1 domain leads to these being unresponsive to phar'_bol esters or diaglycerol. The C2



Chapter 1-25

domain in the regulatory region of the conventional PKC isozymes binds Ca®* for
activation. The novel and atypical PKC isozymes lack the Ca®>* binding C2 domain and
are therefore not regulated by Ca®". The catalytic domain of PKC isozymes has high
homology to that of protein kinase A, and does not differ significantly between the PKC
isozymes. The C3 domain of the catalytic region contains an ATP-binding sequence,
while the C4 domain binds to pseudosubstrate and protein substrate (Newton, 1995).
Upon stimulation of cell surface receptors, phospholipases hydrolyze
phos;;holipids to diacylglycerol (DAG) and other products such as inositol-3,4,5-
triphosphate (IP3) and cis-unsaturated fatty acid. IP3 leads to increases in Ca**
concentration, and DAG binds to PKC to activate it. Although, in general, activated
PKC is translocated to the plasma membrane, certain isozymes are translocated to the
nuclear envelope. Since DAG disappears quickly, whether sustained PKC activation
occurs had been in question. However, it has become evident that depending on the
source of the DAG molecule, and regulation of DAG kinase and lipase in the cell, the
activity of PKC can be sustained for prolonged periods (Nishizuka, 1995). In fact,
unlike neuronal cells, PKC activity in OLs is sustained for up to 12 days after phorbol
ester treatment (Yong et al., 1994). Activation of PKC results in a number of cellular
responses including gene transcription, proliferation, and differentiation. For instance,
in many cell types, PKC activation induces the expression of gene transcription factors
such as the Jun/Fos complex, which in turn initiates gene expression by binding to the
AP-1 binding sites in the promoter region. Extensive studies in signal transduction have
revealed that intense cross talk between signaling cascades occurs (Heidecker et al.,

1992; Nishizuka, 1995); for example, PKC activation has been shown to directly
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phosphorylate Raf-1 kinase which in turn activates MAP kinase cascade (Kolch et al.,
1993). Recently, more evidence has emerged that PKC activation leads to the active
complex formation of Raf-1 and Ras (Marais et al., 1998) while the MAP kinase
cascade is regulated by multiple PKC isozymes (Schonwasser et al., 1998). A number
of growth factors including epidermal growth factor and FGF stimulate receptor
tyrosine kinases which eventually activate MAP kinase; it has become evident that
receptor tyrosine kinases also lead to activation of the PKC by stimulating
phospilolipases. For instance, in endothelial cells, PKC is activated in response to
bFGF and induces proliferation (Presta et al., 1991; Kent et al., 1995).

PKC in OL biology can be first inferred from studies that demonstrate the
corpus callosum, a brain area especially rich in OLs, to have high density of phorbol
ester-binding sites (now known to be PKC itself) when compared to other brain areas
(Shoyab et al., 1976; Girard et al., 1985). Later in vivo studies revealed that the levels
of PKC rise during the period of myelination in rodent brain (S.hoyab et al., 1976;
Hashimoto et al., 1988). Moreover, activity of PKC was correlated with the deposition
of myelin proteins during development (Yoshimura et al., 1992). OLs express a range
of PKC isozymes, which affect myelin gene expression during OL maturation in vitro;
at the mRNA level, PKC v is high initially and then decreases to negligible levels by
P12, whereas PKC o and B increase progressively in neonatal rat derived OL cultures
(Asotra et al., 1993; Asotra and Macklin, 1994). The adhesion of floating OLs to the
substratum initiates PKC-mediated signal transduction which leads to myelinogenic
metabolism in OLs (Malek-Hedayat and Rome, 1986; Szuchet, 1987; Vartanian et al.,

1992). In vitro, several myelin proteins including MBP and MAG have been shown to
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be phosphorylated by PKC (Turner et al., 1982; Vartanian et al., 1986; Kirchhoff et al.,
1993; Yim et al.,, 1995). At the level of OL progenitor cells, Bhat and colleagues
provided evidence by using PKC inhibitors that the regulation of proliferation of these
cells may be through PKC (Bhat et al., 1992). Phorbol ester induces a transient
reversion of pro-OLs (O4+, vimentin-, A2B5+) to less mature cells (O4-, vimentin+,
A2B5+). The less mature OLs then proliferate and differentiate to mature OLs (Avossa
and Pfeiffer, 1993).

' Evidence from Dr. Yong’s laboratory implicates PKC in regulating OL process
extension (Yong et al., 1988; 1991; 1994). Activation of PKC in human, bovine and
rodent OLs by an active phorbol ester {4p3-phorbol-12,13-dibutyrate (PDB) or phorbol-
12-myristate-13-acetate} enhanced process extension while an inactive phorbol ester
(4o-phorbol-12,13-didecanoate) that binds but does not stimulate PKC activation did
not have any effects on OL process outgrowth (Yong et al., 1991). The role of PKC in
OL process formation was further tested by employing PKC inhibitors ranging from
those with low selectivity (e.g. polymixin B and staurosporine) to intermediate
selectivity (chelerythrine and H-7) to those that are highly selective for PKC (calphostin
C and CGP 41 251). These inhibitors block the basal- and phorbol ester- induced
process outgrowth. Moreover, measurements of PKC enzyme activity, using a histone
phosphorylation assay, has supported the role of PKC in OL process outgrowth. The
treatment of adult human OLs with PDB results in the translocation of PKC from the
cytosol to the particulate fraction of cell, in accordance with the mode of PKC
activation (Kraft-and Anderson, 1983; Chida et al., 1986). Following PDB treatment,

PKC enzyme activity in the particulate fraction has"also been found to be elevated for
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prolonged periods (up to 12 days) whereas in other cell types including astrocytes and
fibroblasts, down-regulation of PKC was readily observed (Yong et al., 1994).
Although the rate of process formation is slowest in adult human OLs among many
species tested, PKC stimulation dramatically enhances process extension by adult
human or rat OLs to an extent which is comparable to that of neonatal OLs (Yong et al.,
1994). Studies using isoform-specific agonists suggest PKC o as a major determinant

in process formation by OLs (Schmidt-Schultz and Althaus, 1994; Yong et al., 1994).

MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPs) are potent Zn' -dependent proteinases that
can degrade most, if not all, ECM components. Initially it was thought that individual
MMPs have unique substrate specificity, and they were categorized according to it.
Subsequent studies revealed that MMPs share significant substrate specificity overlap
and current classification is based primarily on structural difference and secondarily on
substrate preference: collagenases, gelatinases, stromelysins, and membrane type (MT)-
MMPs (Chambers and Matrisian, 1997; Shapiro, 1998). In the N-terminus of all
MMPs, there is an active site containing a Zn' ion, and a short signal peptide at the
extreme end. Typically, the Zn" atom is associated with three histidine residues in a
highly conserved sequence in the active site, and this is present in all MMP members.
The C-terminal, with a high level of homology to members of the hemopexin family,
confers substrate-binding capacity. This C-terminal is absent in MMP-7 (matrilysin).

The MT-MMPs have an additional transmembrane domain which results in them being
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membrane bound (see for reviews Murphy and Knauper, 1997; Yong et al., 1998). At
least 20 MMP members are currently known.

Because of their potent proteolytic activity, MMPs are invclved in many
developmental processes such as bone growth/remodeling, tooth eruption, and other
physiological events that require ECM turnover including ovulation, embryogenesis,
angiogenesis and wound healing. Uncontrolled MMP activity can be potentially
destructive and detrimental as demonstrated in a number of pathological processes
incluciing cancer metastasis, rheumatoid arthritis, gastric ulcer, atherosclerosis and
several neurological diseases (see for reviews Woessner, 1994; Yong et al., 1998).

The powerful degrading action of MMPs necessitates cells to acquire stringent
control mechanisms to modulate the activity of MMPs. First, in many cell types,
MMPs are not constitutively expressed but are induced upon stimulation with growth
factors, ECM molecules and phorbol esters. Often, these stimuli induce the expression
of the transcription activator protein (AP)-1 complex consisting of homo- or hetero-
dimers of c-jun and c¢-fos proto-oncogene products. An AP-1 complex binds to specific
conserved sequences called AP-1 binding site or phorbol ester responsive element
(TRE) in the promoter region and modulates transcription. While the majority of genes
encoding MMPs have AP-1 binding site in their promoter region, the MMP-2 gene
lacks AP-1 binding site and normally its expression is constitutive rather than inducible.
There are other transcriptional binding elements (e.g. PEA-3, Spl, NFxB) that are
present in several MMPs that can affect the expression of MMPs (Matrisian, 1994).

A second means to control MMP activity is that MMPs are expressed as inactive

zymogens, which have to be activated. All MMPs known to date contain a pro-peptide
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at the N-terminal; a cysteine residue in the propeptide region ligates back to the Zn"
atom at the active site, thus blocking the exposure of the active site. Once this pro-
peptide is dissociated from the active site, MMPs become proteolytically active
(Springman et al., 1990; Van Wart et al., 1990). Activating factors such as plasmin,
plasminogen activator and other MMPs disrupt the cysteine-zinc interaction at the
active site producing partially activated MMPs. These intermediate MMPs can be
further activated by cleaving the pro-peptide by autoproteolysis or by other activating
factor.s (Nagase, 1997).

Thirdly, there are physiological MMP inhibitors, called tissue inhibitors of
metalloproteinases (TIMPs), to regulate MMP activity (Murphy and Knauper, 1997).
Currently, four TIMPs have been identified. Their inhibitory property comes from the
capacity to bind the catalytic active site of MMPs to render inactivation. Recent studies
have shown that TIMPs can not only inhibit activity of MMPs but also may facilitate
the activation of MMPs (Emmert-Buck et al., 1995; Murphy and Knauper, 1997). For
instance, TIMP-2 coordinates the interaction between pro-MMP-2 and MT1-MMP,
which activates pro-MMP-2 (Strongin et al, 1995). Thus, the concentration of TIMPs
may be significant in the regulation of MMP activity; at low concentration they may
facilitate the activation of MMPs while high levels of TIMPs inactivate MMPs. In
many cases, the up-regulation of MMPs is often accompanied by up-regulation of
TIMPs (Marshall et al., 1995; Kapila et al., 1996; Kossakowska et al., 1998). Recent
reports provide evidence that TIMPs are also involved in other cellular processes.
TIMP-1 and -2 have been demonstrated to promote cell proliferation (Yamashita et al.,

1996). TIMP-3 inhibits cells from undergoing programmed cell death by protecting the
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degradation of basement membrane of cells (Basbaum and Werb, 1996). On the other
hand TIMP-3 may promote apoptosis in some cell types (Ahonen et al., 1998).

In the CNS, the participation of MMPs in pathology has been demonstrated in
stroke, malignant gliomas, Alzheimer’s disease and MS (reviewed in Yong et al., 1998).
A number of reports have revealed that breakdown of the blood brain barrier (BBB) and
demyelination in diseases such as MS is contributed by MMPs. The intracerebral
injection of MMP-2 resulted in BBB breach accompanied by perivascular infiltration,
edem;, and hemorrhage (Rosenberg et al., 1992). In vitro studies have provided
evidence that several metalloproteinases are able to degrade myelin proteins such as
MBP (Gijbels et al., 1993; Millichip et al., 1998). Recently, a series of studies
demonstrated that MMPs are up-regulated in the active lesion and in the cerebrospinal
fluid of MS patients. Immunohistochemistry studies showed that in general, MMP-2
and -9 are localized to the perivascular space and to infiltrated macrophages/monocytes
in lesions (Cuzner et al., 1996; Maeda and Sobel, 1996; Chandlér et al., 1997). In
animal models, by using quantitative polymerize chain reaction analyses, it was shown
that matrilysin (MMP-7) was elevated by over 500 fold in EAE while MMP-9 increased
about five fold (Clement et al., 1997). Application of synthetic hydroxamate inhibitors
of metalloproteinase suppressed or reduced the symptoms and course of EAE (Gijbels
et al., 1994; Hewson et al., 1995; Matyszak and Perry, 1996).

On the other hand, the beneficial property of MMPs in the CNS is becoming
evident with accumulating findings that MMPs are involved in removal of debris from
the injury site, the release of growth factors anchored on ECM, or the degradation of

inhibitory substances. Early OL progenitor cells, the: O-2A cells, migrate on myelin in
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vitro by utilizing MMPs (Amberger et al., 1997), and it is possible that several neural
progenitor cell types require MMPs to migrate into lesion sites to attempt to repair. A
number of studies have demonstrated that MMPs and other MMP activating proteases
are involved in neurite outgrowth and the migration of neural cells (Krystosek et al.,
1981; Monard, 1988; Machida et al., 1989; Muir, 1994; Zuo et al., 1998). The nerve
section becomes permissive to neurite extension by treatment with MMP-2 which
degrades inhibitory molecules such as CSPG and exposes laminin, a neurite promoting

comp(')nent (Zuo et al., 1998).

AIMS OF THESIS

My overall thesis seeks to understand the mechanisms that regulate
oligodendrocyte process outgrowth, an early and prerequisite event in myelin formation.

Specifically, for Aim 1 (described in Chapter II), I havé sought to identify
physiological stimuli that promote OL process outgrowth, given that previously
identified stimulators of OL process outgrowth are phorbol esters (Althaus et al., 1991;
Yong et al, 1991; 1994), which are exogenous compounds. In particular, I tested the
hypothesis that other glial cell types enhance OL process formation, and addressed the
mechanisms involved.

In Aim 2, following the identification of physiologic stimuli that enhance OL
process outgrowth (from Aim 1), I addressed the signal transduction pathway in OL that

regulates the process forming capacity of these stimuli. Specifically, I tested the

-~ -
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hypothesis that PKC activation in OL is involved in mediating the effects of these
stimuli. The results are described in Chapter II1.

Finally, in Chapter IV, regarding the need for proteases to remodel the
pericellular microenvironment as OL process outgrowth occurs, I tested the hypothesis
that MMPs are involved in OL process outgrowth. These results are described in

Chapter I'V.
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Figure I-1: A schematic representation of an OL/myelin/axon unit (top) and a cross-
sectional representation of the myelin sheath (bottom). Abbreviations are: proteolipid
protein (PLP), myelin basic protein (MBP), 2°3’-cyclic nucleotide 3’-phosphodiesterase
(CNP), myelin associated protein (MAG), and myelin/oligodendrocyte protein (MOG).
These proteins and the intraperiod and major dense lines, are described further on pages
[-9~12. (Adapted from McLaurin and Yong, 1995; Newman et al., 1995; Quarles et al.,

1997)
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Figure I-2: Main aims of my thesis can be summarized as a schematic, and include:
1. Whether and how astrocytes promote process outgrowth by OLs.
2. Whether PKC activation is involved in mediating promoting effects on OL
process outgrowth.
3. Whether and which matrix metalloproteinases (MMPs) are involved in

process extension by OLs.
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Figure I-3: A schematic diagram of the development of an oligodendrocyte from its
progenitor cell. Antigenic markers and antibodies are described in text.

(Adapted from Pfeiffer et al., 1993; McLaurin and Yong, 1995).
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Figure I-4: A schematic representation of PKC structure. [n regulatory region, C1
domain (red) contains phorbol ester and zinc binding sites. Calcium binds to the C2
domain (yellow) while the exact location where phosphatidylserine binds remains
unclear; it is thought that this molecule can bind to multiple sites of the C1 and C2
domains. The pseudosubstrate (green) motif at the N-terminal binds the substrate
docking region of the C4 domain (purple) to keep the enzyme inactive. In the catalytic
region, ATP binds the C3 domain (pink) whereas the C4 domain binds substrate.

(Adapted from Newton, 1995).
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In chapter II, physiological stimuli that can promote process outgrowth by OLs
were investigated. Previous studies demonstrated that OL process formation was
enhanced by using phorbol esters which are exogenous compowunds (Althaus et al.,
1991; Yong et al., 1994). Since many important functions within the CNS are regulated
by cell-cell interactions, I addressed whether and which glial cell type can enhance OL
process formation and by which mechanisms promoting action occurs. [ tested the
effects of other glial cell types on OL process formation in co-culture. Moreover, a
number of growth factors and ECM components were examined for the promoting
effects on process outgrowth by adult human OLs, which is an early critical event to

complete myelin formation.
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Abstract

Cell-cell interactions regulate many important functions within the CNS. In this
report, we demonstrate that process outgrowth by adult human oligodendrocytes(OLs) in
vitro, an early event of myelinogenesis in vivo, is promoted by astrocytes. To elucidate
the mechanisms by which astrocytes might exert this effect, we tested several growth
factors known to be produced by astrocytes and found that only basic fibroblast growth
factor (bFGF) could enhance process extension by the OL. In correspondence, the
treatment of astrocytes with a neutralizing antibody to bFGF decreased their effects in
promotingoligodendroglialprocess outgrowth. The potency of bFGF, however, was only
one-third that of astrocytes, and since bFGF did not synergize with other soluble growth
factors, we investigated the potential facilitatory role of the extracellularmatrix (ECM)
deposited by astrocytes. The astrocyte ECM was found to be a promoter of
oligodendrogliaprocess extension,and significantly,bFGF synergized with astrocyte ECM
to match the potency of live astrocytes. The astrocyte ECM was found in Western blot
analyses to contain fibronectin,vitronectin and laminin. These purified ECM components,
and heparan sulfate proteoglycan, did not promote oligodendroglial process extension by
themselves, althoughlamininand fibronectinpotentiated the effects of bFGF. We conclude
that process outgrowth by OLs is guided by astrocytes; the mechanism of the astrocyte

effect appears to be dueto the combinationof bFGF and an unidentifiedECM component.
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Introduction

Remyelination by oligodendrocytes (OLs) in demyelinating states depends on a
number of interacting factors including the availability of OLs, the morphological
differentiation of OLs to allow for process extension from their soma, the proper synthesis
and turnover of OL/myelin components, and the adequate interaction between the
ensheathingoligodendrogliaprocess with an axonto form myelin(Ludwin, 1989; McLaurin
and Yong, 1995). That these factors are present to some degree in the prototype human
demyelinating disease multiple sclerosis (MS), despite the prolonged scarring and chronic
demyelination,is evident by the findingthat remyelinationcan occurin the disease although
incomplete in its extent (Raine et al., 1981; Ghatak et al., 1989; Prineﬁs et al., 1989; 1993;
Raine and Wu, 1993; Bruck et al., 1994). Stimuli to enhance OL formation, maturation or
function may improve the remyelinatingcapacity of OLs. One such strategy is to promote
survivingOLs, or OLs formed from progenitors, to extend their processes to enwrap axons.

This approach to enhance the extent of process formation is particularly relevant for MS
since substantial number of OLs are documented around the edges of lesion in the disease
(Raine et al., 1981; Prineas et al., 1989; 1993; Raine and Wu, 1993).

OLs in culture have served as useful models for their in vivo counterparts. In vitro,

OLs extend multiple processes and the plasma membrane of the cultured OL contains ail

the major proteins and lipids of myelin (Szuchet, 1987; Vartanian et al., 1992). The
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emergence of myelin proteins and lipids in vitro, even in the absence of neurons or
astrocytes, follows a time course that corresponds to that in vivo (Zeller et al., 1985;
Dubois-Dalcq et al., 1986; Zalc et al., 1987). Furthermore, OLs isolated from mutant
animals with defective myelination show corresponding abnormalities in vitro (Bartlett et
al., 1988).

Using cultured OLs, we and others have reported that biologically active phorbol
esters could promote process outgrowth by OLs through the stimulation ofoligodendroglial
protein kinase C (PKC) activity (Yonget al., 1988;1991;1994; Althaus et al., 1990; 1991).

As phorbol esters are exogenous compounds, it would be advantageous to identify
physiologic growth factors that could promote process extensionby OLs. We report here
that adult human OLs in mixed culture with astrocytes extended processes readily when
compared to OLs in purified culture. While astrocytes have long been known to be
excellentsubstrates for neurite extensionby many different populations of neurons in vitro
and in vivo (Lindsay, 1979; Silverand Ogawa, 1983;Nobleet al., 1984; Fallon etal., 1985;
Wujek and Akeson, 1987; Neugebaueret al., 1988 ; Tomasellietal., 1988;Kliot et al., 1990;
Johnson-Green et al., 1992), a similar role for astrocytes in promoting process formation
by OLs, a critical early event in myelinogenesis, has not been reported. We therefore
investigated the mechanismsof the astrocyte effectand report here that the facilitatoryrole
of astrocytes on oligodendroglial process extension is due to a synergistic effect between
basic fibroblast growth factor (bFGF, FGF-2) and a component of the astrocyte

extracellularmatrix (ECM).
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Materials and Methods

Sources of Materials

The following reagents were purchased from UBI (Lake Placid, NY): recombinant
human (rh) platelet derived growth factor AB (PDGF), rh epidermal growth factor (EGF)
and rh insulin-like growth factor-1 (IGF-1). Rh brain-derivedneurotrophic factor (BDNF),
rh neurotrophin-3 (NT-3), rh neurotrophin-4 (NT-4) and rh glial derived neurotrophic
factor (GDNF) were bought from PeproTech Inc. (Rocky Hill, NJ). 2.5S nerve growth
factor INGF) was from Cedarlane (Hornby, Ontario). Rh basic fibroblast growth factor
(bFGF) was from either Becton Dickinson(Bedford, MA) or UBI and both were of similar
potency. 4f-phorbol-12,13-dibutyrate (PDB) was from LC Laboratories (Woburn, MA)
while recombinant rat CNTF was provided by Dr. P. Richardson (McGill University).
Extracellularmatrix components including heparan sulfate proteoglycan (HSPG), EHS
laminin, vitronectin, collagen Type IV and fibronectin were purchased from Becton
Dickinson. Monoclonal antibodies to bFGF (Type I: neutralizing, and Type II:
non-neutralizing) were from UBI. The polyclonal rabbit antibody to fibronectin was
obtained from Bio/Can Scientific (Mississauga, Ontario) while the source of polyclonal

rabbit antibodies to laminin and vitronectin was Gibco BRL (Burlington, Ontario).

Cell culture

Adult human cells were derived from brain biopsy specimens from 9 patients
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(average age =27 + 3 years, range 15 to 36 years) who underwent surgical resection to
amelioratedrug intractableepilepsy. Samples were of areas adjacentto, but not containing,
the epileptic focus. Dissociated cells were obtained using trypsin digestion and Percoll
gradient centrifugation and this protocol is described in detail elsewhere (Yong and Antel,
1992).

Upon obtaining dissociated cells, these were either plated directly onto substrates

(Lab-Tek 16 well chamber slides, Nunc, Inc., Naperville, IL) coated with 10 pg/ml

poly-l-lysine (PL) or onto uncoated T-25 cm flasks. When plated directly onto PL, allcell
types adhered to result in a mixed culture containing OLs, astrocytes or microglia (see
below for immunohistochemical identification of cell types). In our experience with over
400 adult human samples, while some degree of variability exists, mixed cultures contain
on averageapproximately 40% OLs, 40% microgliaand 20% astrocytes. When plated onto
uncoated flasks, adult human OLs were poorly adherent in contrasi to astrocytes and
microglia; floating cells were removed the next day and, when subjected to another round
of differentialadhesion, resulted in OL cultures of over 90% purity (Yong and Antel, 1992)
- these are henceforth called enrichedOL cultures to differentiate them from OLs in mixed
culture. Enriched OLs or OLs in mixed culture were seeded at a density of 10* cells per

well (in 250 pl volume of feeding medium) of 16 well chamber slides.

In experiments where adult human OLs were seeded with a purified culture of adult
human microglia, the latter was obtained as we have previously described (Williamsetal.,

1992). Briefly, adherent cells following the removal-of floating OLs were allowed to
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develop morphologically for 7 days (this resulted in astrocytes stratifying themselves
above the microglia) and the astrocytes were then floated off by rotary shaking (150 rpm,
5 hours, room temperature). The adherent microglial population was detached by
trypsinization and then plated onto PL-coated 16 well chamber slides. Purity ofmicroglia
was over 95% (Williams et al., 1992).

In experiments where adult human OLs were seeded onto a monolayer of fetal
human astrocytes, the latter were derived using procedures that have been previously
described (Yongetal., 1992). Purity of fetal human astrocytes was in excess of 98%.
Although it would have beenideal to plate OLs onto adult humanastrocytes, the low yield
and purity (70% at best) of adult humanastrocytes (Yongand Antel, 1992) precluded such
an experiment.

To obtain an astrocyte extracellular matrix (ECM), the protocol of Cardwell and
Rome (1988) was followed. Fetal human astrocytes were seeded ét a high density of
25,000 cells/chamber of PL-coated 16 well slide in order to achieve confluency by 2 days
post-plating. Four days post-plating, cells were treated with water for 2 hours at 37°C
(with 3 changes of water during this duration). Under a light microscope, the removal of
the cell layer was verified. Purified OLs were then seeded at 10* density per well.

Feeding medium in all cases was Eagle's minimum essentialmedium supplemented

with 5% fetal bovine serum, 20 ug/mi gentamicin,and 0.1% dextrose. All culture reagents

were purchased from Gibco BRL.
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Administration of test agents

Unless otherwise stated, purified OLs were treated with test agents two days
following plating onto PL. Treatment was performed twice spaced two days apart, and
cells were harvested two days following the second treatment. In experiments that
addressed whether the effects of liveastrocytes or astrocyte ECM could be neutralized by
antibodies to bFGF, live astrocytes or their ECM were pre-incubated with antibodies
contained in feeding mediumfor 1 hour at 37°C. The solution was then removed and OLs
with fresh antibodies were then added. Antibodies were replenished after two days and

cells were analysed two days later.

Immunohistochemistry and assessment of extent of process formation in vitro

Chamber slides with live cells were incubated with hybridoma supernatant
containing a mouse monoclonal antibody designated O1 (Sommer anﬁ Schachner, 1981),
which recognizes galactocerebroside (GalC) and related lipids (monogalactosyldiglyceride
and psychosine) which are specificto OLs (Bansalet al., 1989). Following45 min at room
temperature, goat anti-mouse immunoglobulinconjugated to rhodamine (1:150 dilution,
Cappell, Lexington, MA) was added for another 45 min. Cells were fixed with 95%
ethanol-5% glacial acetic acid (v/v) for 15 minand then labelled with Hoescht dye to label
nuclei. The whole chamber slide was then coverglassed with gelvatol. Using an
immunofluorescencemicroscope, the % of GalC+ (i.e. O1+) cells with processes more than
3 soma diametersin length was tabulated as previously glescribed(Y onget al., 1991; 1994).

The 3 soma diameter cutoff point was used because our previous experience had shown
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that less than 10% of control purified OLs would attain this criterion; thus, the facilitatory
effects of agents could be effectively assessed.

For the identification of astrocytes in vitro, cells following the acetic acid-ethanol
fixation were incubated with a rabbit polyclonal to glial fibrillary acidic protein (GFAP,
Dako Corporation, Scarborough, Ontario, 1:100 dilution) for 45 min followed by a goat
anti-rabbit Ig conjugated to FITC (Cappell, 1:100). Microglia were labelledusing Leu-M5
(mouse anti CD1l1c, Beckon-Dickinson) immunoreactivity of live cells, as previously

described (Williams et al., 1992), or with an anti-KP-1 antibody (anti CD68) following

fixation.

Western blot analyses of the astrocyte ECM

Fetal human astrocytes in 100 mm plate were lysed with water as described above
to leave behind the astrocyte ECM. A 1x SDS sample buffer (1 mi) Was then added to the
plate to solublize the ECM; total protein content of the ECM was analysed by a BCA
protein assay kit (Pierce) that utilized bovine serum albumin as a standard. Thirty pg
astrocyte ECM was then electrophoresced on SDS-polyacrylamide gels with appropriate
standards (fibronectin, vitronectin and laminin). Fibronectinand vitronectin were resolved
using 8% and 15% polyacrylamide gels respectively, while laminin was electrophoresced
using a 4-20% gradient gel. Expected molecular weights for fibronectin, vitronectin and

laminin were, respectively, 220, 66 and 200 kDa.

Followingelectrophoresis,proteins were transferredonto nitrocellulosemembranes.
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The membranes were reacted with skim milk powder to saturate sites of non-specific
protein binding. Blots were then incubated with polyclonal antibodies to fibronectin,
vitronectin or laminin (all were used at 1:500 dilution). Subsequent incubation with
125[Protein A (1 uCi diluted in 10 ml of Blotto) for 2 h ensued. Membranes were then

washed and exposed on phosphoimager casettes. Protein bands were visualized using a

phosphoimager (Molecular Dynamics).
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Results

Processextension by adult human OLs in mixed versusenriched culture: The differential
effects of astrocytes and microglia

We have previously reported that enriched adult human OLs have a very slow rate
of process extensioncompared to OLs derived from adult or neonatal rat brain (Yonget al.,
1994): FigureIl-1 demonstrates that process outgrowth by enriched aduit human OLs did
not becomereadily apparent evenat 2 weeks followingplating onto PL coating. However,
in mixed culture with astrocytes and microglia, the rate of process extension was
significantlyenhancedand the majority of OLs had processes over 3 somalengthby 6 days
post-plating (Fig. II-1).

To address which cell type in the mixed culture promoted process formation by
OLs, OLs were seeded onto microgliaor astrocyte substrates. Figﬁe [I-2 shows that
astrocytes promoted survival and process outgrowth of OLs while microgliawere toxic to
OLs. Ofthe surviving OLs in co-culture with microglia,their rate of process extensionwas
also retarded when compared to controls. Thus, we concluded that astroglial-derived
growth factors facilitated process extension by OLs.

As aforementioned, phorbol esters such as PDB are very potent stimulators of
oligodendrogliaprocess extension(Yong etal.,1991; 1994). Figurell-3 demonstrates that
under the same experimentalconditions, the efficacy of liveastrocytes matchesthat of PDB

at 50 ng/ml, a concentration that provides maximal stimulation of oligodendroglial process

extension (Yongetal., 1991).
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Effects of purified growth _factors on process extension by adult human OLs

We considered whether soluble factors elaborated by astrocytes could enhance
oligodendroglial process outgrowth. A range of growth factors known to be produced by
astrocytes (Ferrara et al., 1988; Finklestein et al., 1988; Gadient et al., 1990; Yoshida and
Gage, 1991; Araujo et al., 1992; Gomez-Pinilla et al., 1992; Han et al., 1992; Rudge et al.,
1992; Carroll et al., 1993; Chernausek, 1993; Seniuk et al., 1994) was added to purified
OLs. Of these, only bFGF and aFGF could significantly enhance process extension by
adult human OLs (Fig. [I-4 and -5, Table II-1). However, the potency of bFGF was not
as marked as that of PDB (Table II-1). Furthermore, a range of concentrations of bFGF,
added for varying periods of time, did not result in process extension of the magnitude that
was elicited by PDB (Fig. I1-6).

Althaus et al. (1992) have previously reported that NGF could cause adult bovine
OLs to extend long processes. In our experience, NGF did not promcte adult human OLs
to extend processes (Fig. II-5); other neurotrophins tested (BDNF, NT-3 and NT-4)
similarly did not promote process outgrowth by human OLs. To demonstrate that the
NGF preparation that we utilized was bioactive, the NGF-responsive PC12 cell line was
incubated with NGF. At all concentrations of NGF used (5 to 500 ng/ml), PC12 wells
underwent neuritic outgrowth (Fig. II-5).

It has been previously observed that bFGF treatment of rodent OLs caused these
cells to dedifferentiate in maturity (Grinspan et al., 1993; Fressinaud et al., 1993; 1995).

To evaluate whether such occurs also for human cells,adult OLs were treated with bFGF
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and then subjected to double immunofluorescencefor O1 and myelin basic protein (MBP).
Figure II-7 demonstrates that in contrast to the reports for rodents cells, human OLs did
not dedifferentiate in response to bFGF treatment.

Becausethe potency of bFGF in elicitingprocess extensionis less than that of PDB
or of live astrocytes (see Fig. II-11 below), we tested whether bFGF could synergize with
other soluble growth factors. Figure II-8 reveals that the effects of bFGF could not be

augmented by other soluble growth factors tested including aFGF.

Astrocytes promote process outgrowth by human OLs: Modulation by bFGF antibodies
and the role of the astrocyte ECM

To determine whether the process promoting actions of bFGF and live astrocytes
were mechanistically linked, the live astrocyte-OL co-culture was treated with a
neutralizing antibody (Type I) to bFGF; the results show that thé facilitatory role of
astrocytes could be attenuated by antibody but not eliminated (Fig. II-9). Type II bFGF
antibody, which is non-neutralizing (Matsuzaki et al., 1989), as well as an irrelevant Ig of
the same isotype as both bFGF antibodies, did not reproducibly alter process outgrowth.

Medium conditioned for two days by astrocytes, whether non-concentrated or
concentrated, failed to promote process extension by OLs (Fig. [I-10). These negative
results included fractions of astrocyte conditioned medium between 10 to 30 kDa (where
bFGF is expected to be) which were concentrated 50 or 100 times.

Since OLs have integrin receptors that would allow them to bind ECM molecules

(Malek-Hedayat and Rome, 1994; Milner and firench-Constant, 1994), and given a
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previous report that rat OLs extended processes on ECM derived from bovine corneal
endothelialcells(Ovadiaet al., 1984), we plated adult human OLs onto ECM of astrocytes.
Under this condition, process extension was found to be enhanced (Fig. [I-11) when
compared to cells on PL although the magnitude was not as potent as that of live
astrocytes. However, the co-administration of bFGF and astrocyte matrix promoted
process outgrowth to the same extent as that of live astrocytes (Fig. II-11), underscoring
the interplay between bFGF and a component(s) of the astrocyte ECM.

To attempt to identify which component(s) of the astrocyte ECM was responsible
for facilitatingprocess outgrowth, the astrocyte matrixwas solubilized into SDS bufferand
probed in Western blot analyses for proteins known to be constituents of ECM made by
astrocytes or other cell types. It was found that fibronectin, lamininand vitronectin were
present in the astrocyte matrix (Fig. II-12). When OLs were seeded onto purified ECM
components, none of the agents tested (HSPG, laminin, vitronecﬁn and fibronectin)
facilitated process extension by themselves; however, laminin and fibronectin, but not
vitronectin or HSPG, enhanced the effect of bFGF (Fig. I[[-13). Tenascin was also tested
but this ECM molecule did not allow OLs to adhere.

An interestingmorphologicalfeature that was observed when OLs were plated onto
live astrocytes or astrocyte ECM was that while the live astrocytes promoted process
extension, the process formation was not of the form of membranous sheets, which
probably represents the most mature form of oligodendroglialprocesses (Pfeiffer et al.,
1993). In the astrocyte matrix, however, where live cells have been removed, OLs with

membranous expansions were frequently encountered (Fig. II-14). Thus, while astrocytes
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promoted processes to extend from the oligodendrocyte soma, some component(s) of the
live state does not allow the morphological maturation of oligodendroglialprocesses into

membranous sheets.
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Discussion

Certain characteristics of cells of the OL lineage have been shown to be dependent
on astrocyte function. Thus, growth factors from astrocytes are reported to cause the
proliferation of OL precursors and to modulate their survival and differentiation into OLs
(Noble et al., 1988; Richardson et al., 1988; McKinnon et al., 1990; Barres et al., 1992;
1993;-Komoly et al., 1992; Mayer et al., 1993). The survival of mature oligodendrocytes
in vitro is also promoted by astrocytes (Gard et al., 1995). Rome and colleagues(Cardwell
and Rome, 1988; Malek-Hedayat and Rome, 1994) have demonstrated that OLs adhered
well to an astrocyte matrixviaintegrinddependent mechanisms. In lesionareas of MS, OLs
have been observed to be invested within hypertrophic astrocytes (Prineas et al., 1990;
Ghatak, 1992; Wu and Raine, 1992); the role of such glialassociationsremainscontroversial
and may represent a protective mechanism for OLs by astrocytes @ne and Wu, 1992)
or destruction of OLs by astrocytes (Prineas et al., 1990).

The role of astrocytes in myelin formation by OLs has been the subject of few
studies, and some of the results have been conflicting. Bhat and Pfeiffer (1986) reported
that soluble extracts from astrocyte cultures increased myelin proteins of OLs. However,
astrocytes have been demonstrated to inhibit the myelination of dorsal root ganglionaxons
by aduit rat OLs (Rosenetal., 1989) and to prevent the translocationof MBP mRNA from
soma into the processes of OLs (Amur-Umarjeeet al., 1993). Nonetheless, in the ethidium
bromide model of demyelination, transplants of astrocytes improvedremyelinationby OLs

(Franklin et al., 1993). In vivo, astrocytic processes are closely associated with the OL
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soma and processes (Butt et al., 1995), suggestive of intimate interactions.

While astrocytes have long been known to be excellent substrates for neurite
extension by many different populations of neurons in vitro and in vivo (references cited
earlier), asimilar roleof astrocytes in promoting process formation by OLs, a critical early
event in myelinogenesis, has not been reported. The present study addresses such arole,
and the results demonstrate that astrocytes are good substrates for process extension by
adult buman OLs; indeed, the magnitude of the astrocyte effect was comparable to that
produced by the potent activator of PKC, PDB. Of growth factors known to be elaborated
by astrocytes, only bFGF and aFGF were effective in causing process outgrowth. The
effects of bFGF and aFGF are likely through the same receptor or pathway, since no
synergy was observed when the two were used simultaneously. Furthermore, the potency
of aFGF was less than that of bFGF, in line with the observations that in most systems,
bFGF is more potent than aFGF and that the receptor for FGF binds bFGF with higher
affinity than aFGF (reviewed in Baird and Bohlen, 1991). The effects of astrocytes were
attenuated by a neutralizing antibody to bFGF, in accordance with the postulate that the
astrocyte effectwas partially due to bFGF. Nonetheless,bFGF by itself, or in conjunction
with other soluble factors, did not mimic the potency of live astrocytes in promoting
oligodendrogliaprocess extension,and thus our attention became directedto other factors,
in particular, the ECM of astrocytes. The results demonstrate that the astrocyte ECM
could also promote process extension, and that together with bFGF, could mimic the

potency of live astrocytes. ~:

A cautionary note is in order since the majority of the experiments utilized
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astrocytes from fetal brains and oligodendrocytes from adult specimens. Astrocyte
maturational state can be important for astrocyte function and differencesdo exist between
fetal and adult human astrocytes in vitro, such as the low basal rate of proliferation of adult
astrocytes in contrast to the high mitotic rate of fetal astrocytes (Yong et al., 1992). For
the experiments described herein, it was not possible to obtain adu/t human astrocytes in
sufficient quantity and purity to elucidate the interplay between astrocytes and
oligodendrocytes;hence, fetal astrocyteswere used. Despite this caveat, it should be noted
that the enhanced growth of processes was also noted when adult oligodendrocytes were
in co-culture with adult astrocytes (Fig. II-1).

Although bFGF lacks a leader sequence for secretion by "classical" pathways, it is
generallythought that bFGF is exportedout of cells(Rifkinet al., 1989; Kandeletal., 1991;
Baird and Bohlen, 1991; Araujo et al., 1992; Mason, 1994). Thus, if the facilitation of
process outgrowth by astrocytes in the present study were partially.due to bFGF, why
then did the conditioned medium of astrocytes not promote process extension by OLs?

It is possible that the secreted bFGF became bound to the ECM upon release, thus
decreasing its concentration in the conditioned medium. This contention is supported by
the results that the process extendingefficacy of live astrocytes (Fig. I[I-9),as well as of its
matrix (unpublished observations), was decreased by a neutralizing antibody to bFGF.
Furthermore, it has been well documented that bFGF is found in the ECM and that the
matrix bindingof bFGF provides a reservoir for this growth factor (Vlodavsky et al., 1987,

Rifkin et al., 1989; Gonzalez et al., 1990). .

In reviewing the literature, it is evident that bFGF has many functions on cells of
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the OL lineage. bFGF is known to be a mitogen for O-2A cells and to block their
differentiation into OLs (Noble et al., 1988; McKinnon et al., 1990; Bansal and Pfeiffer,
1994; Fressinaud and Vallat, 1994) although this blockade could be overcome by other
factors made by astrocytes (Mayer et al., 1993). In cultures from neonatal rodent brain
containing more differentiated GalC+ OLs and their precursors, bFGF was shown to

increase the proliferation of both cell types (Eccleston and Silberberg, 1985; Saneto and
deVellis, 1985; Deloulme et .al., 1992; Vicks and DeVries, 1992). In even more
differentiated rodent OL cultures (from neonatal brain and expressing MBP), bFGF

administration induced cell proliferation and dedifferentiation of OLs into precursor cells
(Fressinaud et al., 1993; 1995; Grinspan etal., 1993). bFGF was recently found to prevent
the apoptosis of OLs (Yasudaetal., 1995). Finally, of relevanceto this study and in direct
contrast, bFGF inhibited process formationof cultured rat (Besnard et al., 1989) and canine
(Hoffman and Duncan, 1995) OLs. In our hands, bFGF mnot only'f promoted process

formation by adult human OLs, as has been reported by Gogate et al. (1994), but bFGF

also did not produce proliferation(Yonget al., 1988) of OLs and did not cause MBP+ cells
to dedifferentiate (Fig.II-6). These differencesare likely accounted for by species factors.
In concordance with this argument, Armstronget al. (1992), Gogateet al. (1994) and Yong
et al. (1988) reported that bFGF was not a mitogen for adult human white matter derived
OLs; Satoh and Kim (1994) reported that bFGF was not a mitogen for OLs from fetal
human brains. Finally, we have also observed that astrocytes {Yonget al., 1990; 1992) and
microglia (William et al., 1992) from human brains are different from their rodent

couterparts in their morphology, expression of major histocompatibility antigens and
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response to mitogenicfactors. Speciesdifferencemay also account for the result that NGF
promoted process extensionby adult pig (Althauset al., 1992) but not by adult human OLs
(this study).

Astrocytes are known to synthesize a number of ECM molecules that include
laminin, HSPG, chondriotin sulfate proteoglycan, fibronectin, thrombospondin, tenascin,
hyaluronan and vitronectin (Leisi et al., 1983; Price and Hynes, 1985; Selak et al., 1985;
Aschet al., 1986; Gallo et al., 1987; Ard and Bunge, 1988; Giftochristos and David, 1988;
Grierson et al., 1990; Snow et al., 1990; Johnson-Green et al., 1991); astrocytes are not
known to make collagens(Rutka et al., 1986). Inthe current study, we could demonstrate
the presence of fibronectin, laminin and vitronectin on the astrocyte ECM. OLs plated on
purified ECM substrates alone did not show enhanced process outgrowth, but laminin and
fibronectincould potentiate the effectof bFGF (Fig. II-13). It remains unclearwhether the
effects of the astrocyte ECM in promoting oligodendroglial process 6utgrowth is due to
laminin or fibronectin. In the absence of bFGF, laminin and fibronectin, unlike the
astrocyte ECM, did not promote process extension. This differential effect, however,
could be due to interactions between ECM substrates and the bFGF anchored on the
astrocyte ECM; such bFGF would be absent from the purified preparations of ECM
molecules tested in isolation. It is also probable that there is a requirement for interactions
between ECM molecules in the astrocyte matrix to promote oligodendroglialprocess
extension; again, these interactions would be absent in purified ECM substrates tested in
isolation. The use of antibodies with neutralizing activity to particular ECM molecules

would be necessary to elucidate the role of laminin and fibronectin, or related molecules, in
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the astrocyte ECM as a facilitator of process outgrowth by OLs.

A prior prediction had been that OLs plated onto HSPG and given bFGF would
bear extensive processes, since HSPGs are involved in the promotion of FGF activity,
either by facilitatingthe interactionof the bFGF-HSPG complexwith the highaffinity FGF
receptor (Yayon et al., 1991; Aviezer et al., 1994), or by HSPGs causing the
oligomerization of FGF molecules to allow the FGF-HSPG complex to bind and activate
several receptor molecules (SpivakKroizmann et al., 1994). That HSPG did not promote
the bFGF-induced process extension by OLs could be due to the experiments being
conducted in medium containingserum. Serumhas a variety of soluble HSPGs which could
complex to bFGF and thus further plating on HSPG substrate would not increase this
interaction further.

With respect to the maturity ofoligodendrogliaprocesses, our experiencewith cells
from over 400 biopsy specimens has been that on a PL substrate, -membranous sheets
indicativeof mature processes do not occur. Thus, it is remarkablethat the astrocyte ECM
allowed the maturation of OLs into those with membranous expansions(Fig.II-14). Even
more remarkable is that the live astrocytes, while a promoter of process outgrowth,
prevented the morphological maturation of the oligodendroglial processes. For the
astrocyte to promote myelin formation in vivo, some other factors, or cells, will have to
overridethe signal(s)from live astrocytes that does not allow the oligodendrogliaprocesses
to become membranous expansions that subsequently ensheath axons.

With further regards to cell-cell interactions, enriched microglial cells have an

opposite effect to astrocytes in their influence on oligodendroglial process extension (Fig.
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I1-2). Microglial cells were also toxic to OLs, supporting the observations of Merrill and
colleagues(1991) that rat microgliaare toxicto rat OLs; in certain cases, however, microglia
have been reported to stimulate the myelinogenic program of OLs (Hamilton and Rome,
1994; Loughlin et al., 1994).

In conclusion, process outgrowth by adult human OLs is promoted by astrocytes
through the actions of bFGF and a component of the astrocyte ECM that appears related
to laminin and fibronectin. The findings are relevant to the understanding of myelin
formation in vivo since FGF's are expressedat several stages of brain developmentincluding
the postnatal period when myelination occurs (Thomas et al., 1991; Giodanoet al., 1992).

Furthermore, receptors for FGF have been localized by in situ hybridization studies to
myelinated process tract of the rat CNS (Asai et al., 1993). Finally, astrocytes appear
chronologically earlier than OLs and the close promixity of both cell types favors
interactions that likely include the facilitation of process formation by. OLs, an early event

in myelinogenesis.
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Table 1. Effects of bFGF and aFGF compared to PDB on different serles of Adult human OLs

% of O1+cells with processes over 3 soma unils

Serles
Control bFGF 20 PDB 50 aFGF 20 aFGF 50

W678HOL - 32409 1454 1.08b 638 43.08 09424 10.2 + 4.7
w686 HOL 5.6 +1.7 2334565580 5164048 N.D. N.D.
W695 HOL 13.6+24 22646320  68,844.88 N.D. N.D.
W717 HOL 44418 27.946.08b 4744448 24,0 4. 6,30 10.4 £ 4.0
W721 HOL 81129 206 +358b 61,841.88 21.1 2,18 22.7 4+ 4.48
W729 HOL 83120 63.9 + 5.82 768.0 +2.6® 35.8 1 4.28 52,8 47.18

All cultures were treated for 6d and were glven 2 treatments of test factors. Concentration of test factors are In ng/ml.
All values are mean + SEM from 3 or 4 coverslips of cells; on averags, 154 1+ 12 O1+ cells per coverslip were analyzed.
ap<0.05 compared to control, bp<0.05 compared between bFGF and PDB (1 way ANOVA with Duncan's mulliple
comparisons). In nearly all serles, the effects of bFGF or aFGF did not reach to that of PDB.

N.D. = not determined.
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Figure II-1: Process extension on poly-l-lysine (PL) by adult human OLs is enhanced
in mixed versus purified culture. In the top panel, micrographs A to F are of O1+ cells
where A, B and C are of purified OLs at 4, 11 and 32 days in vitro; frames D, E and F
are of OLs in mixed culture at 6, 10 and 34 days in vitro respectively. Note that process
extension is rapidly observed in OLs in mixed versus purified culture. Frames G
(GFAP+ astrocytes) and H (Leu-M5+ microglia) show the other cell types in the mixed
culture with OLs. In the bottom panel, the growth of processes of OLs is tabulated as a
function of time in vitro and each value is mean + SEM. The magnification of frames A

to G is 100x while that of frame H is 250x.
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Figure II-2: Astrocytes promote while microglia decrease the health of OLs. Adult
human OLs were seeded onto PL-coated coverslips containing adult human microglia
(over 95% purity as assessed by KP-1 stainings) or fetal human astrocytes (over 95%
GFAP+ cells); fetal cells were used to derive astrocyte monolayers since adult human
astrocytes could not be obtained in large quantity or high purity for experimental
purposes (see Yong and Antel, 1992). Cells were stained for O1 immunoreactivity after
11 days on the respective cell substrates. Each value is the mean + SEM of 4 coverslips
of cells. “p<0.05 compared to controls on PL-coated coverslips (1 way ANOVA with

Duncan's multiple comparisons, p at 0.05).



Survival Differentiation

' 70+
300'] , N
680
& 250 g
6 -
2 " 50
o
@ 200+ >
9 0
3 8 40 -4
® @
& 150~ S
g o Control
® 0.30 -
_J
0 5
‘5 100+ Control j
® 3 20-
0 “—
E (o]
Z 50- * 401
0- T I 0-"— 1
PL Mi Ast PL




Chapter 11-26

Figure II-3: Live astrocytes are equipotent with the phorbol ester, PDB, in enhancing
process outgrowth by adult human OLs. OLs were seeded onto a monolayer of live
fetal human astrocytes for 6 days, or onto PL. In the latter group, cells were treated
with 50 ng/ml of PDB (twice, every 2 days, and harvested 2 days after the second

treatment) or PBS vehicle (control).
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Figure II4: Of a range of growth factors tested, only bFGF and PDB (50ng/mi)
significantly enhanced process extension by adult human OLs on PL. Cells were given
2 treatments with test agents (ng/ml concentrations), spaced 2 days apart, and then fixed
and stained for O1 2 days after the second treatment. In the top panel, values are mean
+ SEM of 4 coverslips of cells; on each coverslip, an average of 149 +4 O1+ OLs were
analysed blind. “p<0.05 compared to controls (1 way ANOVA with Duncan's multiple
comparisons). In the bottom panel, O1 immunoreactivity of adult human OLs is shown

for controls (A), PDB (B) and bFGF (C) at 6 days from the initiation of treatment.
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Figure II-5: Neurotrophins do not promote process extension by adult human OLs
seeded onto a PL substrate. In the top panel, cells were treated every 2 days for 4 days
and then harvested for immunohistochemistry 2 days following the second treatment
with test agents (concentrations in ng/ml). Results are mean + SEM of 4 to |1
coverslips of cells and have been pooled from 4 different experiments involving 4
human adult samples. In the lower panel, because of a previous report that NGF could
promote process extension by adult bovine OLs (Althaus et al., 1992), we subjected
PCI12 cells to NGF (5 to 500 ng/ml) to test its efficacy. The micrographs of cells
stained with toluidine blue demonstrate that NGF (from 5 ng/ml) promoted neurite
formation by PC12 (B) when compared to controls (A); however, NGF did not promote

process outgrowth by adult human OLs.
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Figure II-6: Even at 100 ng/ml, the effect of bFGF on process extension does not
match that of 50 ng/ml PDB. bFGF was renewed every 2 days when feeding medium
was changed. Each value is the mean of 3 coverslips of cells; for clarity, SEM are not
shown but these are less than 10% of the mean for the majority of points. On each
coverslip, an average of 370 + 5 O1+ cells were counted. All analyses were performed

blind.
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Figure II-7: The maturity of adult human OLs is not altered by bFGF. Cells were
incubated with 20 ng/ml bFGF as described in Figure II-4 and then double labeled for
O1 and myelin basic protein (MBP). In the top panel, the % of O1+ cells that were also
MBP immunoreactive was not statistically different between control and bFGF
treatment (Student's t-test). In the lower panel, representative Ol (A) and MBP (B)
double labeling is demonstrated, with panel C being the phase contrast view. In D-F, no
MBP (E) could be found on Ol1+ cells (D) when the MBP antibody step was omitted
from the staining protocol, indicating that the double labeling shown in A and B was not

due to artifactual cross-over of fluorescence.
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Figure II-8: The co-administration of bFGF with other growth factors did not result in
synergy and did not cause process extension to approximate that induced by PDB.
Values are mean + SEM of 4 coverslips of cells on PL; on each coverslip, 167 £3 Ol+
cells were counted on average. All concentrations are of 20 ng/ml except for NGF (500
ng/ml). All specimens were coded for analyses. All values have been normalized to
that of bFGF, which caused 23.3% of O1+ cells to have processes over 3 soma unit,
compared to 5.3% for untreated controls. ~p<0.05 compared to bFGF alone (1 way

ANOVA with Duncan's multiple comparisons).
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Figure II-9: A neutralising antibody to bFGF (otbFGFT) dose-dependently reduced the
process-promoting effects of live astrocytes, when compared to a non-neutralising
bFGF antibody (abFGFII) or an isotype control (IgGl). All concentrations of
antibodies are in pg/ml. “p<0.05 compared to control OLs on astrocytes not given

antibody treatment (1 way ANOVA with Duncan's multiple comparisons, p at 0.05).
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Figure II-10: The medium conditioned by astrocytes did not promote oligodendroglial
process extension. Cells were incubated with astrocyte conditioned medium (CM) for a
total of 4 days, with resupplementation of CM after 2 days. CM used was either
unfractionated, or was subfractionated by Amicon filters with 10 or 30 kDa molecular
size cutoff. In some cases, the CM was used at 50 or 100 x concentration. bFGF, with
molecular weight of about 16 kDa, is expected, if present, to be contained within the 10

- 30 kDa fraction.
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Figure II-11: The potency of live astrocytes in promoting oligodendroglial process
outgrowth is matched by a combination of bFGF and astrocyte ECM (ASM). This
figure shows 2 different batches of adult human OLs on 2 different series of fetal
human astrocytes. In each case, bFGF (20 ng/ml, added twice every 2 days) and ASM
produced sub-optimal process extension, but these synergized to attain the efficacy of

live astrocytes.
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Figure II-12: The astrocyte ECM (ASM) contains fibronectin (FN), vitronectin (VN)
and laminin (LN). 30 pg protein of ASM is used in each case. The approximate

molecular weights were, respectively, 220 kDa for fibronectin, 66 kDa for vitronectin

and 200 kDa for laminin.
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Figure II-13: Purified fibronectin (FN), vitronectin (VN), laminin (LN) and heparan
sulfate proteoglycan (HSPG) by themselves do not enhance oligodendroglial process
extension; however, laminin and fibronectin, but not HSPG or vitronectin, potentiated
the effects of 20 ng/ml bFGF. The purified ECM components were incubated onto 10
pug/ml PL coverslips for 2 h at 37°C as per manufacturer's instructions. The
concentrations of ECM components tested (in pg/ml) are in the range that is
recommended by their respective manufacturers. Purified ECM components by
themselves did not elicit process extension that is statistically different from that of
control PL substrate (I way ANOVA with Duncan's multiple comparisons, p<0.05).
The effect of ECM molecule + bFGF was compared to that of bFGF alone, with
‘p<0.05. The morphology of processes in all cases was that of live astrocytes, i.e.

non-membranous sheets.
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Figure II-I4-: While astrocytes promote oligodendroglial process outgrowth, live
astrocytes do not allow morphological maturation (membranous sheets in H) while the
astrocyte ECM does. Cells were plated either on poly-l-lysine (A), live astrocytes (D)
or astrocyte ECM (H) for 4 days. A, D and H are Ol immunoreactivity and their
corresponding phase contrast and nuclear yellow frames are, respectively, B,E,I and C,F
and J. Frame G demonstrates the corresponding GFAP astrocyte layer that the O1 cells

in D were on.






In chapter II, I demonstrated that astrocytes promote process outgrowth by OL
through the interaction of bFGF and astrocyte ECM. Previous studies showed that
process extension by OLs is mediated by PKC (Yong et al., 1994). If PKC is central to
the signal transduction cascade leading to process formation by OLs, then the effect of
bFGF and astrocyte ECM should also involve PKC. In chapter III, the involvement of
PKC in the bFGF- and astrocytic ECM- enhanced process f01;mation by OLs is

addressed by using selective inhibitors of PKC.
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Abstract

Process extension by oligodendrocytes (OLs) is a critical early step in myelin
formation. We have previously reported that the basal- or phorbol ester- enhanced
process outgrowth by adult human OLs is mediated by oligodendroglial protein kinase C
(PKC). Recently, we demonstrated that astrocytes facilitated process outgrowth by
adult human OLs through the interaction between astrocyte-derived basic fibroblast
growth factor (bFGF) and astrocyte extracellular matrix (ECM). If PKC is central to the
signal transduction cascade that leads to process formation by OLs, then the effects of
bFGF and astrocyte ECM should also involve PKC. In the current study, we have
addressed the involvement of PKC in the bFGF- and astrocyte ECM- enhanced process
formation by adult human OLs by using a selective inhibitor of PKC, calphostin C. The
results show that calphostin C dose-dependently reduced process extension elicited by
bFGF and astrocyte ECM, at ICso concentrations of 24.5 and 26.6 nM, respectively.
At the concentrations of calphostin C that inhibited process extension by adult human
OLs, necrosis (measured by lactate dehydrogenase release) and apoptosis (determined
by using a fluorescent terminal deoxynucleotidyl transferase assay) of OLs did not
occur. Finally, we demonstrate that another specific inhibitor of PKC, CGP 41 251,
also reduced process formation that is elicited by bFGF and astrocyte ECM. Thus, all
process-extending agents for adult human OLs identified to date signal through PKC,
further implicating PKC of OLs as being central to the production of process extension,

an early event in myelinogenesis.
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Introduction

In the central nervous system, oligodendrocytes (OLs) wrap and compact
around axons with their processes, forming myelin which allows for saltatory
conduction of nervous impulses. Impairment of OLs and/or myelin causes a spectrum
of conduction irregularities with eventual symptoms of neurological dysfunction. The
human demyelinating disease, muitiple sclerosis (MS), is characterized
neuropathologically by a considerable loss of myelin with relative sparing of axons.
However, substantial number of OLs are found at the edge of lesions, suggestive of
replenishment of OL numbers (Raine et al., 1981; Prineas et al., 1989; 1993; Raine and
Wu, 1993). The presence of such OLs, together with the relative sparing of axons in the
disease, indicates the potential for remyelination, and indeed, remyelination does occur
in MS although incomplete in its extent (reviewed in McLaurin and Yong, 1995). To
enhance the extent of remyelination in MS or other demyelinating disorders, appropriate
stimuli may be necessary; we have suggested that one such approach would be to
promote process extension by surviving or newly-formed OLs, since these processes are
the precursors of myelin. Understanding the mechanisms by which the OL extends its
processes also has relevance to developmental myelination, since process extension is a
critical and early event in normal myelin formation.

Using OLs in culture, we and others have suggested that process outgrowth by

S,

OLs requires the stimulation of oligodendroglial protein kinase C (PKC) activity
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(Althaus et al., 1990; 1991; Yonget al., 1991; 1994). By determining the isozymes of
PKC that are expressed in OLs, and by using phorbol ester derivatives that have

preferential actions on specific isoforms of PKC, PKC o appears to be important in

mediating the signal transduction that leads to process formation by adult human OLs
(Yong et al., 1994). Furthermore, measurements of PKC enzyme activity of adult
human OLs demonstrate that, similar to many cell types, PKC translocates from the
cytosol to the particulate fraction of OLs following treatment with phorbol esters.

However, unlike other cell types, the elevated PKC enzyme activity is maintained for
long periods (up to 12 days analyzed) and does not undergo downregulation (Yong et
al., 1994). Collectively, the evidence implicates PKC of OLs as an important pathway

for process formation, at least when phorbol esters are used as pharmacological
activators of PKC.

As phorbol esters are exogenous compounds, and in order to identify
physiological activators of oligodendroglial PKC, we have screened other CNS cell
types, and the large number of growth factors that they produce, for their ability to
stimulate process extension by adult human OLs. We have found that astrocytes
promote process outgrowth by adult human OLs and that the mechanism involves the
interaction between astrocyte-derived basic fibroblast growth factor (bFGF, FGF-2) and
astrocyte extracellularmatrix (ECM) (Oh and Yong, 1996). The finding of efficacy of
bFGF and astrocyte ECM places these, along with phorbol esters, as the only three

agents thus far identified that can stimulate process"extension by adult human OLs. If
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PKC is vital to the signal transduction cascade that leads to process formation by OLs,
then, as with phorbol esters, the effects of bFGF and astrocyte ECM should also
involve PKC of OLs.

In the current study, we have used calphostin C, a selective inhibitor of PKC
activity (Kobayashi et al., 1989; Basu, 1993), to address whether the process extension
by adult human OLs treated with bFGF and astrocyte ECM is mediated by PKC. The

results implicate PKC signal transduction as being central to process outgrowth by adult

human OLs.
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Abbreviations: OLs, oligodendrocytes; PDB, 4 -phorbol-12,13-dibutyrate; bFGF,

basic fibroblast growth factor; ECM, extracellular matrix; PL, poly-l-lysine; PKC,
protein kinase C; LDH, lactate dehydrogenase; TdT, terminal deoxynucleotidyl

transferase; CP, calphostin C.
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Materials and Methods

Cell culture

Adult human glial cells were derived from brain biopsy specimens from patients
who underwent surgical resection to ameliorate drug intractable epilepsy. Samples were
of areas adjacent to, but not containing, the epileptic focus. Dissociated cells were
obtainied using trypsin digestion and percoll gradient centrifugation and this protocol is
described in detail eilsewhere (Yong and Antel, 1992).

The initial isolate of dissociated cells, in our experience with over 400 adult
human samples, contains on average, approximately 40% OLs, 40% microgliaand 20%
astrocytes. To purify for particular cell types, dissociated cells were plated onto
uncoated T-25 flasks. Since adult human OLs were poorly adherent in contrast to
astrocytes and microglia, the floating cells were collected the next day and, when
subjected to another round of differential adhesion, resulted in enriched OLs of over
90% purity (Yong and Antel, 1992). These purified OLs were plated at a density of 10*
cells per well on poly-I-lysine (PL) coated 16 well chambers (Lab-Tek 16 well chamber
slides, Nunc, Inc., Naperville, IL), or onto astrocyte ECM prepared from fetal human
astrocytes. Although it would have been ideal to plate OLs onto matrix prepared by
adult human astrocytes, the low yield and purity (70% at best) of adult human
astrocytes (Yong and Antel, 1992) precluded such an experiment; in previous work (Oh
and Yong, 1996), we have observed that oligodendroglial process formation was

promoted both in mixed culture containing adult human astrocytes and in fetal human



Chapter II1-7

astrocyte culture. Thus, to obtain astrocyte ECM, fetal human astrocyte cultures were
utilized in this study.

Fetal human neural cells were cultured from the brains of fetuses (14 to 20 weeks
fetal age) which were obtained at therapeutic abortions. The use of these specimens are
approved by local institutional ethnic committees. The procedure to purify fetal human
astrocytes has been described (Yong et al., 1992), and, to obtain an astrocyte ECM, the
protocol of Cardwell and Rome (1988) was modified as described (Oh and Yong, 1996).
In brief, fetal human astrocytes were seeded at a high density of 25,000 cells per well of
PL-coated chamber slide in order to achieve near confluency by 2 days post-plating.
Four days after, cells were lysed with water for 2 hours at 37°C, with 3 changes of
water during this period. Using a light microscope, the removal of the cell layer was
verified before OLs were seeded. We have determined by western blot analyses that the
astrocyte ECM contains laminin, fibronectin, and vitronectin, améng others (Oh and
Yong, 1996).

Feeding medium in all cases was Eagle’s minimum essential medium

supplemented with 5% fetal bovine serum, 20 pg/ml gentamicin, and 0.1% dextrose. All

culture reagents were purchased from Gibco BRL.

Admainistration of testing agents
Unless otherwise stated, all test agents were introduced to OLs at 2 days post-

plating onto PL or astrocyte ECM. Treatment was followed every 2 days with
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replenishment of medium and cells were harvested 2 days following the second or third
treatment. In experiments to address whether PKC inhibitors could affect the process-
extending action of bFGF, PKC inhibitors were given to OLs 1 hour prior to bFGF
treatment. In experiments that addressed whether the effects of astrocyte ECM was
PKC-mediated, OLs were preincubated with PKC inhibitors for 1 hour at room
temperature prior to seeding onto astrocyte ECM; the plating efficiency of OLs was not
affected by this prior treatment with PKC inhibitors. These treatment schedules were
necessited by the observation that while OLs seeded onto PL would require several days
to extend processes, unless bFGF or phorbol esters were given, OLs seeded onto
astrocyte ECM extended processes soon after their seeding onto astrocyte ECM
(unpublished observation). Basic FGF was used at 20 ng/ml to stimulate process
extension since we have previously determined that this is an optimal concentration (Oh

and Yong, 1996). 48-phorbol-12,13-dibutyrate (PDB) was used as a representative

phorbol ester to stimulate process extension by OLs (Yong et al., 1994).
Inhibitors of PKC that were utilized for the current study were calphostin C and
the staurosporine derivative, CGP 41 251. Calphostin C has high selectivity for PKC;

the reported ICsq is 50 nM for PKC while >50 uM is its ICso for other enzymes

including protein kinase A and other tyrosine kinases (Kobayashi et al., 1989). CGP 41
251 is less potent than staurosporine but has a much higher selectivity for PKC than

staurosporine itself; the ICsq of CGP 41 251 for PKC is reported to be in the nM range

~ <
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while its ICs, for protein kinase A and the EGFR-linked tyrosine kinase is over 2 uM

(Meyer et al., 1989).

Immunocytochemistry and assessment of extent of process formation

Live cells in the chamber slides were fixed with 4% paraformaldehyde for 15 min
and incubated with hybridoma supernatant containing a mouse monoclonal antibody
designated O1 (Sommer and Schacher, 1981), which recognizes galactocerebroside
(GalC) and related lipids (monogalactosyldiglyceride and psychosine) which are specific
to OLs (Bansal et al., 1989). Following 45 min incubation at room temperature, goat
anti-mouse immunoglobulin conjugated to rhodamine (1:150 dilution, Cappell,
Lexington, MA) was added for another 45 min. Cells were then incubated with Hoescht
dye to label nuclei. The whole chamber slide was coverglassed wuh gelvatol. Using an
immunofluorescence microscope, the percentage of GalC + (i.e. Ol+) cells with
processes longer than 3 soma diameters in length was tabulated as previously described

(Yongetal., 1991; 1994).

LDHassay

To determine whether the observed effect of calphostin C on process formation
was due or not to necrotic injury to cells, the colorimetirc/spectrophotometric method
for the determination of lactate dehydrogenase (LDH) released into the culture medium

from injured cells was performed as previously described (McLaurin and Yong, 1995).
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In brief, the culture medium is incubated with pyruvic acid for 30 min at 37°C. LDH in
the culture medium converts the substrate pyruvic acid to lactic acid. The amount of
pyruvic acid remainingafter the incubation is inversely proportional to the amount of
LDH activity in the medium collected. Hydrazone reagent is then used to interact with
the pyruvic acid resulting in a colored hydrazone compound. This colored reagent is
measured by colorimeter/spectrophotometer and LDB activity is calculated in B-B U/ml
(Berger-Broida) according to instruction by the manufacturer (Sigma).

OLs were treated with calphostin C and medium was collected after 24 h for

LDH analyses.

TdTassay

To determine whether calphostin C in the concentrations used was reducing
process extension because of the induction of apoptosis, a ﬂuor-escent method was
employed to detect fragmented DNA characteristic of apoptosis. Two days after the
3rd treatment with calphostin C in concentrations of 10 to 50 nM, OLs were fixed in
acetone: methanol (1:1) for 20 minutes at -20°C and rehydrated with PBS at 4°C. Cells

were then incubated at 37°C for 30 minutes in the following: 0.3 ul of terminal
deoxynucleotidy! transferase (TdT) enzyme (Promega), 0.3 pl of biotin-dUTP
(Boehringer Mannheim), 0.6 ptl of 5X TdT reaction buffer and ddH,O to make up 30 ul

total volume per chamber. Cells were washed and incubated in streptavidin - FITC

(1:100) for 30 minutes. Subsequently, incubation with propidium iodide (100 ng/ml) for
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10 minutes followed. Chamber slide was mounted using Gelvatol and analyzed under
fluorescence microscopy. Apoptotic cells containing 3’ hydroxyl termini on fragmented
DNA acted as substrates for TdT. Normal cells with a low number of 3’ hydroxyl

DNA ends were not fluorescent by this technique.

Statistical analyses

- Because multiple treatments, or mulitiple concentrations of each treatment, were
used in all experiments, a one way analysis of variance (ANOVA), and Bonferroni

method were used for statistical comparison.
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Results

Calphostin C inhibits the effects of bFGF, astrocyte ECM, and PDB on process
formation by adult human OLs.

In previous work (Yong et al., 1991), we have determined that the process-
promoting action of PDB could be blocked by two relatively non-selective inhibitors of
PKC, "staurosporine and chelerythrine, and by the relatively selective PKC inhibitor,
CGP 41 251. In the present study, we demonstrate that calphostin C, a selective PKC
inhibitor, attenuated the promoting effects of bFGF, PDB and astrocyte ECM on
process formation by adult human OLs (Fig. IlI-1,-2 and -3). Figure III-1A shows
process extension by adult human OLs when they were treated with bFGF or PDB, or
when cultured on astrocyte ECM; the administration of calphostin C inhibited this
response in a dose-dependent manner (Fig. [II-2 and -3). The calculated ICs, for
calphostin C on attenuating the action of PDB and bFGF is 20.5 nM and 24.5 nM
respectively, and this corresponds well to the reported ICsq of calphostin C for PKC of
50 nM (Kobayashi et al., 1989).

Astrocyte ECM could also promote process extension by OLs when compared
to cells seeded on PL. Calphostin C inhibited the effect of astrocyte ECM (Fig. III-3)

with a calculated ICsq of 26.6 nM.

Inhibitory effects of calphostin C on processoutgrowth is not due to necrosis of adult

human OLs.
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In order to determine whether calphostin C was producing necrotic death to
OLs, which would thus account for its inhibitory effect on process extension, LDH
assays were carried out. Figure [TI-4 shows that, following the incubation of OLs with
10 to 50 nM calphostin C, LDH levels in the culture medium did not differ from that of
untreated OLs.

Calphostin C - treated OLs were also examined using light microscopy. There
was no apparent observable disruption of membranes of calphostin C - treated OLs
from that of untreated OLs; cells remained phase bright and the cell soma was round

shaped. In contrast, OLs treated with the membrane detergent digitonin (50 pg/ml),

used as a positive control for LDH release, had disrupted and fragmented membranes
using light microscopy, and LDH release into the culture medium was almost 2-fold

higher than that of controls (Fig. III-4).

Inhibitory effects of calphostin C on process outgrowth is not due to apoptosis of adult
human OLs.

The possible apoptotic effect of calphostin C on adult human OLs was also
examined, by the TdT assay, to determine whether this gave rise to the observed
decrease  in process formation by OLs. Figure III-6 show that, within the
concentration range used to inhibit process extension by the OLs, there was no

induction of apoptosis of OLs by calphostin C. However, higher concentrations of

‘I
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calphostin C (>100nM) was able to induce a significant number of cells to undergo

apoptosis (Fig. III-S and -6).

CGP 41 251 decreases the effects of bBFGF and astrocyte ECM on process extension by
adult human OLs.

To support the calphostin C - derived results that the promoting effects of
bFGF- and astrocyte ECM were mediated by PKC, another selective PKC inhibitor,
CGP 41 251, a staurosporine derivative, was also tested. Figure III-7 demonstrates that
the promoting effect of bFGF on process extension by OLs was significantly reduced
by CGP 41 251 treatment at 500 nM concentration, while the effect of astrocyte ECM

was significantly inhibited at 1000 nM concentration of CGP 41 251.
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Discussion

Previous work from this laboratory (Yong et al., 1991; 1994), using phorbol
esters as pharmacological ligands, has suggested that oligodendroglialprocess extension
is mediated by PKC. Recently, focusing on endogenous compounds in order to identify
physiological stimulators of oligodendroglial process outgrowth, we determined that
astrocytes promoted process extension by adult human OLs in vitro; this astroglial
effect involved the interaction between astroglial-derived bFGF and astrocyte ECM (Oh
and Yong, 1996). In the current study, the central importance of oligodendroglialPKC
in mediating process outgrowth was examined by addressing whether the effect of all
agents known to date to enhance process outgrowth (i.e. PDB, bFGF and astrocyte
ECM) could be affected by a selective inhibitor of PKC, calphostip C. Calphostin C
has been shown to act at the diacylglycerol-bindingsite of the C1 domains of PKC
(Basu, 1993); since this site is unique to PKC among kinases, calphostin C has high
selectivity for PKC (Kobayashi et al., 1989).

The results here reveal that the biological action of bFGF and astrocyte ECM in
evoking process formation by OLs involves PKC, since process extension caused by
these growth factors was blocked by calphostin C at ICsy concentrations that
correspond to the reported ICsp of calphostin C for PKC. Furthermore, process
outgrowth induced by bFGF and astrocyte ECM was blocked by another selective

inhibitor of PKC, CGP 41 251. ~:
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Basic FGF is known to bind at the cell surface to its receptor, resulting in
receptor dimerization and activation of the receptor tyrosine kinase. While this
stimulation of tyrosine kinase activity is one of the early effects of bFGF, the
subsequent production of diacylglycerol (DAG), through hydrolysis of phosphatidyl
inositol bisphosphate, can stimulate PKC activity. Oury et al., (1992) reported that
bFGF enhanced the production of DAG in rat granulosa cells. That bFGF treatment can
stimulate PKC activity has been shown for endothelial cells, where PKC is thought to
mediate the mitogenic and angiogeniceffects of bFGF (Presta et al., 1989; Hu and Fan,
1995; Kent et al., 1995). Again in endothelial cells, PKC is thought to mediate the
bFGF protection against radiation-induced apoptosis (Haimovitz-Friedman et al., 1994).
Neurite outgrowth that is enhanced by growth factors including bFGF and insulin-like
growth factor-1 is thought to be mediated through a PKC-dependent pathway
(Roivainen et al., 1995; Fagerstrom et al., 1996); a body of evidence suggests that PKC
plays a major role in neurite outgrowth (Leli et al, 1992; Aigner et al., 1995; Sheaet al.,
1995). For OLs, the application of bFGF is thought to increase PKC activity which
leads to the proliferation or differentiation of OLs (Bhat et al., 1992; Deloulme et al.,
1992; Radhakrishna and Almazan, 1994).

In order to determine the possible toxicity of calphostin C on OL, which may
thus account for its effect on oligodendroglialprocess extension, necrotic and apoptotic
effects of calphostin C were analyzed by LDH and TdT assays, respectively. In
Figures III-4 and -6, there was no significant toxicity of calphostin C in the range of

concentrations used to inhibit PKC activity and oligodendroglialprocess extension. In
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addition, using light microscopy, no apparent membrane disruption of cells was
obséwed with the treatment of calphostin C. With higher concentrations of calphostin
C (>100nM), however, significant numbers of OLs underwent apoptotic death. In this
regard, a large literature exists which indicates that increasing PKC activity, using
phorbol esters for example, suppresses apoptosis while inhibitors of PKC induce
apoptotic death to cells (Lotem et al., 1991; Haimovitz-Friedman et al., 1994; Javis et

al., 1994). We have observed that antisense oligonucleotides to PKC o induce

apoptosis to glioma cells (Dooley et al.,, submitted). Thus, the results of high
concentrations of calphostin C (>100nM) inducing apoptosis of oligodendrocytes
support the findings that interference with PKC will eventually lead to apoptosis.

Nonetheless, at the concentrations of calphostin C that inhibited oligodendroglial
process extension, apoptosis was not observed.

The role of PKC in regulating myelin formation has been suggested from other
lines of evidence. Firstly, PKC activity is known to be developmentally regulated
where PKC enzyme levels increase gradually at birth and then peak between 14 and 28
days postnatally in the rodent brain (Shoyab et al, 1976; Hashimoto et al., 1988), a
period which correlates that with of in vivo developmental myelination of rodent brain.
Furthermore, Yoshimura et al., (1992) demonstrated that CNS PKC enzyme levels
increase from postnatal 14 to 42 days in parallel with the deposition of myelin proteins.
The activation of PKC in cultured OLs has been also reported to result in

phosphorylation of myelin basic protein (MBP) (Vattanian et al., 1986) and 2°,3’-cyclic
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nucleotide 3’-phosphodiesterase (Vartanian et al., 1992), which are considered to be
essential myelinogenic events (Sternbergeret al., 1978; Roach et al., 1983; Shine et al.,
1992). Anderson et al. (1994) have shown that PKC is involved in the cAMP regulation
of MBP gene expression. Our previous reports, that phorbol esters increase process
extension by the OL, an early step in myelin formation, also support the involvement of
PKC in myelination (Yong et al., 1988; 1991; 1994). Finally, the current results,
demonstrating that selective PKC inhibitors block the oligodendroglialprocess extension
that is elicited by all identified growth factors with this property, provide strong

evidence for the involvement of PKC in regulating myelin development.
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Figure III-1: Calphostin C inhibits process extension by adult human OLs. Figure A
shows the representative morphology of OLs when treated with either bFGF or PDB or
when grown on astrocyte ECM, while frame B is of sister cultures treated with these
factors in the presence of 30 nM calphostin C. Cells were OLs as determined by Ol

immunoreactivity. X800 magnification.
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Figure III-2: Calphostin C (CP) inhibits the promoting effect of PDB on process
outgrowth by adult human OLs. The concentrations of test agents were 50 ng/ml for
PDB and 10-50 nM for calphostin C. Controls were OLs on poly-I-lysine (PL)-coated
chambers not given any treatment. Each value is the mean + SEM of 4 replicate
chambers of cells, which is representative of multiple experiments. On average 159 +2

O1+ cells/chamber were analyzed. *, p<0.05; **, p<0.01 compared to No CP.
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Figure ITI-3: Calphostin C (CP) inhibits the promoting effects of bFGF and astrocyte
ECM on process formation by OLs. The concentration of bFGF was 20 ng/ml.
Concentration of calphostin C is given in nM. Controls were OLs on PL-coated
chambers not given any treatment. Each value is the mean + SEM of 4 replicate
chambers of cells, which is representative of several experiments. On each chamber, an

average of 154 + 2 O1+ cells were counted. *, p<0.05; **, p<0.01 compared to No CP

of each group.
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Figure ITI-4: The concentrations of calphostin C used to inhibit the process formation
of OLs do not induce necrosis of OLs. The cell conditioned medium was collected 24 h
after treatment and analyzed for LDH release. Calphostin C was used at 10-50 nM
concentrations and digitonin, the positive control, at 50 ng/ml. Each value is the mean

+ SEM of triplicate chambers of cells. **, p<0.01 compared to control.
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Figure III-5: TdT assay to detect apoptotic OLs. Control OLs are in frames A to C
while panels D to F are corresponding figures of OLs treated with 100 nM calphostin C
to demonstrate apoptosis. Frames A and D are of propidium iodide labelling to
demonstrate all cell nuclei, B and E are of TdT positivity, while C and F are the
corresponding Nomaski optics micrographs. As demonstrated in B, there are no

apoptotic cells in control cultures.
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Figure III-6: Apoptosis of OLs is not induced by the concentrations of calphostin C
(10-50 nM) used for inhibition of oligodendroglial process extension but was induced
by 100 nM calphostin C, the positive control. All cells were on PL-coated chambers
with controls being cells not exposed to calphostin C. Apoptosis was analyzed by the
fluorescent TdT assay as described in the text. Each value is the mean + SEM of 4
chambers of cells; on average, 145 + 3 Ol+ cells/chamber were counted. **, p<0.01

compared to control.
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Figure III-7: CGP 41 251, a selective inhibitor of PKC activity, also inhibits the
promoting effects of bFGF and ASM on process extension by OLs. Basic FGF was
used at 20 ng/m! and CGP 41 251 in 100-1000 nM concentrations. Controls were OLs
on PL-coated chambers not given any treatment. Each value is the mean + SEM of 4
chambers of cells; an average of 152 + 2 Ol+ cells were analyzed. *, p<0.05; **,

p<0.01 compared to No CGP of each group.



CGP1000

CGP500

ASM

CGP100

No CGP

CGP1000

CGP 500

bFGF

CGP100

No CGP

control

.

T T T T T T

4 6 8 10 12 14 16
% of O1 + cells with processes over 3 soma units

18

20



In chapter III, PKC was demonstrated as an important mediator in bFGF- and
astrocyte ECM-induced OL process outgrowth. In chapter IV, I tested the hypothesis
that MMPs are involved in process outgrowth by OLs since these proteinases are
involved in the physiological remodeling of the ECM, which may be necessary for the
OL processes to advance. With identification of MMP-9 up-regulation during
myelinating period in the developing mouse optic nerve, the functic‘mal role of MMP-9

in OL process outgrowth is addressed in vitro.
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Abstract

Oligodendrocytes (OLs) extend processes to contact axons as a prerequisite step
in myelin formation. As the OL processes migrate towards their axonal targets, they
modify adhesion to their substrate, an event that may be regulated by matrix
metalloproteinases (MMPs). In the mouse optic nerve, MMP-9/gelatinase B increases
during myelin formation. Although tissue inhibitor of metalloproteinase (TIMP)-3 also
increases in parallel, the developing optic nerve has focally active MMPs demonstrable
by in situ zymography. The distribution of proteolytic activity is similar to that of
myelin basic protein, a marker of myelin formation. OLs in culture secrete MMP-9,
and express active cell-associated metalloproteinases at the growing tips of their
processes. TIMP-1 and a function perturbing anti-MMP-9 antibody attenuate
outgrowth of processes by OLs, indicating a requirement for MMP-9 in process
outgrowth. Process reformation is retarded significantly in OLs cultured from MMP-9
null mice, as compared to controls, providing genetic evidence that MMP-9 is necessary
for process outgrowth. These data show that MMP-9 facilitates process outgrowth by

OLs in vivo and in culture.
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Introduction

Myelin is a critical regulator of neuronal function in the central nervous system
(CNS). Myelin formation and remyelination by oligodendrocytes (OLs) require a
number of interacting factors including the availability and maturation of OLs, an
appropriate microenvironment containing growth factors and extracellular matrix
(ECM) molecules, and an adequate cross-talk with axons to form myelin (Ludwin,
1989;.McLaurin and Yong, 1995). In human demyelinating diseases, such as muitiple
sclerosis (MS), significant loss of myelin and OLs occurs, eventually causing
devastating neurological dysfunction. However, surviving and/or newly formed OLs,
which are present around the edges of lesions in the MS brain (Ghatak, 1992; Wu et al.,
1992), attempt remyelination, although the extent is often incomplete (Ghatak et al.,
1989; Prineas et al., 1989; Wu et al.,, 1992; Raine and Wu, 1993). OL process
outgrowth is an early critical step for myelination/remyelination. Understanding the
mechanisms by which OLs extend their processes may lead to strategies that can
enhance remyelination.

In culture, OLs form processes as they mature (Gard and Pfeiffer, 1990). We
have found that outgrowth of OL processes is facilitated by the astrocyte ECM (Oh and
Yong, 1996). Furthermore, phorbol esters and basic fibroblast growth factor (bFGF)
promote process outgrowth by OLs (Yong et al., 1991; Oh and Yong; 1996; Bansal and
Pfeiffer, 1997); by activating protein kinase C (PKC) (Althaus et al., 1992; Yong et al.,
1994; Oh et al., 1997). The downstream effectors of PKC activation in OL that promote

process outgrowth, however, are poorly understood. o
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For OL processes to advance from the soma, it is likely that the pericellular
environment will be subjected to significant remodeling by proteinases. The family of
matrix metalloproteinases (MMPs) is known to degrade most, if not all, proteinaceous
ECM molecules including collagen, fibronectin, laminin, and a variety of proteoglycans
(Yong et al., 1998). There are at least 18 members of MMPs, which are categorized
into four groups depending on substrate preference and structural differences:
collagenases, gelatinases, stromelysins, and membrane-type MMPs. MMPs have been
showr; to be involved in physiologic processes (e.g. embryogenesis, ovulation, bone
growth /remodeling, and angiogenesis) and also in pathology (e.g. tumor metastasis,
rheumatoid arthritis, and periodontal disease) (Woessner, 1994). In the CNS, MMPs
have been studied in several conditions such as glioma invasiveness, leukocyte
infiltration, and neurite outgrowth (reviewed in Yong et al., 1998). Growth factors
including nerve growth factor and FGFs appear to stimulate neurons to up-regulate
MMPs in correspondence with neurite outgrowth (Machida et al.,-1989; Muir, 1994).
We have reported that phorbol esters increase MMP-9 (gelatinase B) secretion by OL in
parallel with increased process extension (Uhm et al., 1998), whereas, calphostin C, a
selective inhibitor of PKC activation, attenuates MMP-9 production by OLs in parallel
with decreased process formation. In this study, we have asked whether MMP-9 is

required for process outgrowth by OLs in vitro and during myelination in vivo.
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Materials and Methods

Cell culture and drug treatment

Adult human OLs were derived from brain biopsy specimens from patients who
underwent surgical resection to ameliorate drug-intractable epilepsy. Samples
containing white and grey matter were of areas adjacent to, but not containing the
epileptic focus. Bovine cells were derived from the corpus callosum of adult animals
ob@ed from a local meat-processing center. Adult, three-month-old mice were used
to obtain murine cells; unless otherwise stated, the strain was the CD1 outbred.

Cells were dissociated by trypsin digestion and isolated by Percoll gradient
centrifugation according to a protocol described elsewhere (Yong and Antel, 1997).
The initial cell isolates, consisting of OLs, astrocytes and microglia, were plated onto
uncoated T-25 cm? flasks. In contrast to astrocytes and microglia, adult OLs are poorly
adherent on uncoated substrate; floating cells were collected the -following day and,
when subjected to another round of differential adhesion, resulted in OL cultures of
over 95% purity. Purified OLs were then plated onto Lab-Tek 16-well chamber slide
(Nunc, Inc., Naperville, IL) or glass cover slips coated with 10 pg/ml poly-L-ornithine
(Sigma, St. Louis, MO).

For MMP inhibition, 1,10-phenanthroline (Sigma, St. Louis, MO), recombinant
human TIMP-1 (compliments of Dr. Andy Docherty, Cell-tech Therapeutics Ltd.,
Slough, UK), and sheep anti-porcine MMP-9 antibody (gift of Dr. G. Murphy,
University of East Anglia, Norwich, UK) were added to OL cultures 1 hour prior to

adding 10 nM 4[-phorbol-12,13-dibutyrate (PDB, LC Laboratories, Woburn, MA).
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OLs were cultured in Minimum Essential Medium supplemented with 10% fetal
bovine serum, 20 ug/ml gentamycin and 0.1% dextrose. To collect medium
conditioned by OLs for zymography, serum-free medium supplemented with hormones,

as described elsewhere, was added (Boutros et al., 1997).

Immunocytochemistry and analyses of process formation in vitro

Oligodendrocytes derived from adult brains were stained with an Ol
monoclonal antibody that recognizes galactocerebroside, a marker for mature OLs
(Bansal et al. 1989). Human and bovine OLs extended several thread-like processes
from soma, which facilitated the counting of the percentage of O1+ cells with processes
over 3-soma diameters, as previously described (Yong et al., 1994; Oh and Yong,
1996). However, the processes of mouse OLs were in the form of membranous-like
sheets, which did not allow the documentation of QOLs with processes over a given
length criterion. Thus, we employed a computer-assisted technique to measure the area
of processes extended out from murine OL soma. In brief, using a digital camera to
acquire images and an Image pro image analysis program, we measured the total area
covered by OLs (O1+ staining); this area measurement also included their nuclei. The
area covered by nuclei (Hoescht-stained) was also measured. To obtain the extent of
processes generated by OLs, the total measured area of Ol+ immunoreactivity was

subtracted with that of Hoescht dye staining.
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Gelatin zymography and reverse gelatin zymography

Gelatin-substrate gel electrophoresis was used to detect gelatinases (Stuve et al.,
1996; Uhm et al., 1998). In brief, serum-~free medium conditioned by OL was collected
and mixed (1:3) with 4X gel loading buffer. The samples were separated at 4°C on a 12
% SDS-gel containing Img/ml gelatin. The gel was then washed twice and incubated
overnight on a shaker at room temperature with rinse buffer containing 2.5% Triton X-
100, 50 mM Tris-HCl, pH 7.5, and SmM CaCl,. The Triton X-100 wash extracted
SDS, ;ﬂlowing gelatinases to renature within the gel. The following day, each gel was
incubated with reaction buffer containing S0 mM Tris-HCI, pH 7.5 and SmM CaCl, for
16 —18 hours at 37°C, to allow proteinases to degrade gelatin in their immediate
vicinity. After rinsing with water, each gel was stained with Coomassie Blue for four
hours. Incubation of the gel with destaining solution (1:3:6 of acetic acid: methanol:
water) revealed the expression of gelatinases as clear bands (zone of gelatin
degradation) against a dark background. The identity of MMPs was based on their
molecular weight and was confirmed by Western blot and immuno-depletion
experiments (Uhm et al., 1998).

In some experiments, the whole cell lysate of OLs was used for zymography.
To obtain lysates, the medium of OLs was removed and cells were washed once with
PBS. Extraction buffer, containing 1% Triton X-100, 500 mM Tris-HCI, pH 7.6, 200
mM NaCl, and 10 mM CaCl, was then added. The lysate was collected, and 20 g of
total protein was loaded per lane.

For gelatin zymography of the developing mouse optic nerves, homogenates of

early postnatal CD1 mouse optic nerves were used.” The optic nerves from mice were
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carefully dissected and quick-frozen at —80°C. At least 5 mice per age-group were
combined to prepare an optic nerve sample. The optic nerves were homogenized in
extraction buffer (described above), and total protein content was analyzed by Bradford
protein assays. Thirty ug total protein of each sample was mixed with 4X gel loading
buffer and separated on SDS-polyacrylamide gels as described above.

Reverse gelatin zymography was employed to reveal physiological inhibitors of
MMPs (i.e. TIMP-1 to -4). The gel was prepared in the same manner as gelatin
zymoéraphy with the exception that gelatinases were also added to the SDS/gelatin gel.
Following electrophoresis and during incubation of the gel with the reaction buffer
described above, the impregnated gelatinases degrade gelatin throughout the gel except
at areas where the inhibitory TIMPs are located; these areas remain as dark blue bands
following Coomassie Blue staining of gels and destaining (Leco et al., 1994;

Kossakowska et al., 1998).

In situ Zymography in vivo and in vitro

To localize net gelatinolytic activity of MMPs by in situ zymography, FITC-
labeled DQ gelatin that is intramolecularly quenched {available in a
gelatinase/collagenase assay kit (EnzChek, Molecular Probes, Inc., Eugene, Oregon)}
was used as a substrate for degradation by gelatinases. Proteolysis by gelatinases yields
cleaved gelatin-FITC peptides that are fluorescent. The localization of fluorescence
indicates the sites of net gelatinolytic activity. Optic nerves of postnatal 7 and 9 days
mice were dissected and rinsed in cold PBS to remove blood vessels and debris. The

optic nerves were then immersed in OCT compound- (Tissue-Tek, Torrance, CA) and
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quick-frozen into a block on dry ice. The optic nerves in OCT block was cut into 8 um
sections using a cryostat (Leica, Wetzler, Germany) and collected sequentially. The
optic nerve sections were stored at -80°C until used for in situ zymography and
immunohistochemistry. For in situ zymography, sections were thawed and incubated
with reaction buffer (0.05 M Tris-HCI, 0.15 M NaCl, S mM CaCl,, 0.2 mM NaNj, pH
7.6) containing 40 pg/ml DQ gelatin overnight. At the end of the incubation period,
and without fixation or washes gelatinolytic activity of MMPs was localized and
photoéraphed by fluorescence microscopy. Images were acquired by a Spot digital
camera with computer imaging program (Image-Pro Plus). Adjacent cryostat sections
were fixed with 4% paraformaldehyde, followed by immunohistochemistry for MBP
(Serotec, Oxford, UK) or GFAP (Dako Corp., Scarborough, Ontario) as described
previously (Balasingam and Yong, 1996).

To determine in situ gelatinolytic activity of OLs in culture, cells were plated
onto coverslips and treated with 10 nM PDB to promote their procéss extension. Live
cells were stained with the O1 antibody as described above, then washed with PBS, and
incubated with the in situ zymography reaction buffer (described above) overnight at
37°C. We noted that if cells were pre-fixed, this substantially reduced their capacity to
degrade gelatin-FITC, likely because cells needed to be alive to perform their
proteolytic function. However, if cells were fully functional, the intensity of
gelatinolytic signal was also reduced, presumably because cells phagocytose the gelatin
substrate and cleave it intercellularly. As a compromise, 0.2 mM sodium azide was

incorporated into the reaction buffer and incubated with live cells. Under these
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conditions the cells shut down metabolism, retain Ol staining, but still enable cell
surface-associated gelatinolysis to occur.

As negative controls for in situ zymography, 50 uM 1,10-phenanthroline or 500
ng/ml TIMP-1 was added to the reaction buffer prior to applying to the cells or to the

frozen cryostat optic nerve sections to inhibit metalloproteinases.

Statistical analyses

Because multiple treatments, or multiple concentrations of each treatment, were
used in all experiments, a one way analysis of variance (ANOVA) with Tukey-Kramer

multiple comparisons were employed for statistical analyses.
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Results

MMP-9 and TIMPs are expressed in mouse optic nerve during myelin formation

During myelination oligodendrocytes extend processes, a function similar to
axonal outgrowth which has been shown to involve altered interactions with
extracellular matrix (ECM) regulated by proteolysis (Monard, 1988; McGuire and
Seeds, 1990; Muir, 1994). In the mouse optic nerve, myelin formation takes place
betwe'en postnatal day (P) P5 to P12 (Foran and Peterson, 1992). We observed that
myelin formation in the CD1 outbred mouse optic nerve increases dramatically between
P7 and P9. Myelin basic protein (MBP) immunoreactivity, a marker for myelin
formation, was low on P7, and abundant on P9 (Fig. IV-1A).

MMP-9 levels paralleled the progressive developmental myelination in the
mouse optic nerve. By gelatin zymography assays we found that there was a gradual
increase in MMP-9 levels from P3 to P11 mouse optic nerves, whereas expression of
MMP-2 decreased (Fig. [V-1B). MMP activity is regulated not only by expression and
activation of the enzymes, but also by endogenous inhibitors. During developmental
myelination (Fig. IV-1C), we observed no significant changes in expression of TIMP-1
(28 kDa) or TIMP-2/-4 (21 kDa and 22 kDa, respectively) by reverse gelatin

zymography. In contrast, TIMP-3 (24 kDa) increased from P3 to P11.

A novel in situ zymography method reveals that active MMPs are present during

myelin formation in vivo
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The observation that both MMP-9 and TIMP-3 increased during the period of
myelin formation led us to ask whether there was net proteolytic activity. We
developed a new in situ zymography method to demonstrate net proteolytic activity in
mouse optic nerve. When frozen sections were incubated with intramolecularly
fluorescein-quenched gelatin, the digestion of gelatin yielded cleaved fluorescent
peptides that enabled us to locate the gelatinolytic activity. The majority of the
gelatinolytic activity appeared to be associated with cells. TIMP-1 or 1,10-
phcna;nthroline significantly reduced the gelatinolytic activity (Fig. IV-2), indicating
that the proteolytic activity was due to MMPs. Both MMP-2 (gelatinase A) and MMP-
9 (gelatinase B), which are present at this time in development, cleave gelatin. While
the assay does not discriminate between MMP-2 and MMP-9, it is likely that proteolytic
activity largely represents that of the latter, given the increase of MMP-9 during this
period. Importantly, there was significant gelatinolytic activity in the P9 mouse optic
nerve, at a time point when dramatic myelin formation was occurriné.

Mouse optic nerve contains both OL and astrocytes. To identify the cellular
source of the gelatinolytic activity we subjected sequential cryostat frozen sections to
immunohistochemistry specific for OL (MBP) or astrocytes {glial fibrillary acidic
protein (GFAP)}, or to in situ zymography; it was not possible to perform both
manipulations on the same section because the processing used in
immunohistochemistry often interfered with the in situ zymography signals or destroyed
the gelatinolytic activity. The distribution of OLs, as shown by MBP immunoreactivity,
was similar to that of gelatinolytic activity, longitudinally along the mouse optic nerve

(Fig. IV-3). In contrast, astrocytes, visualized with GFAP labeling, are distributed
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perpendicular to the gelatinolytic signal. These data indicate that much of the

gelatinolytic activity is expressed on OLs and their processes.

Oligodendrocytes in culture express active MMPs

The regeneration of processes by adult brain-derived OLs in vitro recapitulates
the myelinating program since myelin is stripped off during the isolation of cells. We
have investigated whether MMP expression found during developmental myelin
formation in vivo is recapitulated during process outgrowth in OLs isolated from
bovine, human, and mouse brains (Fig. IV-4). MMP-9 production, process extension,
and inhibition of process extension by MMP inhibitors took place when OLs were
cultured on a poly-L-lysine- or poly-L-ornithine-coated surfaces (unpublished
observation) or on astrocyte-derived ECM (Uhm et al.,, 1998). Therefore, all
subsequent experiments were performed using poly-L-ornithine-coated surface as the
cell substrate.

Although mouse OLs had a more mature (membranous sheets) morphology
compared to their (thread-like processes) bovine (Fig. IV-4) or human counterparts,
OLs from all species increased process formation when treated with 43-phorbol-12,13-
dibutyrate (PDB), an activator of protein kinase C (Yong et al., 1994). MMP-9
secretion accompanied process outgrowth by OLs (Fig. IV-4A to 4E). Based on
molecular weight determination (approximately 92 kDa for human or bovine, and 105
kDa for murine samples), the MMP-9 detected in the conditioned media of OL cultures
was of the zymogen. Incubation of OL conditioned medium with ImM of 4-

aminopheny! mercuric acetate (APMA) at 37 °C for 15 min converted the zymogen
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form of MMPs to active forms of MMPs detectable at lower molecular weight in
zymograms (approximately 85 kDa for active MMP-9) (Fig. IV-4F). The absence of
detectable active MMP-9 in the conditioned medium is likely because cells confine the
activation of MMPs to the pericellular environment, thereby preventing widespread
proteolysis (Murphy and Knauper, 1997). Nevertheless OLs produced cell-associated
active MMP-9, which was seen in the cell lysate of OLs by gelatin zymography (Fig.
IV-4F).

- To address where in the OL active proteinases are produced, we next used in
situ zymography, coupled with counter-staining OLs with an Ol antibody that
recognizes galactocerebroside, a marker for mature OL. We found net gelatinolytic
activity of MMPs on the processes and on the advancing tip of OL processes (Fig. [V-
5), in keeping with the postulate that these areas advance the OL boundaries. A
surprising observation is that net gelatinolytic activity was also manifest in a uniform
manner around the OL soma. That the distribution of uniform gelatinolytic activity is
peculiar to OLs is indicated by localized and punctate distribution of gelatinolytic
activity in another cell type, BHK (baby hamster kidney) cells (Fig. IV-5D1). Thus,
depending on the cell type, MMPs are utilized at different locations.

In summary, the results of gelatin and in situ zymographies indicate that

activation and utilization of MMPs occur in the pericellular environment of the OL.

MMP-9 facilitates process outgrowth by oligodendrocytes
We next asked whether the gelatinolytic activity and process extension are

mechanistically related, by blocking MMP function. TIMP-1, a physiological inhibitor
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of MMP activity, reduced the process outgrowth stimulated by PDB treatment in
human, bovine and mouse OLs (Fig. IV-6). Moreover, most of the MMP action could
be attributed to MMP-9. Addition of a function-blocking antibody to MMP-9 (Librach
et al., 1991) reduced process outgrowth of bovine OLs to the level where few OLs bore
notable long processes (Fig. [V-7). However, the addition of soluble MMP-9 to OLs
did not induce process outgrowth (data not shown). These results indicate that MMP-9
facilitates process outgrowth by OLs, and that OLs from human, bovine, and mouse

share this common mechanism for process outgrowth.

Process outgrowth is deficient in OLs derived from MMP-9 null mice

If MMP-9 plays a key role in OL process outgrowth, OLs derived from MMP-9 nuil
mice (Vu et al., 1998) should be defective in process formation. Indeed, OLs derived
from MMP-9 null mice had reduced capability to form processes spontaneously, when
compared to OLs from wild-type mice (Fig. [V-8). Furthermore, while wild-type OLs
promoted process outgrowth in response to PDB, it was noted that OLs from MMP-9
null mice did not respond to stimulation. The results indicate that MMP-9 is required

for both basal and PDB-induced process formation by OLs.
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Discussion

Proteases are recognized to be of increasing importance in the regulation of
development and physiology of the nervous system (Woessner, 1994; Yong et al.,
1998). Migration of neural progenitor cells appears to be an MMP-mediated process
(Amberger et al., 1997). Angiogenesis during CNS development is also associated with
MMPs (Canete-Soler et al., 1995). MMPs are implicated in promoting neurite
outgrowth and growth cone extension. Growth factors such as NGF and FGFs induced
MMP expression in correspondence with promoting neurite outgrowth (Machida et al.,
1989; Muir, 1994), while MMP inhibitors attenuate growth cone activity (Sheffield et
al., 1994). MMP-2 is localized to the growth cones of dorsal root ganglion neurons,
where it is thought to degrade growth inhibitory chondroitin sulfate proteoglycans, thus
facilitating neurite extension (Zuo et al., 1998). Proteinases have also been implicated
in long-term potentiation and synaptic growth (Baranes et al., 1998).

In this study, we show that MMPs facilitate process extension by the OL in the
CNS. We first found that myelin formation in the developing mouse optic nerve is
accompanied by increased MMP-9 and net gelatinolytic activity. In this regard, there
was not a complete overlap of in situ zymography signal with MBP immunoreactivity
in the mouse optic nerve, likely because MBP immunoreactivity does not discriminate
the different individual stages of myelin formation. OL processes that have completely
ensheathed axons, but before compaction to extrude their cytoplasm (reviewed in
McLaurin and Yong, 1995), could still be MBP immunoreactive but may no longer

require MMPs to remodel the microenvironment. Tq analyze the function of MMP-9
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we used cultured OLQ. We found that the enhancement of process outgrowth by PDB in
adult brain-derived OLs was accompanied by increased MMP-9 expression and was
blocked by TIMP-1 or a function-blocking antibody to MMP-9. Gelatinolytic activity
was present at the tip of the advancing OL processes in vitro, consistent with a function
for MMP-9 in mediating remodeling interactions at the advancing tip. Furthermore,
OLs cultured from mice with a genetically targeted null mutation in MMP-9 exhibited a
reduced capacity to form processes. Collectively, these results implicate MMP-9 in
mediating process outgrowth by OLs.

It is noteworthy that the active gelatinolytic signals seen by in situ zymography
are localized to the surface of OL processes. This is consistent with observations that,
although MMPs are secreted molecules, they are localized to the pericellular areas
where they are required, rather than being diffusely distributed to effect widespread
destruction. Although little is known about receptors for MMP-9, others have shown
that MMPs can be restricted to the pericellular areas by binding to cell surface integrin
receptors (Brooks et al.,, 1996) or to transmembrane forms of MMPs (reviewed in
Murphy and Knauper, 1997); interaction with CD44 may be another mechanism to
localize MMP activity to the cell surface (Yu and Stamenkovic, 1999). A requirement
of this cellular localization of active MMP-9 may explain the lack of facilitation of OL
process outgrowth when active MMP-9 was added directly to the culture medium of
OLs. In support of this interpretation, Deryugina et al. (1998) have reported that cell-
associated, rather than soluble, MMP-2 mediates the contraction of polymerized

collagen gels by glioma cells.
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Given the cell surface localization, it is of further interest that gelatinolytic
activity was uniformly distributed along the OL soma as well as the processes. While
the latter distribution is likely used to extend processes, the reason for the cell soma
distribution is unclear. In contrast, gelatinolytic activity in another cell type, BHK cells,
was punctate and at specific sites reminiscent of “invadopodia™, which are sites of
interface of cells with substrate (Monsky et al., 1993; 1994). These results are in
keeping with immunocytochemical data showing that MMPs are distributed both on
neurites and on neuronal cell bodies (Zuo et al., 1998). A plausible role for these cell
surface MMPs may be the release of growth factors that are anchored on the ECM. In
this way the MMPs in the vicinity of OL somata could promote OL survival.

What regulates MMP-9 production by OLs? In vitro, MMP-9 transcription is
PKC-dependent (Uhm et al., 1998). The MMP-9 promoter contains several TRE
(phorbol ester responsive element) regions, where the AP-1 family of transcription
factors, stimulated through PKC, bind (Karin et al., 1997). In other cell types, bFGF or
adhesion to specific ECM components can enhance MMP-9 expression (Larjava et al.,
1993; Trembile et al., 1994; Weston and Weeks, 1996). Because bFGF and astrocyte
ECM activate PKC of OLs (Oh et al., 1997), and facilitate OL process outgrowth (Oh
and Yong, 1996), we suggest that these are possible candidates for regulating MMP-9 in
vivo.

While our results show a beneficial role for MMPs in CNS development and
regeneration, MMPs are highly expressed in pathological processes of the nervous
system, including Alzheimer’s disease, stroke, malignant gliomas and multiple sclerosis

(MS) (reviewed in Yong et al., 1998). When MMR-2 is administered by intracerebral
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injection, severe blood brain barrier breach results with accompanying edema and
hemorrhage (Rosenberg et al., 1992). In MS, MMPs are up-regulated in the CNS
during inflammation, and are expressed predominantly by perivascular leukocytes or
parenchymal microglia (Cuzner et al., 1996; Maeda and Sobel, 1996; Anthony et al.,
1997; Cossins et al., 1997). Indeed, several synthetic inhibitors of MMPs alleviate
inflammation and disease in animals afflicted with experimental allergic
encephalomyelitis (EAE), a model of MS (Gijbel et al.,, 1994; Hewson et al., 1995;
Matys'zak and Perry, 1996; Liedtke et al.,, 1998). Moreover, MMP-7 and MMP-9
appear to be utilized by inflammatory cells to infiltrate into the CNS (Stuve et al., 1996;
Kieseier et al., 1998; Liedtke et al., 1998). Recently, Belien et al. (1999) reported that
the expression of membrane-type 1 MMP confers upon glioma cells the ability to
degrade myelin inhibitory proteins and to invade along CNS myelin. Thus, whether or
not MMPs are beneficial or detrimental may depend on several factors, including the
cellular sources, the pericellular environment, the specific MMP in question, and the
stage of lesion development in the disease. Therefore, it is essential to determine the
specific roles of MMPs and their participation at different stages of disease
development or recovery. The indiscriminate use of MMP inhibitors may control
detrimental activity of MMPs (e.g. in inflammation), but may, in the longer term, also

inhibit repair.
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Figure IV-1: Expression of MMP-2 and MMP-9 during myelination in developing
optic nerve. The period of myelin formation in the CD1 mouse optic nerve is shown by
MBP immunofluorescence. Panel (Al) shows weak immunoreactivity of MBP at P7
while strong MBP staining indicate active myelination at P9 (A2). Panel (B), gelatin
zymography of optic nerve from P3 to P11 CD1 mice, shows gradual increase in MMP-
9 in contrast to the decrease in MMP-2 during this period. Panel (C) shows reverse
gelatin zymography for TIMPs. TIMP-3 increased in mouse optic nerve during the
period of myelination (P3 to P11), while no significant changes in TIMP-1 or TIMP-2/-

4 levels were detected.
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Figure IV-2: Localization of MMP activity in developing optic nerve in vivo by in situ

zymography. Cryostat section of P9 mouse optic nerve shows proteolytic activity of
MMPs by in situ zymography (A). Localization of gelatinolytic activity (A) was
reduced in the presence of (B) TIMP-1 (500 ng/ml) or (C) I,10-phenanthroline

(50 uM). The bar scale is 50 pm.
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Figure IV-3: Comparison of localization of gelatinase activity with MBP or GFAP
immunoreactivity in developing optic nerve. Immunohistochemistry of MBP (A and D)

and GFAP (C and F), and in situ zymography (B and E) of P9 mouse optic nerve show
that the pattern of proteolytic activity shown by in situ zymography appeared to be
similar to that of longitudinal MBP immunoreactivity. In contrast, GFAP
immunoreactivity was mainly perpendicular to that of MBP and in situ zymography (C

and F). The bar scales are 100 um (A-C), and 50 pm (D-E).
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Figure IV-4: Morphology and MMP-9 expression by OLs. Bovine or murine OLs

express MMP-9 and form processes upon PDB treatment. Panels (A and B) are control
untreated bovine (A) and murine (B) OLs. In response to PDB treatment, both bovine
(C) and murine (D) OLs up-regulate the extent of their process formation. In terms of
morphology, human OLs resemble bovine OLs under basal and PDB-stimulated
conditions. The bar scale in Panel (A) represents 10 pm. The expression of MMP-9
correlates with the process outgrowth induced by PDB (E) (shown for bovine OLs
only). (F) Conditioned medium (CM) of OL cultures from mouse contain mainly pro-
MMP-9, since APMA treatment of the conditioned medium (CM+APMA) converts
pro-MMP-9 to the lower molecular weight active MMP-9. However, active MMP-9

was detected in OL cell lysate (Lysate).
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Figure IV-5: Localization of MMP activity in OLs in culture by in situ zymography.

Panels (A and B) are O1+ bovine OLs treated with PDB to induce process formation.
Net proteolytic activity of MMP (C) was localized on OL soma, processes, and the tip
of process (insert of C), while in the presence of 1,10-phenanthroline (50 pM), the
MMP activity by OLs was inhibited (D). The uniform distribution of MMP-9 in OLs
(C) contrasts the punctate gelatinolytic activity in BHK cells (D1); (D2) indicates MMP
activity of BHK cells in the presence of 1,10-phenanthroline. Panel (E) is a
superimposed image overlapping signal from Ol immunoreactivity (A), and in situ
zymography (C), while Panel (F) is the corresponding superimposed image of (B) and

(D). The bar scales in Panel (A and D1) represent 10 um.
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Figure IV-6: Effects of TIMP-1 on process outgrowth by OLs. The process outgrowth
induced by 10 nM PDB in (A) human and bovine OLs and (B) mouse OLs was
inhibited by recombinant human TIMP-1. TIMP-1 concentrations are given as ng/ml.
Each bar is the mean + SEM of four coverslips of cells. * p<0.01; ** p<0.001

compared to PDB treatment alone.
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Figure IV-7: Effect of a neutralizing antibody to MMP-9 on process outgrowth by
OLs. Panel (A) shows that a neutralizing MMP-9 antibody (Abmmp-9) inhibits the

PDB-induced process outgrowth by bovine OLs. The concentrations of sheep anti-
porcine MMP-9 and pre-immune normal sheep serum (NSS) were used are in pig/ml.
Panel (B) shows the inhibitory effect of Abmmp-9 in OL process outgrowth induced by
PDB, while in Panel (C), in the absence of Abmmp-9, OLs extend significant processes

in response to PDB. ** p<0.001 compared to PDB treatment alone.
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Figure IV-8: Effect of a targeted mutation in MMP-9 on process extension by OLs in
culture. OLs derived from MMP-9 null mice exhibit reduced capacity to extend

processes compared to OLs from wild-type mice, either under basal culture conditions
or in response to 10 nM PDB. * p<0.05, ** p<0.001 compared to wild-type. A
zymogram demonstrating the lack of MMP-9 in MMP-9 null mice, compared to wild-

type, is inserted on the upper left.
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CHAPTER V

Discussion of overall thesis and future direction



Chapter V-1

GENERAL DISCUSSION

Since the observation of CNS regeneration by Ramon y Cajal in 1928, numerous
careful examinations have shown that CNS regeneration and remyelination are possible
and in fact occurs in response to injuries (Ghatak et al., 1989; Prineas et al., 1993; Raine
and Wu, 1993). However, unlike the peripheral nervous system, repair in the CNS is
incomplete or fails. With respect to demyelinating diseases such as MS, one of the
many challenges is to improve the extent of remyelination. Since morphological,
biochemical and immunohistochemical analyses of the myelin sheath during
remyelination (Ludwin and Sternberger, 1984; Ludwin, 1988; Jordan et al., 1990)
support the concept that remyelination recapitulates developmental myelination,
extensive studies have been carried to understand the mechanisms of developmental
myelination in order to enhance the extent of remyelination in the CNS (Chapter I).

In this thesis, the mechanism of process outgrowth by OLs, an early event in
myelinogenesis, is elucidated with respect to physiological activators and a role for
PKC and MMPs. While much of the experiments were performed in vitro, inviting the
comment that process extension in vitro may not mimic myelinogenesis in vivo in
certain aspects, it should be noted that the in vitro observations are tested for similar
roles in vivo (e.g. experiments of Chapter IV). Thus, in Chapter II, a role for astrocytes
in promoting process outgrowth by OLs is demonstrated. The mechanism of the
astrocyte effects appears to be through the interaction of bFGF and astrocyte-derived
ECM. That astrocytes play an important role in OL process extension makes intrinsic

sense, since astrocytes develop temporally in the CNS before OLs (Raff et al., 1983;
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Raff, 1989), and because these two cell types are in close contact (Butt and Ransom,
1993; Butt et al., 1994) in the CNS. In contrast to astrocytes, purified microglia were
toxic to OLs. The toxicity of microglia was negated if the microglia cultures contained
in excess of 10% astrocytes (unpublished observation), highlighting the importance and
fine balance of celi-cell interactions in the CNS.

At present, the identity of the astrocyte ECM component(s) that is responsible
for inducing process outgrowth by OLs is unknown, but [ will discuss several directions
that w;)uld resolve this in the sections below on ECM.

My identification of bFGF and astrocyte ECM as promoters of OL process
outgrowth place these factors, and phorbol esters, as the only known agents to date that
have the capacity to enhance process extension by OLs cultured from the adult human
brain. In Chapter III, by using relatively selective PKC antagonists, calphostin C and
CGP41 251, my studies have led to the conclusion that PKC in OLs is central to OL
process extension, since PKC mediates the promoting effects of b;FGF and astrocyte-
derived ECM in a range of concentrations that does not elicit cell death.

In Chapter IV, as downstream effectors of PKC activation, my results implicate
a role for MMPs, particularly MMP-9, in facilitating process outgrowth by OLs during
myelination in the mouse optic nerve. In vitro, the inhibition of MMP activity,
specifically that of MMP-9, decreases process outgrowth by OLs. Furthermore, OLs
derived from adult MMP-9 null mice have reduced ability to extend processes.

Collectively, my thesis has addressed the mechanism of process outgrowth by
OLs which can be summarized in three aspects (Fig V-1): 1) physiological stimulator,

where astrocytes are shown to promote OL process outgrowth through interaction
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between bFGF and unknown ECM molecules, 2) signal transduction or mediators of
process outgrowth, where I demonstrate that PKC is central to the promoting action of
bFGF and astrocyte-derived ECM on process outgrowth by OLs, and 3) effector
molecules, where my results suggest that MMP-9, downstream of PKC activation,
facilitates OL process formation. In the sections below, I shall discuss my specific

results and suggest future directions.

FGF FAMILY

In Chapter II, basic FGF (and aFGF to lesser extent) was shown to significantly
promote process outgrowth by adult human OLs. However, bFGF (FGF-2) and aFGF
(FGF-1) are members of a larger family which comprises at least 20 members to date
with significant homology; for instance, aFGF (FGF-1) and bFGF share about 50 %
sequence identity (Eckenstein, 1994; Klint and Claesson-Welsh, 1999). With the
identification and characterization of more FGF family members, it would be of interest
to address effects of other FGF family members on OL biology. Although FGF-1, -2,
and -9 do not have “classical” leader sequence for secretion, they have been shown to
be secreted possibly by novel mechanisms (Mason, 1994; Friesel and Maciag, 1995;
Bikfalvi et al., 1997). FGFs are potent mitogens for cells from mesodermal and
neuroectodermal origins and influence cell motility, differentiation, survival, and
neurite extension (Galzie et al., 1997; Klint and Claesson-Welsh, 1999). Some FGFs
such as FGF-4 (hst-1) have been identified as oncogenes indicating a possible role in

pathological processes (Mason, 1994). While FGF-7 was identified as a mitogen for
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keratinocytes (Finch et al, 1989), FGF-9 was shown to promote the proliferation of
astrocytes (Miyamoto et al., 1993).

FGFs bind to receptors and there are four members of the FGF receptor family
(FGFR1-4) (Galzie et al., 1997; Klint and Claesson-Welsh, 1999). FGFR contains three
extracellular immunoglobulin (Ig) -like domains, a single transmembrane domain, and
two intracellular kinase domains. The extracellular Ig-like domains of FGFR are
responsible for specificity and affinity to different FGF members (Mason, 1994; Friesel
and Maciag, 1995; Klint and Claesson-Welsh, 1999). The presence of isoforms of each
FGFR by alternative splicing increases the complexity of FGF-FGFR interactions.
Several studies employing in situ hybridization and immunohistochemistry have
demonstrated distinct patterns of FGFR expression in the CNS; FGFR-2 mRNA
expression was concentrated in the fiber tracts (Asai et al., 1993) while OL expressed
significant levels of FGFR-1 mRNA in vivo (Gonzalez et al., 1995). Redwine et al.
(1997) reported that PDGFR-o. + OL progenitor cells express significant levels of
FGFRs in adult mouse brain. In vitro, OLs were shown to express FGFR-2 mRNA
whereas neurons express FGFR-1 and -4 mRNA (Miyake et al., 1996). Bansal et al.
(1996) demonstrated that FGFRs are expressed in a specific manner during OL
development; the level of FGFR-1 increases gradually as OLs differentiate, whereas
FGFR-2 is predominantly expressed by differentiated OLs. Pre-OLs express high level
of FGFR-3 while FGFR-4 is not detectable in OLs. OLs expressing a mutated FGFR-1
transgene are not able to migrate when transplanted into the neonatal rat brain

suggesting a role of FGF in OL migration (Osterhout et al., 1997).
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A number of studies implicated the importance of proteoglycans, specifically
heparin sulfate proteoglycan (HSPG), in FGF binding to the receptor (Galzie et al.,
1997; Klint and Claesson-Welsh, 1999). Although it is unclear whether HSPG is
necessary for FGF signaling, it is generally accepted that HSPG stabilize or enhance
FGF-FGFR interactions. In vivo HSPG is abundant in a variety of ECM molecules;
they include perlecan, transmembrane molecules such as syndecans, betaglycan and
certain isoforms of CD44 (Mason, 1994). Perlecan and syndecans have been
demor;strated to promote bFGF binding to the receptors effecting mitogenesis and
angiogenesis (Aviezer et al., 1994; Steinfeld et al., 1996). In vitro, heparin has been
shown to form oligomerization of aFGF resulting in dimerization and activation of
FGFRs which in tumn induce c-fos mRNA transcription and cell proliferation (Spivak-
Kroizman et al., 1994). As noted in Chapter II, the addition of HSPG did not potentiate
the OL process forming capacity of bFGF. The reason for this is not immediately
apparent but can be attributable to soluble serum factors, possiBly HSPG, already
present in the medium.

Cell adhesion molecule (CAM) domain has been identified in FGFR, and
adhesion molecules including N-CAM, L1, and N-cadherin bind FGFRs and stimulate
neurite outgrowth in vitro (Williams et al., 1994; Doherty et al., 1995). These
stimulatory effects of CAMs appear to be independent of bFGF signaling implicating
the multifunctional role of FGFRs which is supported by the diversity of molecules that
bind to cytoplasmic region of FGFRs. The cytoplasmic tail of FGFRs can bind to

several signal transduction molecules including FAK, PI 3-K (phosphoinositol 3-kinase)

-
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and PLC v, and adapter proteins including Grb2 which involves MAP kinase signaling
pathway (Galzie et al., 1997; Klint and Claesson-Welsh, 1999).

With respect to future direction, it would be of interest to examine other
members of the FGF family to determine if these were more effective than bFGF in
promoting OL process extension. In this regard, the direct administration of individual
FGF member to OL cultures can be conducted. Indeed, recently, FGF-16 has been
demonstrated to induce oligodendrocyte proliferation (Danilenko et al., 1999). With
certai1'1 ECM constituents, one can also study the possible combinational effects on OL
biology. Furthermore, in vivo function perturbation experiments, using neutralizing
antibodies to bFGF (or other FGF members) could be performed to establish a role for
FGFs in the mouse optic nerve during myelin formation. FGFR knockout models
would be of interest to evaluate not only a role for FGFs but also that of the interacting
adhesion molecules which may influence myelin formation and remyelination. Finally,
while isolated studies have shown FGFR-2 mRNA in fiber tracts (Asai et al., 1993), a
systematic study of FGFR (1-4) expression in the developing OL during the period of
myelin formation, correspondent with studies of FGF expression by interacting
astrocytes, would be of interest to test the hypothesis that astrocytes provide the
stimulus for OLs to extend their processes during myelin formation through a

mechanism involving bFGF.

EXTRACELLULAR MATRIX
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In Chapter II, it is demonstrated that ECM deposited by astrocytes contains
laminin, fibronectin, and vitronectin among others. The inability of purified ECM
components to promote OL process outgrowth by themselves has left unresolved the
identity of the astrocyte-derived ECM component. While there is accumulating
evidence that certain ECM constituents such as laminin and tenascin have stimulatory
activity for neurite outgrowth (Varnum-Finney et al., 1995; Condic and Letourneau,
1997), a role for ECM in OL biology is poorly appreciated. Bartsch et al. (1993)
report;ed that during myelination, tenascin-R (i.e. janusin) is transiently expressed on
myelin sheath in the mouse optic nerve. Recently, the same group has shown that
tenascin-R is expressed by OLs in vitro and promote OL adhesion and differentiation in
an autocrine manner (Pesheva et al., 1997).

The term “integrin” was originally coined to reflect a role of receptors in
integrating the intracellular cytoskeleton with ECM. The integrin receptor family is
composed of non-covalently linked & and 3 subunits. There are at'least 12 o subunits
and 9 B subunits, which can form various heterodimers. In the extracellular space,
integrin receptors on cell surfaces bind to ECM molecules. However, in addition to the
interaction with ECM, integrins are well recognized for their interaction with a variety
of cell adhesion molecules, growth factor receptors (Yamada and Miyamoto, 1995) and
even MMPs. Insulin-like growth factor receptors interact with avfBS integrin
modulating metastasis of tumors (Brooks et al., 1997). In glioma cells, avf3 integrin
receptor has been shown to interact with the C-terminal of MMP-2 (Brooks et al., 1996;
Deryugina et al., 1997). Integrin receptors bind to uPAR (urokinase plasminogen

activator receptor) which also has binding site for vifronectin and uPA (Stewart et al.,
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1995; Blasi, 1997; Chapman, 1997). These interactions suggest potential mechanisms
to localize MMP activity to specific site since PA (plasminogen activator) is an
activator of broad range of MMPs.

Although integrin itself does not have any kinase activity, many Kinases can
bind to the cytoplasmic tail of integrins either directly or indirectly; these include FAK,
PLC v, PI 3-K, Ras, Raf, MEK, and ILK (integrin-linked kinase) (Yamada and
Miyamoto, 1995; Giancotti, 1997). FAK is important in recruiting and activating
severz;l signaling cascades including MAPK (mitogen activated protein kinase) and
PKC to affect cell proliferation, migration, differentiation as well as apoptosis (Guan,
1997). Cells from FAK-deficient mice demonstrated reduced motility without any
significant disruption in focal adhesion (Ilic et al., 1995).

Another important aspect of integrin signaling is the rearrangement of
cytoskeletal proteins. It has been reported that ligation of integrin receptors induces
direct or indirect binding and localization to focal contacts of PKC, focal adhesion
kinase (FAK), and cytoskeletal proteins including talin, «a-actinin, tensin, actin,
vinculin, and paxillin (Yamada and Miyamoto, 1995; Lewis et al., 1996). Intracellular
signal transduction through PKC or PI 3-K regulates the activation of integrin receptors
to bind ligands such as laminin and fibronectin (Kolanus and Seed, 1997). Upon
ligation, redistribution of integrin receptors by cytoskeleton reorganization has been
demonstrated (Felsenfeld et al., 1996).

For many years, investigators have focused on either effect of growth factors or
that of ECM constituents separately in cellular responses. In a more physiological

context, however, growth factors and ECM constituents are present together and
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influence cells simultaneously. In this regard, it is noteworthy (Chapter II) that certain
ECM components augment the effect of bFGF in promoting OL process outgrowth. It
is unclear how bFGF and the ECM substrates (i.e. laminin and fibronectin) synergize to
promote process formation by OL while no effects are observed by ECM substrates
alone. One speculation is that bFGF may influence integrin receptor expression or
activation to mediate ECM signaling in OLs. A number of growth factors modulate the
expression and activation of specific integrin receptors and affect their interaction with
ECM 'molecules. For instance, bFGF and TGF-f have been shown to change the
expression of integrin receptors resulting in differential adhesion of endothelial cells
and vascularization (Enenstein et al., 1992; Klein et al., 1993; Brooks et al., 1994).
Angiogenesis induced by bFGF or TNF-« is regulated in an avB3-dependent manner
whereas that induced by TGF-c is regulated in an oov35-dependent manner (Friedlander
et al., 1995). Neurite outgrowth is promoted by laminin or collagen [ by interacting
with integrin receptors that are up-regulated by NGF or aFGF (Zhang et al., 1993;
Weaver et al., 1995). In addition, in mouse endothelial cells, the mRNA level encoding
the av integrin subunit is up-regulated upon PKC activation (Tang et al., 1995),
implicating PKC activity in the regulation of integrin receptors (Kolanus and Seed,
1997).

There is accumulating evidence that ECM molecules induce specific MMP
expression. Administration of RGD peptides induces the expression of MMP-3,-2 and -
9 in chondro‘cytes (Amer and Tortorella, 1995), while the levels of MMP-1,-3 and -9
are up-regulated in fibroblasts (Werb et al., 1989). Fibronectin and vitronectin contain

an RGD domain, which interact with a range of integrin receptors including a5B1,
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ovf3, and avB4. Thus, the same ECM molecule can elicit different cellular responses
depending on integrin receptors. Fibronectin, for example, can interact with a4B1 and
oSB1 in fibroblast; ligation of the CS-1 domain of fibronectin to 41 inhibits the
expression of MMPs while RGD-domain binding to o581 up-regulates the levels of
MMPs (Werb et al., 1989; Huhtala et al., 1995). Therefore, cellular response to ECM is
dependent on what and how ECM molecules are presented and what integrin receptors
are expressed. Collagen provided in 3D gel induces o2 integrin and MMP-1 mRNA in
ﬁbrobiasts; this effect appears to be mediated by PKC { (Xu and Clark, 1997).

In summary, the results of Chapter II indicate that the astrocyte ECM is a
promoter of OL process outgrowth, although the identity of the ECM component(s) is
not known. However, the evidence of an intimate interaction between ECM and
integrin suggests several approaches to identify the astrocyte ECM constituents that
promote OL process extension. First, the integrin receptor profile present on OLs can
be addressed. In this regard, given that integrins are a large family, I would focus first
on the B1 integrins for the following reasons. Many of the ECM molecules that are
present in the astrocyte matrix are known to interact with 31 integrins. In addition, the
B1 subunit can form complexes with a variety of oc chains. Furthermore, an anti-p1
antibody inhibited myelination by Schwann cells (Fernandez-Valle et al., 1994) and
OLs are known to express B1 integrins (Malek-Hedayat and Rome, 1994; Milner et al,,
1996). Indeed, preliminary experiments using a 1 integrin immunoprecipitation
approach have revealed an increase in avp1l, o581 and o3B! integrins associated with

increased process extension (unpublished observation). Thus, the profile of integrin

receptors expressed by OLs during myelinogenesis is of interest.
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A second approach to identify interacting ECM components that are involved in
OL process outgrowth is to administer function perturbing antibodies against specific
integrin receptors on OLs. Thirdly, astrocyte ECM treated with antibodies against
specific ECM components (guided by the integrin results), or with blocking peptides,
can be examined for their efficacy in promoting OL process outgrowth. Furthermore, in
vivo, the examination and identification of ECM components that are expressed
transiently during the period of developmental myelination or remyelination in
demyc;,linated lesion will suggest which ECM constituents to target. Finally, using the
mouse optic nerve where the myelinating period can be examined systematically, the
injection of function perturbing antibcdy directed against specific ECM constituents
will help to reveal the identity of important ECM molecules that facilitate OL process
extension and myelin formation. Overall, these experiments should provide more
insights of the complex interactions of FGF, ECM, MMP and integrin receptors in OL
biology. In the long term, it may lead to the administration of several factors (ie.
growth factor and ECM molecule) in combination to enhance the extent of

remyelination in demyelinated lesion.

PROTEIN KINASE C

In Chapter III, a role for PKC in OL process outgrowth is demonstrated by using
relatively selective PKC antagonists. However, whether specific PKC isozymes are
involved was not addressed. Previous work suggested that PKC o is an important

isoform in OL process outgrowth; OLs in vitro formed significant processes in response
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to thymeleatoxin which activate cPKCs (i.e. PKC o,B and ), whereas no OL process
formation was observed in response to resiniferatoxin which activates PKC BI and y
(Yong et al., 1994). With the recent improvement of specificity of PKC antibody and
PKC activity assay, it is feasible to address a role of individual PKC isoforms in OL
biology.

In Chapter IV, MMPs have been investigated as downstream effectors of PKC
activation in OLs. It should be noted that the expression of MMP alone is not sufficient
for Oi’.. process outgrowth as demonstrated by the lack of process formation when
recombinant MMP-9 was added to the culture medium. Rather the simultaneous
orchestration of many other effectors would be required to achieve process formation by
OLs; one of these aspects is cytoskeletal reorganization, and process formation by OL
probably requires significant redistribution and up-regulation of cytoskeletal proteins.
Accumulating evidence shows that the modulation of cytoskeletal structure significantly
influences OL development including morphology and distributioﬂ of myelin proteins
(Wilson and Brophy, 1989; Benjamins and Nedelkoska, 1994; Lunn et al., 1997).
Although early OL progenitors contain vimentin, an intermediate filament, this has not
been observed in mature OLs. Instead, extensive networks of actin filaments and
microtubules are found in OLs; while fine processes of OLs are rich in actin filaments,
mature OL processes contain mainly microtubules (Gonatas et al., 1982; Wilson and
Brophy, 1989). Myelin proteins are closely associated with cytoskeletal proteins; actin
filaments are associated with CNP whereas microtubules interact with MBP and PLP
(Bizzozero et al., 1982; Wilson and Brophy, 1989). Transport of MBP mRNA to

process may involve microtubules and their motor proteins such as kinesin and dynein
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(Ainger et al., 1993; Hirokawa, 1998). In malignant glioma cells, inhibition of actin
polymerization by cytochalasine down-regulates MMP-9 and alters cell morphology
(MacDougall and Kerbel, 1995; Shravan et al., 1998) whereas cytochalasine treatment
increases the expression of MMPs in fibroblasts (Unemori and Werb, 1986; Tomasek et
al., 1997) suggesting that actin polymerization is involved in the regulation of MMP
expression.

There is growing evidence that PKC phosphorylates cytoskeletal proteins and
that PkC activation induces cytoskeletal rearrangement (Toker, 1998). A number of
PKC substrates including RACK (receptor for activated C kinase) and MARCKS
(myristoylated alanine-rich C kinase substrate) are implicated to interact with actin
filaments (Hartwig et al., 1992; Battaini et al., 1997). PKC € has a unique actin-binding
motif, which localized at the nerve terminals (Prekeris et al., 1996). In addition, PKC
BII and £ also have distinct actin-binding motifs and interact with actin (Blobe et al.,
1996; Gomez et al., 1996). PKC « and € are translocated to focal édhesions following
integrin activation in smooth muscle cells (Haller et al., 1998). PKC activation in
fibroblasts cultured on a fibronectin substrate induces focal adhesion formation with
localization of various cytoskeletal proteins such as vinculin, talin as well as integrin B1
subunit (Woods and Couchman, 1992).

Several reports have demonstrated a role for PKC in phosphorylation of FAK
(Vuori and Ruoslahti, 1993; Mogi et al., 1995; Lewis et al., 1996; Zhang et al., 1996).
Although at present it is unknown whether or how FAK may influence OL process

outgrowth, it would be worthwhile to examine this in regard to process outgrowth.

-~ 2



Chapter V-14

In summary, the overall picture of how PKC affects OL process outgrowth is
incomplete. While MMP-9 production is a consequence of PKC activation in OLs that
likely facilitates the advancement of OL process through the ECM, other effectors
downstream of PKC activation remain to be investigated. Since cell morphology and
MMP production is closely related to actin polymerization, it will be intriguing to
examine PKC activation and related actin polymerization in OLs. For instance,
administration of inhibitors of actin polymerization such as cytochalasine followed by
PKC activation will reveal the necessity for actin polymerization in process outgrowth
by OLs. Furthermore, colocalization of specific PKC isoforms with FAK or the actin
cytoskeleton by immunohistochemistry and co-immunoprecipitation may lead to the

identification of specific PKC isoforms responsible for process outgrowth in OLs.
MATRIX METALLOPROTEINASES

There are over 30 different zinc dependent metallopeptidase families, which are
categorized into five groups depending on the mode of zinc binding. The metzincins
are those that bind the active zinc using three histidine residues within the sequence
motif HExxHxxGxxH. There are four subgroups of metzincins; astacins, serralysins,
adamalysins and the MMPs. Within the MMP family or matrixins, at least 18 members
are known and are divided into four groups (Chapter I). In Chapter IV, two MMPs (i.e.
MMP-2 and -9) have been examined with respect to process outgrowth by OLs; MMP-9

is inducible by PKC activation in OLs and appears to be required for process outgrowth

-
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by OLs whereas MMP-2 is not. However, it should be noted that other MMP members
cannot be excluded from participating in OL biology including myelination.

To evaluate whether other MMPs are involved in myelin formation, the profile
of MMP expression may be determined during developmental myelination by using
approaches such as muiti probe RINAse protection assay. Once the profile of MMPs
that is expressed is determined, a number of approaches to elucidate their functions may
be conceived; first, inhibition of the particular MMP activity can be analyzed in vivo by
administering function perturbing antibody during myelin formation in murine optic
nerve. Specific ribozyme, or other antisense approaches may be used. Ribozyme
provides high sensitivity and catalytic efficacy, and one ribozyme can cleave many
target mRNAs. Using MMP-9 ribozymes it has been demonstrated that MMP-9 is
required in metastasis of tumor cells (Hua and Muschel, 1996; Sehgal et al.,, 1998).
Second, OLs expressing specific MMPs can be studied in vitro for process forming
capacity or in vivo for remyelinating capacity by transplanting these into demyelinated
lesions of rodent brain. It has been shown that using adenovirus infection, MMP-9,
TIMP-1 and -2 can be effectively over-expressed in smooth muscle cells (Baker et al.,
1996). Third, specific MMP knockout models can be employed to address the role of
particular MMP member in myelin formation.

Several MMP gene knockout mice have become available (Khokha et al., 1995;
Shapiro, 1998). In this thesis, OLs from adult MMP-9 null mice exert reduced ability to
extend processes compared to that of wild-type OLs (Chapter IV). Generally, however,
MMP knockout mice do not show severe defects during development or in adulthood.

Impaired angiogenesis and suppression of tumorigenesis have been reported in MMP-2,
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-9, or -7 knockout models (Wilson et al., 1997; Itoh et al., 1998; Vu et al., 1998).
TIMP-1 knockout mice also exists and an initial study of metastasis of lung tumor cells
did not show significant changes from wild-type controls (Soloway et al., 1996); it is
possible that other TIMPs may compensate for the lack of TIMP-1 in the kmockout
mice. Gene-knockout models provide valuable tool to investigate roles of individual
MMPs and TIMPs in numerous physiological events including developmental
myelination and repair in the demyelinated lesion. Normal myelin formation and up-
regulaﬁon of MMP-12 during myelination in the optic nerve of MMP-9 null mice
(unpublished observation) implicate redundancy of these proteinases. Determination of
whether remyelination occurs and if so what MMPs are involved in that process in
demyelinated lesion in MMP-9 null mice will provide valuable insight of the role of
MMPs in vivo. Although several reports have demonstrated localization of MMPs in
infiltrated monocytes, microglia, and astrocytes in demyelinated lesions, certain
controversy remains to be clarified. In addition to acute and chrotiically active lesion,
studies of MMPs in remyelinated sites have to be pursued where OLs are likely to
utilize MMP for remyelination.

Gene-knockout experiments and over-expression experiments must both be
interpreted with some caution as the ablation of one gene may lead to compensation by
another gene during development, and non-physiological high concentrations of a
particular protein may lead to effects that can be either instructive or misleading.
Overall, with this caution in mind, future investigation focusing on 1) inhibition of
MMP activity in vivo, 2) MMP over-expressing OLs and 3) MMP knockout models,

should lead to a better appreciation of the role of MMPs during OL myelin formation.
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CONCLUDING PERSPECTIVES

In summary, I have demonstrated that astrocytes promote OL process
outgrowth, a prerequisite event for myelin formation, through the interaction between
bFGF and astrocyte ECM and that PKC mediates these promoting effects using MMP
production as an effector molecule.

' I would like to provide a provocative scheme of how OL process outgrowth
occurs during myelin formation. As adjacent astrocytes secrete bFGF and deposit
stimulatory ECM molecules, FGF and integrin receptors on OLs interact with these to
result in PKC activation in OLs. Cytoskeletal rearrangement within OLs occurs to
allow for process to form and the advancement of OL processes through ECM is
enabled by MMPs (i.e. MMP-9). The stimulus for MMP production by OLs possibly
stems from the signals initiated by bFGF and ECM. The activity of MMP-9 is then
controlled by TIMPs, particularly TIMP-3 bound on ECM. The presence of TIMPs
may turn the tip of OL process towards permissive regions of ECM where TIMPs are
absent or present at low level. Regions of high concentrations of stimulators (i.e. bFGF
bound in ECM and permissive ECM molecules) may attract OL processes, further
activating PKC and stimulating MMP-9 production. Thus, the precise balance between
stimulators and inhibitors is likely to control and guide the advancement of OL
processes towards their target axons. It is presently unknown if OL processes are
destined for their target axons through a defined genetic program, or whether OL

processes proceed haphazardly towards axons. However, the scheme that I have
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proposed would suggest that OL process extension towards axons occurs in a defined
and controlled manner, dictated by specific interactions between localized bFGF,
permissive ECM, production of MMPs and inhibition by TIMPs.

Overall, in this thesis, the mechanism of process outgrowth by OLs is described.
There are still many challenges to be overcome to understand the complexity of OL
biology with particular respect to myelin formation. It is my hope that studies in this
thesis will help to broaden our understanding of myelination and someday may lead to

better treatment to improve devastating demyelinating diseases such as MS.
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Figure V-1: A schematic representation of mechanism of process outgrowth by OLs. 1.
Stimulators; astrocytes stimulate OLs through the interaction between bFGF and ECM
molecules (Oh and Yong, 1996) which bind FGF and integrin receptors, respectively.
2. Mediators; OL PKC is involved in signal transduction pathways of bFGF and
astrocyte ECM to promote process outgrowth by OLs (Oh et al., 1997). 3. Effectors; As
downstream of PKC activation, MMPs, particularly MMP-9, is up-regulated and

involved in process extension by OLs (Oh et al., 1999).
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