





Figure 2.4 Reduced number of primary oligodendrocyte processes in optic
nerves of tamoxifen-treated Fak'™*pPLP/CreER'. A: Total number of cells
counted at light microscopic level in semithin P14 optic nerve sections at the 1-
mm interval (see Figure 2.2). Mean for all control values was set to 100%, and
percentages for all data points were calculated accordingly. Bar graph depicts
means + SEMs (n = 3 per genotype). B: Number of primary processes per cell
counted at electron microscopic level and over an entire transverse section for
each nerve analyzed. Mean for all control values was set to 100%, and
percentages for all data points were calculated accordingly. Bar graph depicts
means + SEMs (n = 3 per genotype, 258 cells for each condition); *, statistically
significant as determined by the Student's t test. C, D: Representative
transmission electron micrographs for a Fak'™™":pLP/CreER" (D) and a
Fak"®/1°x (G, control) oligodendrocyte. Scale bars = 2 pm.
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Figure 2.5 Comparable number of myelinated fibers in optic nerves of tamoxifen-
treated Fak"™ " and Fak"/"°*pLP/CreER" mice at P28. Numbers of myelinated
fibers were determined within entire transverse sections of optic nerves at
approximately 1 mm from the lamina cribosa and as described in Figure 2.2.
Mean for all control values was set to 100%, and percentages for all data points
were calculated accordingly. Bar graph depicts means + SEMs (n = 3 per

genotype).
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Chapter 3

FAK associated mediators of oligodendrocyte cytoskeletal remodeling

Integrins

Integrins are ubiquitously expressed transmembrane heterodimer
receptors formed from the combination of one of eighteen possible o chains and
one of eight possible § chains. Each subunit (a and ) is composed of a single
transmembrane domain, to tether the integrin to the membrane, a large
extracellular domain, which interacts with ECM ligands, and a cytoplasmic
domain, that interacts with signaling molecules, such as FAK, within the cell
(Zamir & Geiger 2001, Romer et al. 2006).

Activation of integrins involves a conformational change which induces
receptor clustering allowing for further recruitment and activation of focal
adhesion molecules (Ye et al. 2010, Schwartz & Ingber 1994). Signaling through
integrins is a bidirectional process with information traveling in an outside-in
(signals sent from the extracellular environment are transduced into reactions by
the cell) or inside-out (signals originating within the cell affect a change in the
integrin signaling to various other molecules which then leads to other cellular
reactions) direction (Romer et al. 2006). One of the signaling molecules most

commonly activated by integrin signaling is FAK (Buttery et al. 1999).
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Integrins in developing oligodendrocytes

To date five heterodimer pairs of integrins have been shown to be
expressed on the membranes of oligodendrocytes: a631, avp1, avp3, avpd, and
avp8 (Milner & ffrench-Constant 1994, Buttery et al. 1999, Baron et al. 2005).
The fibronectin/ vitronectin receptor avp1 integrin is highly expressed in OPCs
then declines drastically with differentiation while avB3 integrin is most highly
expressed following OPC differentiation and prior to myelin sheet formation in
vitro (Milner & ffrench-Constant 1994, Milner et al. 1997, Blaschuk et al. 2000,
Baron et al. 2005). Fibronectin and vitronectin along with growth factor signaling,
such as PDGFa, acting through the avf1 integrin receptor enhance OPC
migration while signaling through avf3 integrin is more important for OPC
proliferation (Lee et al. 2006, Baron et al. 2005). The other
fibronectin/vitronectin-binding integrin, avp5, replaces the declining av1 integrin
during early oligodendrocyte differentiation. The expression of avp5 increases
with differentiation and is found associated with PLP (Milner & ffrench-Constant
1994, Blaschuk et al. 2000, Gudz et al. 2002).

Early oligodendrocytes have been shown to contain integrin aggregates
composed mainly of av3 integrin (Cluzel et al. 2005). The Lyn SFK associates
with avp3 on OPCs, however there has been little investigation into Lyn’s role
during oligodendrocyte differentiation and myelination (Klein et al. 2002,
Colognato et al. 2004).

Various in vivo studies have been preformed to elucidate the role of the

different integrin subunits during oligodendrocyte development. The most

45



commonly studied subunit is the 31 integrin subunit due to its constitutive
presence during oligodendrocyte development. Studies have been contradictory
until recently. Region specific myelin deficits and decreases in oligodendrocyte
differentiation have been reported in mice expressing inactive forms of the 31
integrin, (Barros et al. 2009, Lee et al. 2006) while in mice with an early knock
out of B1 expression no myelin defects were reported (Benninger et al. 2006).
These contradictory findings have been theorized by ffrench-Constant to be due
to differences in experimental design. In the inactive 31 expresser studies there
could be an exaggeration of the phenotype since the inactive integrin might out-
compete other receptors. While the knockout study could have eliminated 31
from the system at an early point during development thus allowing
compensatory mechanisms to take affect. Due to these possibilities ffrench-
Constant preformed a study in which a dominant negative 31 integrin (a fusion
protein containing the intracellular 1 domain bound to the nonsignaling human
interleukin-2 extracellular domain) under control of a later stage oligodendrocyte
promoter (MBP) was expressed in mice (Camara et al. 2009). In these mice a
transient myelin deficit was observed specifically affecting small-diameter fibers
and a decrease in FAK signaling was seen (Camara et al. 2009). As mentioned
in chapter 2 these results were in line with what we had previously observed in
our FAK-null mice. These results insinuate a role for integrin signaling, possibly
through FAK, in initial myelin formation during development.

Throughout development oligodendrocytes express the a6B1 integrin,

which binds laminin-2 (Baron et al. 2005). This integrin receptor is involved in
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oligodendrocyte survival throughout development, possibly by associating with
an antigen on the membrane surface of adjacent astrocytes (Gudz et al. 2002,
Frost et al. 1999, Corley et al. 2001). The B1 integrin of this heterodimer seems
to play a large role during myelination, since reducing the expression of 31
inhibits the activation of Rac and Cdc42 thus inhibiting oligodendrocyte
morphological maturation and decreasing the number of oligodendrocytes
exhibiting mature membranes in vitro (Buttery & ffrench-Constant 1999, Liang et
al. 2004). Oligodendrocytes grown only on laminin-2 (the substrate for integrin
a6p1) also have greater process extension and an increased membrane
formation (Buttery & ffrench-Constant 1999).

The binding of laminin-2 to a6B1 integrin activates the SFK, Fyn, which is
expressed by oligodendrocytes throughout development (Grant et al. 1995, Klein
et al. 2002, Colognato et al. 2004). Fyn associates with FAK and activates
p190RhoGAP by tyrosine phosphorylation allowing the upregulation of Cdc42
and Rac activity, which increases process extension in vitro (Figure 1.2, peach
pathway) (Wolf et al. 2001, Liang et al. 2004, Cobb et al. 1994, Cary et al. 1996).

Fyn is highly expressed in oligodendrocytes during differentiation and
myelination and is found associated with myelin membrane microdomains (Klein
et al. 2002, Osterhout et al. 1999, Kramer et al. 1999). There is increased Fyn
expression in more differentiated, premyelinating oligodendrocytes than in OPCs
leading to the conclusion that Fyn may be more functional in process outgrowth
and myelination than migration and proliferation of oligodendrocytes (Colognato

et al. 2004).
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While Fyn may not be needed for general growth and differentiation,
without Fyn mice have impaired myelination and a reduced number of
oligodendrocytes throughout development with less complexity in the
oligodendrocytes that do survive (Ponniah et al. 1999, Sperber & McMorris 2001,
Colognato et al. 2004, Sperber et al. 2001, Biffiger et al. 2000). Fyn null mice
also have reduced levels of phosphorlyated FAK (Grant et al. 1995).

It has been shown that $1-integrin inhibition decreases the activity of Fyn
and disrupts oligodendrocyte differentiation (Liang et al. 2004). It appears that
Fyn, activated by association with o681 integrin in the focal adhesion, instigates
FAK’s association with many proteins via tyrosine phosphorylation. These FAK-
mediated molecular associations activate various proteins including Rac and
Cdc42 which then lead to increased oligodendrocyte process outgrowth and
morphologic differentiation (Colognato et al. 2004, Wolf et al. 2001, Liang et al.

2004).

Extracellular matrix in the CNS

The ECM is the conglomeration of various molecules, which allow cells to
respond appropriately to environmental cues primarily via rearrangement of the
cytoskeleton. Major constituents of the CNS ECM are hyaluronic acid and
proteoglycans, as well as tenascins and adhesion-associated ECM molecules,
such as fibronectin and laminin-2 (Sobel 1998, Bronner-Fraser 1986). It has
been well characterized that a change in the ECM environment affects the

morphology of developing oligodendrocytes (Notterpek & Rome 1994, Fridman et
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al. 1985, Oh & Yong 1996). The most well characterized ECM molecules
involved in oligodendrocyte morphological remodeling are fibronectin and
laminin-2; therefore we will focus on these two molecules henceforth.

In vitro studies have linked fibronectin signaling to enhanced OPC
proliferation and migration (Hu et al. 2009). This fibronectin-mediated promotion
of OPC proliferation requires Lyn activity (Colognato et al. 2004). Fibronectin is
also involved in keeping OPCs from differentiating too early during development
(Hu et al. 2009). More differentiated oligodendrocytes in association with
fibronectin have a smaller, less mature process morphology (Olsen & ffrench-
Constant 2005, Liang et al. 2004). This restriction of the oligodendrocyte
process network has been shown to involve RhoA activation (Liang et al. 2004).
The effect of fibronectin on oligodendrocyte process morphology could be due to
issues with membrane-directed transport since oligodendrocytes plated on
fibronectin have transport issues that are alleviated when integrin signaling, and
hence the signaling of fibronectin is blocked (Siskova et al. 2006).

Laminin-2 is the ECM ligand for two receptors expressed by
oligodendrocytes, a6B1 integrin and dystroglycan (Colognato et al. 2007, Buttery
& ffrench-Constant 1999) and is found in direct opposition to unmyelinated axons
during development (Colognato et al. 2002). Laminin-2 is involved in growth-
factor induced oligodendrocyte survival and enhanced oligodendrocyte
differentiation (Baron et al. 2005, Colognato et al. 2002). The laminin-mediated
promotion of oligodendrocyte survival and differentiation requires Fyn activity and

a6B1 integrin function (Colognato et al. 2004, Camara et al. 2009).
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While fibronectin plays a role in holding oligodendrocytes in a less mature
morphology laminin-2 is involved in promoting a mature oligodendrocyte process
morphology and myelin sheath formation (Buttery & ffrench-Constant 1999,
Olsen & ffrench-Constant 2005, Sypecka et al. 2009). In vivo animals with
mutations of laminin-2 have a reduction in oligodendrocyte differentiation and a
reduced number of myelinated small diameter axon fibers in various regions of
the CNS (Chun et al. 2003, Relucio et al. 2009). The laminin-mediated effects on
oligodendrocyte morphology and myelin formation require integrin-mediated PI3K
and integrin linked kinase (ILK) activity (Chun et al. 2003). The laminin-induced
effect on myelin formation appears to be, at least in part, mediated by the
dystroglycan receptor, however little is known about the exact effects of laminin-2
association with dystroglycan receptors (Colognato et al. 2007). Fyn and FAK
activity have been shown to be enhanced and appears to be required for laminin-
2’s affect on oligodendrocyte morphology and myelination (Relucio et al. 2009,
Hoshina et al. 2007).

Although FAK is a well known integrator of cell-ECM interactions, the
involvement of FAK in the ECM-mediated effects on oligodendrocyte morphology
during development, as discussed above, has remained a mystery. To unravel
this mystery we utilized an in vitro system which allows for stringent control of the

oligodendrocyte developmental stage as well as the ECM environment.
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Chapter 4
Focal adhesion kinase (FAK) can play unique and opposing roles in

regulating the morphological maturation of differentiating oligodendrocyte

(This chapter will be submitted as a paper to the Journal of Neurochemistry.)

Introduction

Focal adhesion kinase (FAK), also known as protein tyrosine kinase 2
(PTK2), is a ubiquitously expressed non-receptor tyrosine kinase that functions
as an important regulator of cell shape and adhesion in response to
environmental signals (Mitra et al. 2005, Parsons 2003, Schaller 2010, Hanks &
Polte 1997, Schlaepfer et al. 1999). In particular, components of the extracellular
matrix (ECM) are known to interact with transmembrane receptors of the integrin
family and to subsequently recruit FAK to intracellular multi-molecular
complexes, termed focal adhesions (Berrier & Yamada 2007, Giancotti &
Ruoslahti 1999, Geiger et al. 2009, Schaller et al. 1992). FAK-containing focal
adhesions function as key sensory machineries that integrate extracellular
signals, interconnect them with the cell’s actin cytoskeleton and thus ultimately
mediate complex cellular responses.

In the central nervous system (CNS) FAK expression has long been
recognized to occur in neurons (Burgaya et al. 1995, Burgaya & Girault 1996,
Burgaya et al. 1997, Grant et al. 1995, Stevens et al. 1996, Contestabile et al.

2003). Only more recently, however, its expression was characterized in cells of
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the oligodendrocyte lineage (Bacon et al. 2007, Kilpatrick et al. 2000).
Oligodendrocytes, the myelin forming cells of the CNS, undergo extensive
morphological remodeling when they differentiate from migratory bipolar
oligodendrocyte precursor cells to post-migratory premyelinating
oligodendrocytes that extend a complex process network and finally to mature
oligodendrocytes that generate the myelin sheath (Pfeiffer et al. 1993, Baumann
& Pham-Dinh 2001, Jackman et al. 2009). Completing these distinct steps of
morphological maturation requires extensive remodeling of the cytoskeleton
(Wang et al. 2008, Bacon et al. 2007, Kim et al. 2006, Miyamoto et al. 2007,
Sloane & Vartanian 2007, Song et al. 2001, Bauer et al. 2009, Richter-Landsberg
2008, Southwood et al. 2007, Liang et al. 2004). Thus, FAK, as a key player in
regulating cytoskeletal organization, is likely involved in the regulation of
oligodendrocyte differentiation and myelination. Indeed, FAK has been found to
mediate process outgrowth from cells of the rat-derived oligodendrocyte cell line
CG4 (Hoshina et al. 2007). In addition, phosphorylation of FAK at its
autophosphorylation site, which represents a critical event for FAK’s activation
and catalytic function, has been described to occur primarily in post-migratory
differentiating oligodendrocytes and to a lesser extent in migratory
oligodendrocyte progenitor cells, suggesting a role for FAK primarily in maturing
cells of the oligodendrocyte lineage (Liang et al. 2004). Furthermore, FAK has
been implicated in a number of signaling pathways regulating oligodendrocyte
differentiation (Wang et al. 2009, Rajasekharan et al. 2009, Miyamoto et al. 2007,

Fox et al. 2004). Most importantly, both our lab and ffrench-constant’s lab

52



recently documented that conditional knock-out of FAK in maturing
oligodendrocytes results in an inhibition and/or delay of normal developmental
myelination (Camara et al. 2009, Forrest et al. 2009). Taken together, these
studies highlight the importance of FAK in regulating myelination. However, the
molecular mechanisms mediated by FAK in maturing oligodendrocytes
underlying the observed phenotype in the conditional FAK knock-out mice are
not fully understood.

Morphological maturation of cells of the oligodendrocyte lineage occurs in
the context of a diverse extracellular environment. In particular two ECM proteins
have been characterized with regard to their importance in oligodendrocyte
differentiation and myelination, namely fibronectin and laminin-2. Both are
present in the CNS during the time of normal developmental myelination (see
Figure 4.7b). Fibronectin has been detected in the developing CNS in a likely
diffuse manner, while non-basal lamina laminin-2 was found to be present on the
axonal surface (Tom et al. 2004, Colognato et al. 2002, Zhao et al. 2009).
Functionally, fibronectin was found to attenuate process outgrowth in
oligodendrocytes, while laminin-2 has been implicated in stimulating myelin
sheath formation (Buttery & ffrench-Constant 1999, Chun et al. 2003, Buttery &
ffrench-Constant 2001, Olsen & ffrench-Constant 2005, Laursen & ffrench-
Constant 2007, Colognato et al. 2005, Siskova et al. 2009, Maier et al. 2005).
The opposing effects seen in the presence of fibronectin versus laminin-2 raise
the question of whether either one or both ECM protein’s effects require FAK and

how these effects may relate to the in vivo phenotype seen in the conditional
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FAK knock-out mice.

In an attempt to better understand the role of FAK, as an integrator of
ECM signaling, the current study investigated the role of FAK on the
morphological maturation of post-migratory premyelinating oligodendrocytes in
the presence of fibronectin and laminin-2 in a well defined in vitro system. The
data presented here demonstrate the unique and opposing roles of FAK that are
dependent on the ECM substrate present and on the developmental stage of the
maturing oligodendrocytes. Thus, these data provide novel insight into the role of
FAK and they highlight the multi-functionality of FAK in the context of

developmental myelination.

Materials and methods

Antibodies

Hybridoma clone A2B5 (ATCC, Manassas, VA) was used for
immunopanning of oligodendrocyte progenitor cells. Hybridoma clone O4 (gift
from S. Pfeiffer) was used to identify post-migratory, premyelinating
oligodendrocytes (Sommer & Schachner 1981, Bansal et al. 1989). Anti-MBP
(SMI99; Covance, Princeton, NJ) was used for immunostaining. Anti-laminin
alpha2, anti-fibronectin, anti-GAPDH, anti-FAK (Millipore, Billerica, MA) anti-Fyn
and anti-Lyn (Cell Signaling, Beverly MA) antibodies were used for Western
blots. For all immunostainings, Alexa 594 or 488-conjugated antibodies

(Invitrogen/Molecular Probes, Carlsbad, CA) were used as secondary antibodies.

54



Horseradish peroxidase (HRP)-labeled secondary antibodies (Vector

Laboratories, Burlingame, CA) were used for Western blots.

Animals

Sprague—Dawley female rats with early postnatal litters were obtained
from Harlan Laboratories (Indianapolis, IN). All animal studies were approved by
the Institutional Animal Care and Use Committee at Virginia Commonwealth

University.

Primary Oligodendrocyte cultures

Primary rat oligodendrocytes were isolated from postnatal (day 3 or 5) rat
brains as described previously (Barres et al. 1992, Fox et al. 2003). Briefly,
cerebral hemispheres were minced and incubated in Hanks balanced salt
solution supplemented with 0.25% trypsin (Invitrogen, Carlsbad, CA), and
1 pg/ml DNase (Sigma, St. Louis, MO). After titration, single cells were collected
by centrifugation, resuspended in Dulbecco's Modified Eagle Medium
(DMEM)/10% FCS (Invitrogen, Carlsbad, CA) and subjected to A2B5
immunopanning. Immunopanned cells were plated onto fibronectin (10 pg/ml)-
coated 6-well tissue culture dishes and cultured in serum-free proliferation
medium (DMEM containing 10ng/ml PDGF (R&D Systems; Minneapolis, MN)
and 5ng/ml bFGF (Sigma, St. Louis, MO); DMEM/PDGF/bFGF) for 15-20 hrs
followed by 20-24 hrs in differentiation medium (DMEM containing 40 ng/ml tri-

iodo-thyronine (T3; Sigma, St. Louis, MO) and 1x N2 supplement (Invitrogen,
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Carlsbad, CA); DMEM/T3/N2). Cells were then trypsinized and re-plated onto
the various ECM substrates in the presence of differentiation medium and

cultured for an additional 20-24 hrs, at which time cells were analyzed.

siRNA-mediated knock-down of FAK expression

Oligodendrocytes were isolated by A2B5-immunopanning from postnatal
day 3 or 5 rat brains and plated onto fibronectin (10 pg/ml)-coated 6-well tissue
culture dishes. Cells were cultured in serum-free proliferation medium
(DMEM/PDGF/bFGF) for 15-20 hrs. Subsequently, cells were switched into
differentiation medium (DMEM/T3/N2) and siRNA transfected using lipofectamine
2000 (Invitrogen, Carlsbad, CA). For siRNA transfection a siGLO green
transfection indicator along with either a SMARTpool siRNA directed against rat
FAK or a control non-targeting SMARTpool siRNA, all obtained from Thermo
Fisher Scientifc/Dharmacon, Inc. (Lafayette, CO), were used. Transfection
medium containing siRNA-lipofectamine complexes was replaced with serum-
free differentiation medium (DMEM/T3/N2) after 3 hrs and cells were cultured for
an additional 15-20 hrs. Subsequently, cells were re-plated onto fibronectin
(10 pg/ml), laminin-2 (10 pg/ml), or mixed substrate (5 pg/ml fibronectin and
5 pg/ml laminin-2)-coated glass coverslips and cultured for an additional 15-20
hrs. No significant reduction in total FAK protein levels was detected at the time

of replating (data not shown).
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PF573228-mediated FAK inhibition

Oligodendrocytes were isolated by A2B5-immunopanning from postnatal
day 3 or 5 rat brains and plated onto fibronectin (10 pg/ml)-coated 6-well tissue
culture dishes. Cells were cultured in serum-free proliferation medium
(DMEM/PDGF/bFGF) for 15-20 hrs followed by an additional 20-24 hrs in
differentiation medium (DMEM/T3/N2). Oligodendrocytes were then re-plated
onto fibronectin (10 pg/ml), laminin-2 (10 pug/ml), or mixed substrate (5 ug/ml
fibronectin and 5 pg/ml laminin-2)-coated glass coverslips, allowed to settle for 2-
4 hrs and cultured in the presence of a specific inhibitor of FAK’s catalytic activity
(PF573228 (Tocris Bioscience, Bristol, England) at 100nM or 0.1% DMSO as

control). Cells were analyzed after an additional 15-20 hrs in culture.

Process morphology analysis

Process morphology was analyzed as previously described (Dennis et al.
2008). siRNA or FAK inhibitor-treated cells along with their respective control
cells were immunostained with O4 antibodies. For siRNA-treated cells only those
containing the siGLO green transfection indicator were analyzed. Images of at
least 25 cells were taken randomly for each treatment group in each experiment
(n 2 3) using an Olympus BX51 inverted fluorescent microscope (Olympus
America Inc., Center Valley, PA). IP Lab imaging software (BD Biosciences
Bioimaging, Rockville, MD) was used to determine process index (total area
found to be O4-positive minus the cell body) and network area (total area within

the radius of the process network surrounding the cell body minus the cell body).
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In addition, the number of primary processes (any process directly extending
from the cell body) was counted for each cell used for the above process
morphology analysis. For the bar graphs representing network areas, process
indices and primary process number the mean value for cells cultured under
control conditions was calculated. This mean value was set to 100% and
adjusted, i.e. normalized, values for all cells were averaged for each
experimental condition.

A confocal laser scanning microscopy (TCS SP2 AOBS, Leica
Microsystems, Exton, PA) was used for the generation of representative images.

Images represent 2D maximum projections of stacks of 0.4um optical sections.

Live/Dead Viability Assay

siRNA or FAK inhibitor-treated cells were assayed for cell viability using
2uM calcein AM/4uM ethidium homodimer-1 as described by the manufacturer
(Live/Dead Viability Assay kit, Invitrogen Corp., Carlsbad, CA). Images of 8 fields
at 10X magnification were taken randomly for each treatment group in each
experiment (n = 3) using an Olympus BX51 inverted fluorescent microscope
(Olympus America Inc., Center Valley, PA). The percentage of live cells (labeled
with calcein) or dead cells (labeled with ethidium homodimer-1) was analyzed.
Bar graphs represent the mean value of live or dead cells under each

experimental condition.
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Results

For early stage post-migratory premyelinating oligodendrocytes, FAK plays
unique and opposing roles in regulating morphological maturation in the
presence of fibronectin versus laminin-2

The ECM substrates laminin-2 and fibronectin have been previously
described to differentially affect the maturation of post-migratory premyelinating
oligodendrocytes (Buttery & ffrench-Constant 1999, Buttery & ffrench-Constant
2001, Olsen & ffrench-Constant 2005, Siskova et al. 2006, Siskova et al. 2009).
To assess the effect of these ECM molecules in our tissue culture paradigm, we
compared network areas and process indices as described previously (Dennis et
al. 2008). In addition, we analyzed the effect of laminin-2 and fibronectin at two
developmental stages, namely early and later stage post-migratory
premyelinating oligodendrocytes. To obtain the early stage oligodendrocytes,
oligodendrocyte progenitor cells were isolated from postnatal day 3 rat brains by
A2BS immunopanning and allowed to differentiate for 20-24 hours before re-
plating onto the different ECM substrates. At the time of immunopanning,
oligodendrocyte progenitor cells express only the progenitor cell marker
recognized by the A2B5 antibody (Fox et al. 2004). In contrast, the cells hence
forth referred to as later stage post-migratory premyelinating oligodendrocytes
were isolated from postnatal day 5 rat brains by A2B5 immunopanning, at which
stage the majority of cells express both the early marker recognized by the A2B5

antibody as well as a later stage surface antigen recognized by the O4 antibody
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oligodendrocytes, viability and Pyk2 expression remained unchanged in the later
stage cells upon siRNA-mediated FAK knock-down (Figures 4.7b and 4.8b).

Unlike the early cells, however, there was no discernable change in the
later stage post-migratory Premyelinating oligodendrocyte’s process network
morphology in the presence of fibronectin upon siRNA-mediated FAK knock-
down (Figure 4.3a and b). In contrast, in the presence of laminin-2 the later stage
differentiating oligodendrocytes displayed a similar change in the process
network morphology as seen for the early stage post-migratory premyelinating
oligodendrocytes (compare Figure 4.2c and d with Figure 4.3c and d). As was
observed for the early stage oligodendrocytes there was no notable change in
the number of MBP expressing oligodendrocytes under either of the conditions
(Figure 4.2e and f and 4.3e and f).

The above data demonstrate that with developmental maturation, FAK
looses its capacity to and/or effectiveness in regulating the process network
morphology of post-migratory pre-myelinating oligodendrocytes in the presence
of fibronectin. FAK’s role in enhancing process network morphology in the

presence of laminin-2, however, appears to remain unchanged.

For early stage post-migratory premyelinating oligodendrocytes, FAK’s
constraining role for morphological maturation appears to predominate
while for later stage oligodendrocytes FAK’s stimulatory role seems to

prevail

Both, fibronectin and laminin-2 have been found present in the developing
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CNS during oligodendrocyte maturation (Figure 4.8g and (Fox et al. 2004,
Colognato et al. 2002, Tom et al. 2004). Thus, we wished to determine the role of
FAK for the morphological maturation of post-migratory premyelinating
oligodendrocytes under conditions in which both fibronectin and laminin-2 are
present in the environment. Early and later stage post-migratory premyelinating
oligodendrocytes were cultured, treated and analyzed as described above, with
the exception that cells were re-plated on a mixed substrate of equal
concentrations of fibronectin and laminin-2 (instead of the individual substrates).
Interestingly, even though FAK was found to regulate morphological maturation
of early stage post-migratory premyelinating oligodendrocytes in an opposing
manner on fibronectin versus laminin-2, its role on the mixed substrate appeared
to be a primarily constraining one, i.e. similar to the one observed on fibronectin
alone (Figure 4.4a and b). For the later stage post-migratory premyelinating
oligodendrocytes, in which FAK appeared to have lost its capacity and/or
effectiveness in regulating the process network morphology in the presence of
fibronectin, the role of FAK was expectedly a stimulatory one, i.e. similar to the
one seen on laminin-2 alone (Figure 4.4c and d).

These data suggest that during the developmental maturation of post-
migratory premyelinating oligodendrocytes FAK’s role switches from a

predominantly morphology restraining to a mostly morphology enhancing one.
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FAK’s unique and opposing roles in regulating morphological maturation
of post-migratory premyelinating oligodendrocytes are mediated by its
catalytic activity

FAK’s role in regulating morphological remodeling in various cell types has
at least in vitro been well documented to depend on its catalytic activity, i.e.
autophosphorylation (Parsons 2003, Hanks et al. 2003, Playford & Schaller 2004,
Schlaepfer et al. 1999, Cary et al. 1996). However, recent in vitro and in vivo
studies highlight the importance of both catalytic-dependent and catalytic-
independent mechanisms in mediating FAK’s physiological functions (Corsi et al.
2009, Lim et al. 2008a, Cance & Golubovskaya 2008). To assess the extent to
which the above described effects of FAK in oligodendrocyte maturation were
dependent on its catalytic activity, we used the FAK kinase inhibitor PF573228.
This inhibitor has been shown in a variety of cell types to effectively block FAK
autophosphorylation and downstream signaling without significantly affecting cell
survival (Slack-Davis et al. 2007, Chen et al. 2009). Thus, to prevent potential
effects of initial cell spreading differentiating oligodendrocytes were treated with
PF573228 following re-plating. As described previously, treatment with
PF573228 did not significantly affect the viability of differentiating
oligodendrocytes (see Figure 4.9).

As shown in Figure 4.5, for both early and later stage post-migratory
premyelinating oligodendrocytes treatment with PF573228 resulted in changes in
cell morphology similar to the ones seen upon FAK knock-down. A concentration

of 100 nM was reported to yield approximately half-maximal inhibition of FAK
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autophosphorylation in various cell types (Slack-Davis et al. 2007). Thus, in both
paradigms, siRNA-mediated FAK knockdown and PF573228 pharmacological
inhibition, residual FAK activity likely remains. These data, therefore, suggest
that a significant downregulation of FAK expression and/or FAK catalytic activity
is sufficient to block the majority of FAK’s roles in regulating morphological
maturation of differentiating oligodendrocytes. Interestingly, however, for later
stage post-migratory pre-myelinating oligodendrocytes treatment with PF573228
in the presence of fibronectin resulted in a slight increase in the number of
primary processes, while network area and process index remained unchanged.
FAK’s role in limiting initial process outgrowth in later stage post-migratory pre-
myelinating oligodendrocytes in the presence of fibronectin seems to be

particularly sensitive to the inhibition of FAK’s catalytic activity.

Discussion

The current study demonstrates that FAK can regulate morphological
maturation of post-migratory premyelinating oligodendrocytes in a unique and
opposing fashion that is dependent on the nature of the ECM substrate present
(i.e. fibronectin or laminin-2) and that is, for the most part, mediated by FAK'’s
catalytic activity. In addition, the regulatory role of FAK in the morphological
maturation of post-migratory premyelinating oligodendrocytes was found to be
tightly regulated with the cell's stage of maturation. More specifically, for the early
stage post-migratory premyelinating oligodendrocytes FAK'’s constraining role on

morphological maturation predominated, while its stimulatory role prevailed for
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the later stage oligodendrocytes (see Figure 4.6). Taken together, the data
presented here provide novel insight into the complex role that FAK plays in
regulating the morphological maturation of differentiating oligodendrocytes in the
context of developmental changes and spatial differences in the molecular
composition of the extracellular environment.

FAK’s role in limiting the establishment of an expanded process network in
the presence of fibronectin was found to be significantly diminished for later
stage post-migratory premyelinating oligodendrocytes (see Figure 4.6).
Fibronectin receptors avp1, avB3, avpf5 and avp8 integrins are expressed and
present on the surface of oligodendrocytes at all developmental stages (Milner &
ffrench-Constant 1994, Milner et al. 1997, Cahoy et al. 2008, Dugas et al. 2006).
Thus, while the functional role of FAK in the presence of fibronectin likely
involves the activation of integrin type receptors, it seems unlikely that a reduced
expression of fibronectin receptors is the primary cause of the observed
reduction in FAK-mediated function for the later stage cells. It, therefore, appears
to be the signaling pathway downstream of FAK that is altered in the more
mature cells. Due to the complex nature of FAK-containing signaling complexes,
multifaceted studies will be necessary to better understand the molecular
mechanism responsible for the developmental difference observed here.

Interestingly, it has been previously reported that FAK can also limit the
size of the axonal arbor for a variety of neuronal cell types (Rico et al. 2004). In
addition, FAK has been found to limit the length and number of dendritic

protrusions (Moeller et al. 2006, Shi et al. 2009). Both functions of FAK were
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found to be, at least in part, dependent on FAK’s catalytic activity. Most
importantly, FAK was implicated in controlling the establishment of the final
pattern of connections between neurons and their targets by enabling efficient
pruning of overproduced and/or ‘weak’ connections. With regard to the findings
described here, it is, therefore, tempting to speculate that the process network
limiting function of FAK observed in the presence of fibronectin, an ECM
molecule that is expressed broadly during development, allows for efficient
pruning of ‘non-functional’ oligodendroglial processes and represents part of the
regulatory mechanism that determines the final number of myelinated segments
that are generated by an individual mature oligodendrocyte.

In contrast to FAK’s process network limiting role discussed above, its role
in stimulating the establishment of a more mature morphology in the presence of
laminin-2 remained unchanged during the maturation of post-migratory
premyelinating oligodendrocytes and was thus found to predominate for the later
stage cells. Due to the more restricted presence of laminin-2 on the axonal
surface (Colognato et al. 2002), this function of FAK may play a more spatially
confined role than the one seen in the presence of fibronectin. Notably, the
interaction between laminin-2 and the integrin receptor a631 has been well
demonstrated to be involved in regulating the morphological maturation of post-
migratory premyelinating oligodendrocytes in vitro and in vivo (Camara et al.
2009, Lee et al. 2006, Buttery et al. 1999, Barros et al. 2009, Relvas et al. 2001,
Olsen & ffrench-Constant 2005, Chun et al. 2003, Colognato et al. 2002, Laursen

& ffrench-Constant 2007). Most importantly, hypomyelinating phenotypes
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observed upon reducing a6p1 integrin signaling in maturing oligodendrocytes
resemble those seen upon inducing FAK knock-out in maturing oligodendrocytes
(Camara et al. 2009, Forrest et al. 2009). Thus, in the presence of laminin-2 FAK
likely functions as a downstream target of laminin-2-a6@31 integrin interactions. In
addition to regulating morphological maturation of differentiating
oligodendrocytes laminin-2-a6B1 integrin interactions have been described to
promote the transition from oligodendrocyte progenitor cells to mature MBP-
expressing oligodendrocytes and to enhance survival of oligodendrocytes in
response to limiting concentrations of growth factors (Colognato et al. 2007,
Frost et al. 1999, Baron et al. 2005, Colognato et al. 2002). However, no
significant changes in the number of MBP-expressing or surviving cells were
noted in the studies presented here. These finding are in agreement with the
data obtained from conditional FAK knock-out mice, in which no obvious changes
in the number of cells were noted (Forrest et al. 2009). Thus, FAK is unlikely to
play a significant role in regulating myelin protein gene expression and/or survival
for post-migratory premyelinating oligodendrocytes as a downstream target of
laminin-2-a6fB1 integrin interactions. This interpretation may be supported by the
discovery that the src family kinase (SFK) regulatory proteins Csk and Cbp are
critically involved in mediating the transition from oligodendrocyte progenitor cells
to MBP-expressing oligodendrocytes downstream of laminin-2-a681 integrin
interactions (Colognato et al. 2004, Relucio et al. 2009). Taken together, these
findings, therefore, strongly suggest a crucial role of FAK in regulating the

morphological maturation of post-migratory premyelinating oligodendrocytes by
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functioning as a downstream target of spatially restricted laminin-2-a631 integrin
interactions that affect the organization of the cell’s cytoskeleton. Interestingly,
dystroglycan has been recently identified as a second laminin receptor
functionally involved in promoting oligodendrocyte maturation and myelination
(Colognato et al. 2007). However, knock-down of dystroglycan was found to
significantly affect both myelin gene expression as well as morphological
maturation of oligodendrocytes. Thus, it is unclear to what extent laminin-2-
dystroglycan interactions may contribute to the FAK-mediated mechanism
described here.

The role of FAK in regulating oligodendrocyte morphology in the presence
of both fibronectin and laminin-2 was seen to be largely dependent on FAK’s
catalytic activity. Phosphorylation of FAK at its autophosphorylation site creates a
high affinity binding site for Src-homology 2 (SH2) domain containing proteins, in
particular SFKs (Mitra et al. 2005, Mitra & Schlaepfer 2006, Parsons 2003, Cobb
et al. 1994). The binding of SFKs to FAK can lead to the formation of a FAK-
activated SFK complex, which has the capability to act as a regulator of cell
shape. In addition, it has been demonstrated that FAK can directly phosphorylate
SFKs at their Y418 activation site (Wu et al. 2008). Two SFKs have been
described to be expressed at significant levels in maturing oligodendrocytes,
namely Fyn and Lyn (Colognato et al. 2004, Osterhout et al. 1999, Kramer et al.
1999). In agreement with these studies, both Fyn and Lyn were found expressed
in post-migratory premyelinating oligodendrocytes at the maturation stages

analyzed here (see Figure 4.8c-f). The SFK Fyn has been well documented to be
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involved in regulating morphological maturation of differentiating
oligodendrocytes via the laminin-2-a6(1 integrin pathway (Colognato et al. 2004,
Relucio et al. 2009). Taken together with the data presented here, morphological
maturation of post-migratory premyelinating oligodendrocytes appears to be
mediated by the concerted action of FAK and Fyn as downstream targets of
laminin-2-a631 integrin interactions (see also (Hoshina et al. 2007). In contrast
to the laminin receptor a6p1 integrin, which has been shown to associate with
Fyn, the fibronectin receptor av3 integrin was found to associate with the SFK
Lyn and not Fyn (Colognato et al. 2004). This association has been functionally
implicated in the regulation of PDGF-mediated oligodendrocyte progenitor cell
proliferation. The data presented here, could indicate an additional role, i.e. a role
in negatively regulating the morphological maturation of post-migratory
premyelinating cells via a fibronectin-av33 integrin-FAK-Lyn pathway.

The current study provides novel insight into the complex and diverse
roles that FAK can play in regulating the morphological maturation of post-
migratory premyelinating oligodendrocytes. In vivo FAK knock-out was found to
lead to a delay in myelination, a phenotype that is associated with a reduction in
the number of primary oligodendroglial processes (Camara et al. 2009, Forrest et
al. 2009). Based on the data presented here, this phenotype appears, at least in
part, to be due to a lack of FAK’s maturation promoting role in the presence of
laminin-2. In the context of demyelinating diseases, such as Multiple Sclerosis,
FAK, therefore, presents itself as a good therapeutic target for promoting

remyelination. However, demyelinated lesions are characterized by an
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extracellular environment that is different from the one found in the developing
CNS. In particular, high levels of fibronectin were noted in lesions of Multiple
Sclerosis patients (Satoh et al. 2009, van Horssen et al. 2007, Sobel & Mitchell
1989). Thus, FAK signaling may, at least in part, contribute to the limited repair
seen in such lesions. Taken together, the findings presented here highlight the
complexity of FAK’s role in regulating the maturation of post-migratory
premyelinating oligodendrocytes, and they emphasize the importance of a better
understanding of the signaling pathways involving FAK in order to be able to
design effective therapeutic strategies for promoting remyelination under

pathological demyelinating conditions.

73



(b) 3007 ] 300
250 250
200 200
150 1 150

100 100

Network Area (in %)
Process Index (in %)

50 50

Fn Ln Fn Ln

Figure 4.1 Morphological maturation of post-migratory premyelinating
oligodendrocytes is uniquely regulated in the presence of fibronectin or laminin-2.
Oligodendrocyte progenitor cells were isolated by A2B5 immunopanning from
postnatal day 3 rat brains. After 2 days in culture, differentiating oligodendrocytes
were re-plated onto fibronectin (Fn) or laminin-2 (Ln)-coated glass coverslips and
allowed to differentiate for 20-24 hours. (a) Representative images of cells
stained with the O4 antibody. (b) Bar graphs depicting quantitative analyses of
the total area occupied by the cells’ process network (network area; left graph)
and the total area of O4-positive process surfaces per cell (process index; right
graph). Mean control network areas and process indices were set to 100% and
all values were adjusted accordingly. Means and standard errors are shown.
Four independent experiments were performed and 25 cells per experiment were
analyzed. For both parameters, Student’s t-test analysis revealed an overall two-
tailed significance level of p<0.05 (indicated by the star). Scale Bar: 20 um.
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Figure 4.2 siRNA-mediated knock-down of FAK expression affects
morphological maturation of early stage post-migratory premyelinating
oligodendrocytes distinctively and in an opposing fashion in the presence of
fibronectin or laminin-2. Cells were isolated, differentiated and analyzed as
described in Figure 4.1. Cells were, however, treated with a control siRNA pool
(siControl) or a siRNA pool against FAK (siFAK) 15-20 hours after initial plating.
(a) Representative images of cells stained with the O4 antibody and plated in the
presence of fibronectin (Fn). (b) Bar graphs representing quantitative analyses of
network areas, process indices and primary process numbers of cells plated in
the presence of fibronectin (Fn). (c) Representative images of cells stained with
the O4 antibody and plated in the presence of laminin-2 (Ln). (d) Bar graphs
representing quantitative analyses of network areas, process indices and primary
process numbers of cells plated in the presence of laminin-2 (Ln). (e)
Representative images of cells stained with an antibody specific for myelin basic
protein (MBP) (left panels) and with Hoechst to visualize nuclei (left panels). (e)
Bar graph representing the percentage of Hoechst-positive cells that are also
MBP-positive. In all bar graphs, means and standard errors of at least three
independent experiments (25 cells each for all conditions) are shown. Stars
indicate an overall two-tailed significance level of p<0.05 as determined by
Student’s t-test analysis. Scale Bars: 20 um (in a and b), 50 um (in e).
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Figure 4.3 siRNA-mediated knock-down of FAK expression fails to affect
morphological maturation of later stage post-migratory premyelinating
oligodendrocytes in the presence of fibronectin but still affects maturation in the
presence of laminin-2. Later stage oligodendrocytes were isolated, differentiated,
treated and analyzed as described in Figure 4.2. (a) Representative images of
cells stained with the O4 antibody and plated in the presence of fibronectin (Fn).
(b) Bar graphs representing quantitative analyses of network areas, process
indices and primary process numbers of cells plated in the presence of
fibronectin (Fn). (c) Representative images of cells stained with the O4 antibody
and plated in the presence of laminin-2 (Ln). (d) Bar graphs representing
quantitative analyses of network areas, process indices and primary process
numbers of cells plated onto laminin-2 (Ln) as substrate. (e) Representative
images of cells stained with an antibody specific for myelin basic protein (MBP)
(left panels) and with Hoechst to visualize nuclei (left panels). (e) Bar graph
representing the percentage of Hoechst-positive cells that are also MBP-positive.
In all bar graphs, means and standard errors of at least three independent
experiments (25 cells each for all conditions) are shown. Stars indicate an overall
two-tailed significance level of p<0.05 as determined by Student’s t-test analysis.
Scale Bars: 20 um (in a and b), 50 um (in e).
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Figure 4.3
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Figure 4.4 siRNA-mediated knock-down of FAK expression in the presence of a
mixed fibronectin/laminin-2 substrate affects morphological maturation of early
and later stage post-migratory premyelinating oligodendrocytes in a distinctive
and opposing fashion. Cells were isolated, differentiated, treated and analyzed
as described in Figure 4.2. (a,c) Representative images of cells stained with the
O4 antibody. Early stage post-migratory premyelinating oligodendrocytes are
shown in (a), while (c) depicts later stage cells. Scale Bars: 20 um. (b,d). Bar
graphs representing quantitative analyses of network areas, process indices and
primary process numbers. Means and standard errors of at least three
independent experiments (25 cells each for all conditions) are shown. Stars
indicate an overall two-tailed significance level of p<0.05 as determined by
Student’s t-test analysis.

79



§.
E

(a) R

Fm

g
g

2
2
8

MNetwork Area (in
Process Index (in %)
B
Primary Process
Number (in %)
=

| *
"
151 . . : [—l .
0] " . 100 100 . - |
0 I [
Contol PF28 Control PFIZE Control P22 Control PFIZG Control PFZ28 Contrel P28

Fn Fn  Ln Ln Fn Fn bn Ln Fn Fn Ln Ln

(b) o o 300
Tm S o B
£ £ 9
= w 201 g ca
o o | =}
&1 T L X
# - * Pl "
&
S 2 - St T
0 100! o 100 L ESi m
: : i '
za m Lo ) 5
0l 0! o
Control PF228 Control PFZZE Control PF228 Confrol PF228 Control PFZZ8 Control PFZZE
Fn Fn Ln Ln Fn Fn Ln La Fn Fn  Ln Ln

Figure 4.5 Inhibition of FAK’s catalytic activity affects morphological maturation
of early and later stage post-migratory premyelinating oligodendrocytes in a
similar fashion as siRNA-mediated knock-down of FAK expression. Cells were
isolated, differentiated and analyzed as described in Figures 4.1. Cells were,
however, treated with the FAK inhibitor PF573228 (PF228; 100 nM)) or vehicle
(control; 0.1% DMSO) (a,b). Bar graphs representing quantitative analyses of
network areas, process indices and primary process number of early (in a) and
later (in b) stage post-migratory premyelinating oligodendrocytes in the presence
of fibronectin (Fn) or laminin-2 (Ln). Means and standard errors of at least three
independent experiments (25 cells each for all conditions) are shown. Stars
indicate an overall two-tailed significance level of p<0.05 as determined by
Student’s t-test analysis.
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Figure 4.6 Proposed model for the role of FAK in morphological maturation of
post-migratory premyelinating oligodendrocytes. The data presented here
demonstrate that FAK can have unique and opposing roles depending on the
maturation stage of the cell and the nature of the prevalent ECM molecule that
the cell encounters. In early stage post-migratory pre-myelinating
oligodendrocytes FAK is involved in restraining morphological maturation in the
presence of fibronectin, while it promotes maturation in the presence of laminin-
2. Based on the mixed substrate data, it is the restraining role of FAK that
predominates in these early stage cells. In the later stage post-migratory pre-
myelinating oligodendrocytes FAK’s role in restraining morphological maturation
in the presence of fibronectin is significantly diminished or even lost. FAK’s
maturation promoting role, however, still remains active. Taken together, these
data uncover the complexity of FAK’s role in the regulation of morphological
maturation of post-migratory premyelinating oligodendrocytes and they suggest
that proper oligodendrocyte maturation requires a well coordinated balance
between maturation restraining and promoting mechanisms.
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Figure 4.7 siRNA treatment of differentiating oligodendrocytes reduces FAK
protein levels without significantly affecting cell viability. (a-b) Bar graphs
representing FAK protein levels as determined by Western blot analysis for early
(a) or later stage (b) post-migratory premyelinating oligodendrocytes treated with
a siRNA pool against FAK (siFAK) or a non-targeting siRNA pool as control
(siControl) in the presence of fibronectin (Fn) or laminin-2 (Ln). Protein levels
were quantified using enhanced chemiluminescence (ECL) detection in
combination with VersaDoc imaging and the use of the QuantityOne software
package (BioRad Laboratories, Hercules CA). GAPDH protein levels were used
for normalization. A representative Western blot is shown in the inset in (a).
Dashed lines represent control levels of FAK protein, which were set to 100% for
each condition. The efficiency of the siRNA transfection for all conditions was
approximately 70% (data not shown). (c-d) Bar graphs representing the
percentage of enzymatically converted calcein AM-positive (live; black bars) or
ethidium homodimer-positive (dead; grey bars) cells following treatment with a
siRNA pool against FAK (siFAK) or control siRNA pool (siControl) in the
presence of fibronectin (Fn) or laminin-2 (Ln). In (c) the results for early stage
post-migratory premyelinating oligodendrocytes are shown, whereas in (d) the
results for the later stage cells are depicted. In all bar graphs, means and
standard errors of at least three independent experiments (25 cells each per
condition) are shown. Stars indicate an overall two-tailed significance level of
p<0.05 as determined by Student’s t-test analysis.
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Figure 4.7
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Figure 4.8 The protein levels of the non-receptor tyrosine kinase family member
Pyk2 (a and b) and the src kinases Fyn (c and d) and Lyn (e and f) are not
significantly affected upon siRNA-mediated FAK knock-down. Total cell
homogenates were prepared from early (a, ¢ and e) and late stage (b, d and f)
post-migratory premyelinating oligodendrocytes, treated with a siRNA pool
against FAK (siFAK) or control siRNA pool (siControl) and plated on fibronectin
(Fn) or laminin-2 (Ln). Cell lysates were analyzed by Western blot analysis as
described in Figure 4.7 and normalized to GAPDH. Representative Western
blots of the later stage oligodendrocytes plated on laminin-2 are shown in the
insets in (b, d, and f). Dashed lines represent control levels of protein, which
were set to 100% for each condition. Densitometrical measurements were
analyzed for at least three independent experiments (p values are indicated in
white on each bar). g) Both fibronectin and laminin-2 are present in vivo in the
mouse optic nerve at developmental time points when oligodendrocyte
maturation and myelination occur. Whole tissue homogenates were prepared
from postnatal day (P) 2, 5, 14 and 30 optic nerves. Homogenates were analyzed
using Western blots as described in Figure 4.7
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Figure 4.8
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Figure 4.9 Inhibition of FAK’s catalytic activity using the inhibitor PF573228 does
not significantly affect the viability of early and later stage post-migratory pre-
myelinating oligodendrocytes. Bar graphs representing the percentage of
enzymatically converted calcein AM-positive (live; black bars) or ethidium
homodimer-positive (dead; grey bars) cells following treatment with PF573228
(PF288) or vehicle (control) in the presence of fibronectin (Fn) or laminin-2 (Ln).
In all bar graphs, means and standard errors of at least three independent
experiments (25 cells each per condition) are shown. Stars indicate an overall
two-tailed significance level of p<0.05 as determined by Student’s t-test analysis.
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Chapter 5
Final conclusions

Various pathological conditions affect the oligodendrocyte’s myelin sheath
and hence disrupt the ability of axonal signals to be communicated effectively
leading to a multitude of devastating symptoms. As discussed in chapter one the
most prevalent primary demyelinating pathology of the CNS in humans is MS.
While there are premyelinating oligodendrocytes found in at least some MS
lesion, their final maturation appears blocked and there is little to no successful
remyelination (Chang et al. 2002, Kuhlmann et al. 2008). Due to the lack of
remyelination in pathologies involving oligodendrocyte and myelin sheath
destruction, identifying potential targets that will enhance the derelict
endogenous remyelination could lead to potential cures for these pathologies. In
order to fully understand the optimal therapeutic targets that will promote
remyelination in pathologies, such as MS, it is first essential to understand the
factors involved in developmental oligodendrocyte maturation and myelination.

Throughout development oligodendrocytes undergo many drastic
morphological metamorphoses; developing from bipolar OPCs into highly
complex premyelinating oligodendrocytes and finally into fully myelinating mature
oligodendrocytes. Such extreme morphological remodeling requires drastic
cytoskeletal rearrangement. FAK is a known leading regulator of cytoskeletal
rearrangement and hence an ideal candidate for further exploration into its role

during developmental oligodendrocyte morphological maturation.
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In vivo analysis of FAK during initial CNS myelination

In order to ascertain if FAK is involved in later stage oligodendrocyte
morphological maturation and initiation of myelination, temporally-regulated
oligodendrocyte-specific FAK knockout mice were analyzed (Figure 2.1). These
studies demonstrate that during development FAK expression is required for
appropriate initiation of myelination. Mice lacking FAK in oligodendrocytes during
later stages of morphological remodeling and initiation of myelination have fewer
myelinated fibers than control littermates (Figure 2.2). The hypomyelinating
phenotype without FAK expression in oligodendrocytes was also observed by
ffrench-Constant’s group, finding that this phenomenon is primarily restricted to
the small diameter axonal fibers during initiation of myelination in conditional
knockout mice (FAK™™* CNP/Cre) (Camara et al. 2009). This additional
information is of interest since the small diameter axonal fibers are the last to be
myelinated during normal development (Hildebrand & Waxman 1984, Fraher et
al. 1988, Schwab & Schnell 1989).

We further explored the possible explanations for this hypomyelination
and discovered that the reduction in myelinated axonal fibers could be due to
inappropriate morphological remodeling of the oligodendrocyte process network
prior to and during initial myelination. FAK null oligodendrocytes have a reduced
number of primary processes (Figure 2.4). These data could indicate that normal
myelination can progress to a point at which time the resources of the FAK null
oligodendrocyte are depleted and the last fibers to be myelinated, the small

diameter fibers, are left unmyelinated. Alternatively this could involve the relation
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of axonal diameter size to the number of internodal segments myelinated by a
single oligodendrocyte, i.e. that oligodendrocytes that myelinate large diameter
axons myelinate fewer internodal segments than those that myelinate small
diameter fibers (Butt & Ransom 1989, Remahl & Hilderbrand 1990). Due to the
reduction in the number of primary processes the FAK-null oligodendrocytes
could be ideal for myelinating the larger diameter fibers, however, they might not
have the required number of processes to efficiently myelinate the small diameter
axon’s internodal segments.

In both oligodendrocyte-specific FAK-null mouse systems myelin appears
normal in the adults suggesting a transient effect in which the timing of
myelination is negatively affected (Figure 2.5 (Camara et al. 2009)). The normal
myelination seen in the adult FAK™°* CNP/Cre mice could be due to early
knock-out of FAK under the CNP promoter. The early elimination of FAK from
oligodendrocytes could allow for the upregulation of a compensatory mechanism
that could repair the initial hypomyelination observed leading to the transient
phenotype. One of the main candidates for such a compensatory mechanism is
Pyk2 since it is highly expressed in the brain as well as being expressed in
oligodendrocytes (Figure 4.8) and is the only other family member of the non-
receptor tyrosine kinase family (Menegon et al. 1999). Pyk2, however, has been
shown incapable of replacing all of the functions FAK fulfills, including those
involved in cytoskeletal dynamic regulation (Schlaepfer et al. 1999, Klingbeil et
al. 2001). The levels of Pyk2 are also shown to be upregulated in MS lesions

weakening the idea that Pyk2 could effectively compensate for FAK and promote
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normal myelination since it is highly expressed during a pathological condition in
which remyelination is limited (Comabella & Martin 2007).

A more likely candidate involved in a possible compensatory mechanism
would be ILK, which is associated with focal adhesion molecules and is
expressed in the CNS (Chun et al. 2003, Wu & Dedhar 2001). ILK has also been
shown to be involved in myelin sheet formation in vitro; dominant negative ILK
reduces the formation of myelin sheets on the permissive laminin-2 ECM
substrate (Chun et al. 2003). Therefore ILK could signal to many of the
molecules also regulated by FAK and could compensate for FAK function in
myelin formation providing that it is activated at an early enough time point.

Our system also displays proper myelination in the adult, an effect that
could possibly be due to the timing of induced FAK knock-out rather than
reflecting a transient effect. To remain consistent with the developmental
studies, tamoxifen injections, and thus induction of FAK knock-out, were carried
out from P2 through P14 allowing tamoxifen to be flushed from the system
around P16-17, a time point at which myelination is still highly active in the optic
nerve. Without tamoxifen in the system Cre recombinase is unable to
translocate to the nucleus effectively inhibiting FAK knockout in oligodendrocytes
derived following tamoxifen elimination. A second wave of oligodendrocytes,
expressing normal levels of FAK, could have migrated to the areas of
hypomyelination and myelinated any of the small diameter fibers that the FAK
null oligodendrocytes were unable to myelinate, effectively repairing the

hypomyelinating phenotype (Colello et al. 1994, Kessaris et al. 2006).

90



Currently the exact nature of possible compensatory mechanisms is
unknown. The most elegant way to asses the actual role of FAK throughout
development, from oligodendrocyte morphological maturation through myelin
maintenance, would be to continue tamoxifen injections in our inducible FAK null
mice throughout adulthood, thus eliminating the possibility of any unaffected
oligodendrocytes repairing the hypomyelinated region. Additional studies in
which the timing of tamoxifen injection is altered to target the development of
oligodendrocytes in other CNS regions could also determine whether the effect of
FAK on oligodendrocyte initial myelination is ubiquitous throughout the CNS or is

region specific.

In vitro analysis of FAK in post-migratory premyelinating oligodendrocyte
morphological maturation

Since we discovered that inappropriate oligodendrocyte morphological
remodeling could be responsible for the hypomyelination observed during initial
myelination in vivo we began exploring the possibility that FAK could be involved
in oligodendrocyte morphological maturation leading up to myelination. To
further elucidate FAK's role during oligodendrocyte morphological remodeling
prior to myelination we utilized an in vitro system which allowed for strict
regulation of both the environment and developmental stage of the
oligodendrocytes analyzed.

These studies revealed that FAK can regulate morphological maturation of

post-migratory premyelinating oligodendrocytes in a unique and opposing fashion
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that is dependent on the nature of the ECM substrate present and that is, for the
most part, mediated by FAK’s autophosphorylation and catalytic activity. Early
post-migratory premyelinating oligodendrocytes with a reduction in appropriate
FAK signaling (either via a siRNA knockdown of FAK protein levels or an
inhibition of FAK catalytic function) in the presence of fibronectin have unbridled
process networks, whereas when in the presence of laminin-2 oligodendrocytes
with reduced FAK signaling are unable to form or maintain the appropriately
substantial morphology required at that stage of development (Figure 4.2 and
Figure 4.5). Both signaling pathways in the presence of fibronectin and in the
presence of laminin-2 converge on FAK and, based on the ECM signal that FAK
receives, it is able to uniquely modulate the oligodendrocyte process network.

In the proposed mechanism fibronectin most likely signaling through the
avB3 integrin receptor, would signal for morphological remodeling at early
developmental time points (Olsen & ffrench-Constant 2005, Lee et al. 2006).
This association is thought to lead to recruitment of FAK and the SFK member,
Lyn, to the focal adhesion. Lyn is the most likely candidate for this association
since it is upregulated at an early time point during oligodendrocyte development
and has been shown to be associated with the av33 integrin receptor (Colognato
et al. 2004, Kramer et al. 1999).

The restriction of the oligodendrocyte process network in the presence of
fibronectin could be associated with FAK signaling to cytoskeletal regulators.
This signaling pathway could involve signaling to Rho family GTPases such as

RhoA, Rac, and Cdc24, which have been well characterized to modulate the
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cytoskeleton in various cell types and specifically during oligodendrocyte
development, as discussed in chapter one (Sypecka et al. 2009, Mitra et al.
2005, Romer et al. 2006, Hoshina et al. 2007, Rico et al. 2004, Moeller et al.
2006, Wang et al. 2009). FAK associates with both GEFs, which promote
activation of GTPases, and GAPs, which decrease the activity of GTPases,
allowing for tightly regulated mediation of process morphology (Tomar &
Schlaepfer 2009). A limited activation of p190RhoGAP and/or GRAF by FAK
would enhance RhoA activity, previously demonstrated to mediate cytoskeleton
contraction and process retraction, which could lead to reduced process network
formation in the early oligodendrocytes (Liang et al. 2004, Taylor et al. 1998).
The decrease in FAK association with p130Cas could also lead to restricted Rac
activation which would reduce process outgrowth limiting the ability of an early
oligodendrocyte to efficiently differentiate morphologically (Mitra et al. 2005,
Liang et al. 2004, Schlomann et al. 2009).

Inappropriate membrane transport, which is observed in oligodendrocytes
in the presence of fibronectin, could keep proteins from being over produced and
transported, which would reduce process network expansion, thus reducing the
risk of over utilizing and depleting resources required for later stages of
morphological maturation and myelination (Siskova et al. 2006).

The FAK-mediated effect on oligodendrocyte morphology in the presence
of fibronectin was also found to be, at least in part, developmentally regulated.

Later stage post-migratory premyelinating oligodendrocytes no longer respond to
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the FAK-mediated restriction of the process network in the presence of
fibronectin (Figure 4.3 and Figure 4.5).

Interestingly fibronectin levels are upregulated and incongruous fibronectin
deposits are found throughout MS lesions (Comabella & Martin 2007, Sobel
1998). The remodeling of fibronectin as well as other ECM molecules is also
skewed in MS lesions (Cossins et al. 1997, Sobel 1998). In concert with the
above proposed mechanism of early oligodendrocyte morphological remodeling,
the fibronectin deposits within the MS lesion could prevent efficient maturation of
differentiating oligodendrocytes and thus restrict remyelination.

The association of oligodendrocytes with laminin-2 is most likely mediated
through the a6B1 integrin. As discussed in chapter three, laminin-2 is a well
characterized regulator of oligodendrocyte morphological remodeling and the
a6B1 integrin receptor has been implicated in regulating oligodendrocyte
maturation and myelination (Baron et al. 2005, Colognato et al. 2007, Olsen &
ffrench-Constant 2005, Chun et al. 2003, Colognato et al. 2002). This
association recruits FAK and the SFK member, Fyn, which in turn signals FAK to
perform various cellular functions. Fyn has been greatly implicated in the
morphological differentiation regulated by laminin-2 signaling and is highly
associated with a6B1 integrin (Colognato et al. 2004, Osterhout et al. 1999,
Antonyak & Cerione 2009).

Due to the observation that neither Fyn nor Lyn levels change in our
system (Figure 4.8c-f) it is unlikely that there is a feedback loop affecting the

expression of SFKs, or if there is a feedback loop the small percentage of SFK
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found in association with FAK (only 3-5%) is not substantial enough to show an
overall change (Cobb et al. 1994).

A strong candidate for a downstream signaling target of FAK involved in
the morphological maturation of oligodendrocytes in the presence of laminin-2 is
anti-apoptotic serine threonine kinase (Akt) via activation of PI3K. FAK has been
shown to activate PI3K which could then activate Akt signaling for various cellular
functions (Chen & Guan 1994, Del Re et al. 2008).

The requirement of Akt activity for oligodendrocyte survival has been well
characterized in vitro (Cui et al. 2005, Bibollet-Bahena & Almazan 2009). More
importantly, the activation of the PI3K/Akt signaling pathway has also been
associated with cytoskeletal rearrangement and morphological remodeling (Del
Re et al. 2008, Endo & Yamashita 2009). PI3K-induced Akt activation is
enhanced with the progression of oligodendrocyte differentiation (Tyler et al.
2009). Activation of the PI3K/Akt signaling pathway enhances CNS myelination
while inhibition of this pathway has been shown to reduce the efficiency of
myelination (Flores et al. 2008, Barros et al. 2009, Fraser et al. 2008, Tohda et
al. 2006). Therefore it is possible that upon association of laminin-2 with a61
integrin Fyn enhances FAK-mediated activation of PI3K which could lead to
increased activation of Akt and oligodendrocyte differentiation and the expanded
process network observed.

The data presented in this dissertation reveal the importance of FAK
signaling during oligodendrocyte morphological maturation and myelination in

CNS development. Due to the opposing roles of FAK in the presence of the
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different ECM molecules, fibronectin or laminin-2, meaningful direct regulation of
FAK in pathological conditions may be difficult to achieve. A potential approach
to indirectly modulate FAK-mediated oligodendrocyte morphological maturation
during pathology would be to manipulate the ECM environment or activation of
FAK-associated molecules, primarily Fyn and Lyn or integrin receptors. Thus,
the findings presented here highlight the importance of better understanding the
molecular mechanisms regulating developmental myelination in order to develop
novel therapies which would promote remyelination in MS and other

oligodendrocyte pathologies.
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Figure 6.1 Theoretical schematic for FAK-mediated signaling pathways
regulating morphological maturation of post-migratory premyelinating
oligodendrocytes. Upon association of fibronectin with the integrin receptor av33
a complex of FAK and Lyn is activated. This activation could lead to the
regulation of the Rho family of GTPases, primarily RhoA, Rac, and Cdc42,
enhancing oligodendrocyte process retraction and restricting oligodendrocyte
process extension thus holding the early stage post-migratory premyelinating
oligodendrocyte in a less mature morphology. Upon association of laminin-2 with
the integrin receptor a6B1, however, activation of a FAK-Fyn complex initiates
activation of the PI3K/Akt pathway leading to enhanced oligodendrocyte
morphological maturation and myelination.
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