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ABSTRACT

The interplay between oligodendrocyte (OL) and extracellular matrix (ECM) is
critical to the proper maturation of this unique cell type. Recent work has established
the B1 integrin-signaling pathway, a mediator for ECM/OL interactions, as an essential
component of myelin sheath formation in the central nervous system (CNS). A major
downstream effector of f1 integrin is integrin-linked kinase (ILK), an adaptor and
structural platform protein. Herein, we (1) generated a model system to study ILK in
vivo and (2) employed the model to elucidate ILK’s role in regulating OL biology.

To assess the importance of ILK in OL-mediated myelination, we ablated ILK in
primary OLs. ILK loss delayed morphological maturation and led to filamentous actin
accumulation in the processes and cell body. Further, we noted an upregulation in
RhoA activity, with pathway inhibition rescuing an OL subset. We next moved our
studies in vivo. First, we assessed the proteolipid protein promoter’s utility as OL-
specific Cre driver. Protocols established, we generated an ILK conditional knockout
line (I/lk cKO). Ultrastructural analysis of Ilk cKO optic nerves revealed increased
number of amyelinated nerve fibers at P14 with subsequent recovery by P28. The
observed transient defects were due neither to a loss nor a gain in total number of
mature or progenitor OLs. To rationalize recovery, we grew ILK-depleted OLs on an
“inert” substrate. Here, while morphology improved, ILK-depleted OLs were
characterized by enlarged and sluggish growth cones as well as microtubule
disorganization.

Taken together, our data suggests a role for ILK in regulating the morphological

maturation of OLs both in vitro and in vivo, the loss of which results in defective OL
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branching and membrane formation with phenotype and subsequent recovery

dependent upon niche complexity.
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Chapter 1

General Introduction



Introduction

Unique to vertebrate biology is the production of myelin by glial cells (Nave, 2010a).
In the central nervous system (CNS), oligodendrocytes (OL) are the glial-subtype
responsible. Axonal ensheathment by myelin membrane is critical for high efficiency
conduction along nerve fibers. Today, we take this knowledge for granted. It is easy to
forget, that until the mid-1950’s, some researchers believed the myelin sheath to be an
axonal creation, and not the natural product of glia (Geren and Raskind, 1953; Geren, 1954;
Nave, 2010a). This notion of glia as playing second fiddle, unfortunately, persisted. Often
viewed as little more than “glue” holding the nervous system together, OLs have had
difficulty in ridding themselves of this namesake and driving interest in the scientific
community. Only recently have researchers begun to truly dissect and understand this unique
cell type. Advances in imaging technology and model systems have allowed scientists
unprecedented access to the OLs inner workings. From roles in axonal maintenance, survival
and adaptation (Nave, 2010b; Fiinfschilling et al., 2012; Lee et al., 2012b; Gibson et al.,
2014; Tomassy et al., 2014) to extracellular matrix (ECM) guided differentiation (Colognato
and Tzvetanova, 2011; Lau et al., 2013) and, recently, the precise underpinnings of myelin
sheath morphogenesis (Snaidero et al., 2014) our understanding and appreciation of OLs has
never been greater.

Here, I begin by introducing the reader to general aspects of OL development —
taking the OL from simple bipolar progenitor to fully mature myelin-producing cell. I then
focus and finish on a specific aspect of OL biology; its interaction with the ECM and

subsequent regulation by the integrin-signaling pathway.



Oligodendrocytes in CNS myelination

From start to finish, the life of an OL is defined by three distinct phases: (1) the birth,
migration, and proliferation of oligodendrocyte precursor cells (OPCs), a process occurring
in waves, followed by (2) morphological differentiation — the OL establishes an expansive
network of processes — and (3) axonal contact, leading to ensheathment and generation of

compact myelin around target axons (Figure 1.1).

Oligodendrocyte precursor cells (OPCs)

CNS birthing of the OL lineage occurs in distinct waves through time and space. In
the spinal cord, OLs begin life as migrating precursors originating in the ventral ventricular
zone at E12.5 (Lu et al., 2002; Richardson et al., 2006). A second wave, though much
smaller, follows from the dorsal ventricular zone approximately two days later, with a third,
smaller still, arriving postnatally (Cai et al., 2005; Fogarty et al., 2005; Vallstedt et al., 2005;
Sevc et al., 2014). Similarly, in the brain, three separate OPC waves (also beginning at
E12.5) eventually define the mature OL population. These temporal migrations compete one
with the other for space (Kessaris et al., 2006). Importantly, for ideas presented in our own
work, these cells clearly display compensatory redundancy — when any single wave is
destroyed, OPCs present before or after fill the void and development proceeds unaffected
(Kessaris et al., 2006). Interestingly, the idea of “oligodendrocytes at war”, either as
competition between populations or individual cells, appears thematic of OL biology
(Richardson et al., 2006). For example, the CNS produces an overabundance of OPCs across
all regions during development. A large percentage then die during the myelination process,

as the cells “fight” for limited axonal/astrocytic survival factors (Barres et al., 1992; Trapp et



Oligodendrocyte Pro-Oligodendrocyte Mature
Progenitor Oligodendrocyte

( i
Figure 1.1. Simplified schematic depicting oligodendrocyte development. The OL
begins life as a migrating bipolar cell. As it matures, the OL extends a branched network.
First primary, then secondary and tertiary processes appear, generating a highly complex
cellular morphology. Processes contact nude axons, triggering a myelination event. The OL
membrane wraps the axon in concentric layers, while cytoplasm is simultaneously expelled
and mature myelin is generated. The final product is a myelin internode, an insulating
membrane necessary for signal propagation along the axon. For more on myelin sheath

generation, see Figure 1.2 and 1.3. (Taken from (O’Meara et al., 2011a)).



al., 1997; Barres and Raff, 1999). In zebrafish, OPC laser ablation results in local expansion
of neighboring progenitors. Through process extension, OPCs first sample then settle the
vacated space, thereby maintaining a progenitor landscape primed for myelination (Kirby et
al., 2006). Clearly, mechanisms have evolved which allow effective myelination capacity
even under duress. As we will see, we can expand the idea to include mature myelin-
producing OLs, as they race, one against the other, for denuded axons.

A substantial number of OPCs persist in the adult brain. Here, they comprise the
largest population of dividing cells, each subsisting within its own unique non-overlapping
domain (Dawson et al., 2003; Hughes et al., 2013). Again, in the vein of competition and
balance, recent work from the Bergles laboratory beautifully captures the adult OPC
population in a state of controlled equilibrium (Hughes et al., 2013). With the aid of reporter
mice and cranial windows, live recorded OPCs were shown to exist within unique spatial
pockets, established through inter-repulsive cues with other progenitors. OPCs were highly
exploratory, sampling their environment in search of unoccupied space. OPC loss led to
rapid invasion/division by neighboring progenitors, ensuring a spatially crafted balance in
the aged brain (similar to what is seen during development (Kirby et al., 2006)). It paints the
picture of a web-like network, with unique micro-domains strung throughout. Pulling on any
“string” triggers local, or in the case of injury, global reverberations, thereby forcing a
response — be it proliferation, migration or repair.

While functional nuances for the progenitor cells abound, (and remain highly
debated) they are generally thought responsible for myelin maintenance, both in normal and
diseased brains (Rivers et al., 2008; Kang et al., 2010; Young et al., 2013). In the non-
diseased brain, OPCs are actively recruited for myelin remodeling, and possibly, de novo

myelination (Young et al., 2013). Here, they replace naturally dying OLs, generating myelin



for white matter tract maintenance following turnover, or, in the case of de novo, are thought
to be molded in response to adaptive neural plasticity. In support of de novo adaptation,
stimulated, and therefore electrically active neurons have recently been shown capable of
driving OPC proliferation and oligodendrogenesis in vivo. The change in myelin capacity
within the activated circuit, in this case, the premotor cortex, led to motor improvement
(Gibson et al., 2014).

Intriguingly, relative to developmental “early” OPCs, “late” adult OPCs are capable
of myelinating a greater number of axons but to a lesser degree (Young et al., 2013).
Remyelination, often the focus of disease research, is also characterized by an overall
decrease in myelin capacity (Blakemore and Murray, 1981; Franklin and Ffrench-Constant,
2008). Researchers have therefore suggested that the observed decrease in myelination
capacity following a demyelinating event is not necessarily injury-related, but, rather,

showcases the aged cells increasingly limited potential to myelinate (Young et al., 2013).

Oligodendrocytes: from immature to mature myelin-producing cell

OPC differentiation is a relationship with increased complexity. The cell is required
to produce an astronomic volume of membrane over its lifetime. It is this mixture of
complexity and expansion, first in branching and then membrane, that allows a single mature
OL to produce upwards of 50 myelin sheaths (Chong et al., 2012). The gamut of
differentiation, presented in a simplified manner, occurs as follows: in early stages, the OL
extends multiple highly ramified processes that contact nude axons and trigger myelination.
Process tips are dynamic, and while once considered simple filopodia, there is now
recognition within the field for “growth cone-like” structures directing, guiding and

retracting the developing branched network (Fox et al., 2006). The OL process expands upon



axonal contact, wrapping the axon in concentric layers of membrane. The membrane
compacts, expelling cytoplasm, and mature myelin is born (Snaidero et al., 2014). Individual
myelin segments, still connected to the OL soma, are termed internodes. Unlike most
schematics depicting sheaths as uniform and ordered, internodes originating from a single
OL vary wildly in orientation and length even among neighboring OLs (Chong et al., 2012).
The unmyelinated space between internodes forms the node of Ranvier (often referred to
simply as “nodes”) (Figure 1.2A). It is here that axonal signal propagation and current flow
are maintained through membrane depolarization by high density voltage-gated sodium

channels, as the signal hops from node to node (Nave, 2010a).

Mpyelin compaction

Compact myelin itself has a rather unique architecture as classically captured through
electron micrographs. Here, concentric layers of compacted myelin encircle the axon. The
innermost layer consists of an uncompacted inner tongue, and the outermost a similar
uncompacted outer tongue (although, as we will see later, the inner tongue, and not the outer,
is the engine driving radial myelination). The myelin’s lateral edge forms cytoplasm-heavy
paranodal loops, which align and define the myelin-nodal border (see Figure 1.2 for detailed
schematic of myelin structure) (Nave, 2010a).

Myelin compaction is driven in large part by myelin basic protein (MBP). Often
compared to a spring, the protein binds opposing inner membranes drawing the two faces
together. MBP then clusters into a dense fibrillary network. Likened to nuclear pores, the
clustering dams access, creating a threshold above which molecules of a certain size are

unable to pass. Thus, local protein mobility and eventually concentrations are drastically
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Figure 1.2. Myelin ultrastructure. A. A single oligodendrocyte extends multiple processes
and forms internodes. Unmyelinated space between myelin segments generates nodes of
Ranvier. Depicted are various uncompacted cytoplasmic channels within the unfurled sheath.
The myelin contour is defined by a thin strip of uncompacted membrane. On either end is the
lateral edge, which forms the paranodal loops. The central and leading edge form the inner
loop/tongue. Recent evidence demonstrates cytoplasmic channels running through
compacted myelin, allowing transport to the membrane’s leading edge. B. Depicted in blue is
cytoplasm from uncompacted regions - the inner tongue and paranodal loops. The paranodal
loops align at the nodes of Ranvier. Condensed myelin is in green, and axon in red. Below
are electron micrographs representing structures on display in schematic (Figure A taken and
adapted from (Roussarie et al., 2007), Figure B top taken and adapted from (Baumann and

Pham-Dinh, 2001) and bottom (Nave, 2010a).



reduced (Aggarwal et al., 2011, 2013; Bakhti et al., 2014). MBP deficient mice, an extremely
well-studied dysmyelination model, do not produce compact myelin (Readhead et al., 1987,
Schain et al., 2014).

Unsurprisingly, compact myelin is relatively devoid of cytoskeleton (Bauer et al.,
2009; Aggarwal et al., 2011; Snaidero et al., 2014). In the absence of actin and tubulin,
engines of morphological change (as well as most other proteins), the sheath appears in the
desired static state. Although, as we shall see, this is somewhat of an illusion — the engine
can be rekindled and myelin profiles can change in response to a shifting environment

(Gibson et al., 2014; Snaidero et al., 2014).

The cytoskeleton in oligodendrocytes and myelin membrane

Such radical morphological change, from bipolar to myelin producing cell, demands
a dynamic cytoskeleton. The OL houses two major cytoskeletal components: microtubules
and microfilaments (the latter will hereafter be referred to as F-actin) (Bauer et al., 2009).
Independently or in tandem, they form adaptive structures and give rise to an underlying
architecture prepared for rapid and sustained growth. Both components are expressed to
varying degrees and within distinct regions at all stages of morphological differentiation in
vitro (due to their ubiquitous nature, direct assessment in vivo is rare). In the coming section,
we will explore their role in process outgrowth and myelin membrane formation, as well as

describe numerous regulatory proteins governing their function.

The cytoskeleton: F-actin and microtubules
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In the immature OL, F-actin is highly concentrated at the process’s leading edge.
The edge itself appears similar to a growth cone’s; it is formed of lamellipodia and filopodia,
the latter extruding the surface (Rumsby et al., 2003; Fox et al., 2006). Splayed microtubules
sit behind this highly active front. They invade from the more stable primary processes,
themselves replete with bundled microtubules (Lunn et al., 1997; Song et al., 2001; Bauer et
al.,, 2009). As the OL matures, and morphological complexity increases, microtubules
display increasingly high levels of acetylated a-tubulin, leading to long term stability for
both microtubule and the process it inhabits (Song et al., 2001; Lee et al., 2005; Li et al.,
2007). Taken together, cytoskeletal-mediated growth can be envisioned as follows: an F-
actin rich OL “growth cone” leading the way, laying down a “track” for microtubules and the
process to follow. As the cell matures, tubulin is acetylated, microtubules are stabilized, and
the dense branched network maintained (Lunn et al., 1997; Song et al., 2001; Bauer et al.,
2009).

As discussed, a shift from process outgrowth to membrane production results in a
progressively sparse cytoskeleton. Following membrane compaction (in culture), F-actin is
relegated to the cells periphery, a region containing uncompacted membrane, (a potential
correlative for cytoplasm heavy structures in vivo, such as the inner tongue) (Dyer and
Benjamins, 1989a; Bauer et al.,, 2009; Aggarwal et al., 2011; Snaidero et al., 2014).
Microtubules hold out longer, forming a dense pattern of cytoplasm rich tendrils that snake
between larger pockets of compact membrane (Dyer and Benjamins, 1989a, 1989b; Boggs
and Wang, 2001). However, as the membrane continues to mature, microtubules are
removed and the final product, a fully compact myelin sheath, is relatively devoid of both
cytoskeletal components (Dyer and Benjamins, 1989a; Boggs and Wang, 2001, 2004; Bauer

et al., 2009; Aggarwal et al., 2011).
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The cytoskeleton: F-actin and microtubule regulating proteins

The OL’s leading edge is home to numerous F-actin assembly and remodeling
proteins, such as the Arp2/3 complex, N-WASP, WAVEI1, myosin II and the small Rho
GTPases Racl, Cdc42 and RhoA (Song et al., 2001; Fox et al., 2006; Kim et al., 2006;
Bacon et al., 2007; Wang et al., 2012). Bit by bit, researchers have identified often unique
and opposing roles for each, demonstrating a malleable and responsive OL cytoskeleton.

The WASP family members N-WASP and WAVEIL, through interactions with
Arp2/3, generate branched F-actin networks at the cell’s leading edge (Ridley, 2011).
WAVE]1 deficient OLs form fewer processes, and those formed lacked discernable tip
lamellipodia (a growth cone-like structure was lacking) (Kim et al., 2006). In vivo, WAVEI
loss translated as fewer myelinated axons, while myelin thickness remained unaffected (Kim
et al., 2006). Similarly, chemical inhibition of N-WASP (unable to activate Arp2/3) led to
defects in OPC process extension and filopodia retraction. The cells also failed to initiate
axonal ensheathment in chemically treated optic nerves (Bacon et al., 2007). Surprisingly,
loss of either Racl or Cdc42 did not manifest any overt morphological defects in culture.
Instead, OL-specific conditional knockouts displayed abnormal cytoplasmic accumulation in
the myelin membrane’s inner tongue (Thurnherr et al., 2006). These seemingly anomalous
findings fit with recent work describing myelin’s F-actin rich inner tongue (one of the only
structures sporting this cytoskeletal component in actively developing myelin in vivo)
(Snaidero et al., 2014). During active myelination the tongue is swollen and, as the myelin
and animal matures, the tongue shrinks and F-actin is lost (Snaidero et al., 2014). Control of
tongue size is dependent on phosphatidylinositol 3,4,5-triphosphate (PIP3) levels, a pathway
that governs spatial activation of Rho GTPases (Snaidero et al., 2014; Hanna and El-Sibai,

2013). Regulation of Racl and/or Cdc42 levels or localization could therefore provide a
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mechanism for controlling tongue morphology through F-actin reorganization. It remains to
be seen whether they are directly involved, although their loss, leading to tongue swelling,
strongly suggests it.

In stark contrast, RhoA, through its downstream effector Rho-associated kinase
(ROCK), inhibits OL morphogenesis (Wolf et al., 2001; Liang et al., 2004; Kippert et al.,
2009; Rajasekharan et al., 2010; Wang et al., 2012). RhoA/ROCK’s role as morphogenic
inhibitor is largely attributable to its activation of myosin II, which, in turn, leads to
actomyosin based hyper-contractility (Wang et al., 2008, 2012; Kippert et al., 2009). The
RhoA/ROCK/myosin II pathway is thought to act as gatekeeper for myelinating events —
differentiation is triggered through downregulation of RhoA/ROCK’s activity, which loosens
contractile forces and allows the OL to extend and eventually form membrane (Bauer and
Ffrench-Constant, 2009; Rajasekharan et al., 2010; Wang et al., 2012).

Microtubule associating and/or binding proteins are also present in the OL (Bauer et
al., 2009). One of the more intriguing is 2’,3’-cyclic nucleotide 3’phosphodiesterase (CNP),
a canonical myelin protein required for process outgrowth (Lee et al., 2005). Often used as a
general marker for immature OLs, CNP binds tubulin heterodimers and drives microtubule
assembly (Lee et al., 2005). Strikingly, when exogenously expressed in nonglial cells,
radical morphological change ensues; the cells extend highly branched OL-like processes,
microtubules bundle along the process length, and the F-actin network undergoes complete
reorganization. In the case of actin, stress fibers are lost and growing processes, tipped with
F-actin rich lamellipodia and filopodia, are formed (Lee et al., 2005).

Fortunately, CNP’s high level expression is normally restricted to myelinating cells,
as it appears necessary for a relentless drive to growth (Lee et al., 2005; Bauer et al., 2009).

In nascent myelin, CNP is localized to “loose” uncompacted wraps (Yin et al., 1997,
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Snaidero et al., 2014). Overexpression leads to exuberant process outgrowth and myelin
production, followed by myelin compaction failure (Gravel et al., 1996; Yin et al., 1997).
Recently, researchers have proposed a necessary equilibrium between CNP’s drive for
growth and MBP’s desire to compact and stabilize the membrane (Snaidero et al., 2014). By
playing one against the other, the OL ensures copious generation of “active” and “loose”
membrane followed closely by membrane zippering, a final act in establishing compact

myelin.

Mechanisms of myelination

The past decade has seen advances in imaging technology and techniques, as well as
transgenic modeling, advances that have generated remarkable insight into the mechanical
underpinnings of OL biology. Below I detail some of the more interesting findings as they

relate to myelin sheath genesis, OL adaptability and sculpting of the myelin landscape.

All wrapped up: mechanics of radial ensheathment and adaptive change

For the longest time, myelin wrapping was taken for granted. While we were aware
of the final product — compact layers of myelin — concepts for mechanics involved were
often best guesses or suppositions. Questions, such as the identity of the sheath’s leading
edge, or initial direction of growth — inward or outward, radial or lateral — were left
unanswered. Over the years, various models have been proposed, chief among them the
“carpet-crawler” (Bauer et al., 2009; Snaidero et al., 2014). Here, the OL process, having
contacted an axon, spreads laterally, stretching the length of the to-be-formed internode.

Then, like rolling a carpet, the membrane loops under itself with progressive radial layers
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built one atop the other. Newer models both support and contradict varying aspects of the
“carpet-crawler” (Pedraza et al., 2009; Sobottka et al., 2011). Contention focused on
whether myelin (1) wraps first as a relatively thin structure, and then expands laterally across
the axon, (2) laterally first, as seen in the “carpet-crawler” model, followed by radial
wrapping or (3) a mixture of the two. Like so much in life, the answer appears to be a little of
both.

In a study published this year in Cell, Snaidero and colleagues reconcile conflicting
points of view and offer a comprehensive vision for wrapping mechanics (Snaidero et al.,
2014). The difference-maker, again, rests largely with imaging technology and improved
experimental technique. Whereas those before used primarily fluorescent microscopy, the
authors employed pressure-freezing technology to preserve exquisite resolution of fine
myelin structure. Three-dimensional myelin sheaths were then reconstructed from serial
electron micrographs, and sheath minutiae explored. The authors were able to track the
ensheathment process from beginning to end (see Figure 1.3). As they describe, OLs first
form a triangular membrane at axonal point of contact. Membrane expansion and wrapping
then proceeds in a coordinated bi-directional motion: both radially and laterally. Driving
radial ensheathment is an F-actin rich inner tongue, originating at the initial point of contact.
The tongue pushes under pre-existing membrane, and remains juxtaposed with the
axolemma, wrapping the axon in progressive layers. In tandem, all myelin being generated
moves laterally. The lateral edge, similar to the inner tongue, remains uncompacted and in
constant contact with the axon. As myelination progresses, each layer’s lateral edge halts at
the nodal border, leading to the sequential generation of paranodal loops one behind the other
(Figure 1.3E). Membrane compaction then begins in the outermost layers, moving

inexorably inwards as the system matures. The unprecedented resolution also allowed

15



identification of cytoplasmic channels running throughout compacted myelin (Figure 1.3C).
The channels were shown to traffic materials for sustained growth at the leading edge. The
authors also demonstrated capacity within the system for inner tongue reactivation and
cytoplasmic channel reappearance, leading to thickening of the pre-existing myelin. The
effect is PIP3-dependant, a pathway whose members are capable of driving OL maturation,
as well as inducing hypermyelination in the adult brain (Flores et al., 2008; Narayanan et al.,
2009; Goebbels et al., 2010; Snaidero et al., 2014).

That mature OLs retain the capacity to drive further ensheathment fits perfectly the
picture of white matter as adaptive and plastic. Recent evidence suggests reshaping of the
myelin landscape occurs not only through de novo events or replacement of dying OLs (see
section on OPCs), but through plasticity in the myelin sheath itself. In mice, forced activation
of motor neuronal circuitry by means of optogenetic stimulation leads to increased myelin
thickness in the stimulated region (these were the same experiments that demonstrated
increased OPC proliferation and oligodendrogenesis discussed previously) (Gibson et al.,
2014). A gain in associated motor outcome was also dependent on increased myelin
thickness — it was lost when the OLs ability to produce myelin membrane was inhibited
(although, it must be noted, the authors were unable to decidedly prove whether the thicker
myelin was not simply the result of de novo myelination of previously unmyelinated axons)
(Gibson et al., 2014). In contrast, areas of the pre-frontal cortex are thinly myelinated when
mice are kept in isolation during critical periods of development (Makinodan et al., 2012). A
similar thinning of myelin is observed in isolated adult mice, with social re-introduction
leading to up-regulation of myelin gene expression (Liu et al., 2012). It is clear that OLs and
the myelin they produce carry the tools to respond to shifts in higher order systems.

Alterations in myelin thickness could mold signal speed in response to social and motor
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Figure 1.3. Myelin sheath genesis. A. The OLs process, having contacted the axon, forms a
triangular-shaped membrane. This forward edge is responsible for myelin growth and gives
rise to the inner tongue B. Growth proceeds in two directions: radially and laterally through

leading and lateral edges of the developing membrane. The leading edge, now the inner
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tongue, pushes under previously laid membrane and continues to encircle the axon. Myelin
compaction begins in the outermost membrane layers. C. Cytoplasmic domains run through
compacted myelin. Components for membrane building can be delivered along microtubule
tracts to the distal leading edge. D. In fully mature myelin, the vast majority of cytoplasmic
domains are removed. The uncompacted inner tongue, lateral edges and outer tongue
remain. All other cytoplasm has been expelled. E. Lateral expansion and alignment of
myelin layers at node. Over time, the paranodes are formed from the lateral edges. (Taken

and adapted from Snaidero et al., 2014).
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adaptation, adding another layer of control to an already highly refined system.

To myelinate or not: deciding to form internodes

But what of switches regulating OL development: specifically, how does an OL
choose to myelinate an axon? It is an interesting question, as OLs undergo almost all phases
of differentiation when cultured in isolation, and importantly, in the absence of axons. In
fact, OLs are more than willing to myelinate fixed “dead” axons or engineered nanonofibers
(Rosenberg et al., 2008; Lee et al., 2012a, 2013). Further, the “dead” axons are myelinated to
the same extent as the living, suggesting that dynamic exchange between OL and axon is not
necessary for myelination to proceed (Rosenberg et al., 2008; Lee et al., 2012a). This data
points to a system whereby OLs are relatively autologous in their drive to undergo
differentiation, and will produce myelin given a suitable scaffold. But this is not to say
myelination occurs without reason or is “brainless”. First, axon size regulates temporal order
of myelination, with larger axons preceding smaller, both in vivo and in nanofiber cultures
(Almeida et al., 2011; Lee et al., 2012a). A single OL will also myelinate more small axons
relative to large (Almeida et al., 2011). In deciding which axons to myelinate, the OL further
displays incredible adaptability. When zebrafish are manipulated to produce a greater
number of large axons, OLs respond in kind by producing a greater number of sheaths
(Almeida et al., 2011). This effect is not due to complementary increase in OL number,
rather, normal myelination is achieved through adaptive change in OL morphology — the
same OL simply extends more processes (although, it must be said, a massive increase in
total axon number does seem to precipitate a concomitant increase in OL number (Burne et
al., 1996)). There is also clear competition for axonal space between neighboring OLs — by

reducing OL density, the number of internodes generated by any given OL increases (Chong

19



et al., 2012). The effect seems mediated by repulsive OL membrane bound cues, which
allow for coordinated non-overlapping internode formation. Loss of one such cue, Nogo-A,
results in increased myelination potentiation with associated exuberant myelin internode
formation in vivo (Chong et al., 2012). Importantly, even here, the final global myelination
pattern in the adult is no different with or without the restrictive cue. Rather, it leads to
premature myelin expansion with an associated decrease in total mature OL number. This
effect is most likely due to a percentage of the population rendered redundant as they are
outcompeted for denuded axons by uninhibited neighbors.

But just how plastic is internode formation? While evidence overwhelmingly
suggests ongoing myelination throughout life, the question remains: can mature OLs
continue to generate internodes as the CNS requires? Recent live imaging experiments
suggest that this is not the case. Instead, dynamic internode formation (the time allocated an
OL to lay its first and last sheath) is limited to a temporal window — approximately 5 hours in
zebrafish — after which time, barring a small number of myelin sheath retractions, internode
number and OL morphology remain static (Czopka et al., 2013). Even when the ability of
OLs to generate internodes is altered (increased and decreased) through manipulation of Fyn
kinase — a key integrator of multiple axo-glial signaling pathways regulating OL myelination
potential through RhoA/ROCK - still the time constraint is in effect (Umemori et al., 1994;
Liang et al., 2004; Laursen et al., 2009; Rajasekharan et al., 2009; Wake et al., 2011; Czopka
et al., 2013). Coupled with the data on shifting myelin sheath thickness in the adult brain (see
previous section), a general model emerges: newly generated OLs (both in developing and
adult organisms) can adapt to their environment and produce the requisite number of sheaths

within a relatively narrow time frame. Subsequent adaptive requirements placed on the
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mature OL, say, in response to social and motor behavioral change, can then be made

through alterations to the myelin sheath itself.

Sculpting the myelin landscape

The OL is clearly an adaptive cell, able to respond even when presented shifting
axonal numbers and size. But myelination is also a process of pruning and sculpting, a fine-
tuning of the OLs underlying need to myelinate, as seen through distinct myelin patterning
and profiles in the brain (Tomassy et al., 2014). It therefore becomes a question of balance;
playing factors that inhibit and cut from the growing OL against local cues that serve to
boost speed or extent of myelination. Many such signals have been identified and studied, for
example, ligands and secreted molecules present on axons and/or the OL itself, as well as
molecules in the OLs environment (the ECM). Some are inhibitory, such as Nogo-A (which
we have already discussed) (Chong et al., 2012), LINGO-1 (Mi et al., 2005), and PSA-
NCAM (Charles et al., 2000). Loss of any results in premature and exuberant myelination
(Charles et al., 2000; Mi et al., 2005, Chong et al, 2012). Then there are the enhancers and
drivers of myelination. While no single molecule has yet been named a master regulator,
there is direct evidence for various axonal ligands or secreted substances, such as glutamate
and/or Neuregulin-1 (Nrgl), in regulating OL differentiation and extent of myelination
(Brinkmann et al., 2008; Wake et al., 2011; Makinodan et al., 2012). Glutamate ties in nicely
with a paradigm for circuit activation, wherein stimulation and axon firing, resulting in the
neurotransmitters release, signals to the OL that the axon is ready to myelinate (Charles et
al., 2000; Wake et al., 2011). Nrgl’s story in the CNS is slightly more convoluted. For
Schwann cells (the peripheral nervous system’s myelinators), Nrgl is absolutely critical for

myelination (Michailov et al., 2004; Taveggia et al., 2005). However, defying expectations, a
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similar narrative did not evolve in the CNS. While controversial, disruption of the Nrgl
pathway had minimal impact on overall CNS myelination (Brinkmann et al., 2008). Rather,
it was its overexpression that gave rise to a phenotype: an increase in total number of
myelinated axons (which the authors attribute to increased internodal length) coupled with
hypermyelination (more myelin wraps) (Brinkmann et al., 2008). Interestingly, the later
observation supports recent findings for mice kept in isolation (see previous section “All
wrapped up”). Isolation leads to myelin thinning in the prefrontal cortex, a phenomenon
replicated by loss of Nrgl’s receptor, ErbB3 (Makinodan et al., 2012). Further, social
isolation itself led to decreased Nrgl expression (Makinodan et al., 2012). However, the
signals discussed above appear mostly to enhance myelination, or lead to subtle shifts, rather
than dictate the process. Other systems of management must be at play — a necessity to
account for the array of adaptive behavior required during myelination. Among these, the
integrin-signaling pathway, governing the interaction between OL and cellular milieu, has

come to the fore as a critical regulator of OL development.

The integrin-signaling pathway in oligodendrocytes

The interaction between ECM and OL, its role in mediating initiation and extent of
myelination, has garnered much attention (Colognato and Tzvetanova, 2011). Key among
these is activation of the integrin signaling pathway by ligands present in the local
environment (Figure 1.4) (Colognato et al., 2004; Lee et al., 2006; Camara et al., 2009;
Laursen et al.,, 2009; O’Meara et al., 2011a). In the coming sections, we will explore

discoveries at all levels of the pathway as they relate to OL-mediated myelination.
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Figure 1.4. The integrin-signaling pathway in oligodendrocytes. Ln-2 present in the
ECM binds a6f1 integrin leading to receptor activation. ILK, along with obligate binding
partners PINCH and parvin, binds Bl integrin’s cytoplasmic tail. Here, it acts as a link
between integrins and cytoskeleton. For example, ILK can recruit proteins leading to the
activation or suppression of various Rho GTPases. ILK is also purported to have kinase
activity, with AKT and GSK3p as substrates. However, more recent evidence suggests ILK
is a pseudokinase, and instead controls phosphorylation levels through recruitment of other

proteins to the growing complex.
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Integrating signals: laminin-2 and fibronectin

Integrins, some of the most well-studied adhesion-mediating receptors in biology, are
responsible for bridging the gap between ECM and cellular cytoskeleton. Existing as
heterodimeric proteins — composed of o and § subunits — they act as signal transducers, both
to and from the cell. As transducers, integrin activation modulates a slew of intracellular
signaling pathways, with far reaching consequences for the cell and environment (Hynes,
2002). In the OL, they have been shown as important across a spectra of processes, from
proliferation and survival, to morphological differentiation and myelination (reviewed in
O’Meara et al., 2011a).

OLs express five distinct heterodimeric units; the first three, avp1l, avp3, and avp5
appear transient, with levels tied to a specific timeframe in OL development. The fourth,
avP8, is expressed early and late in the differentiation process, with a brief dip as
morphological complexity increases. The fifth and final member, a6B1, is present
throughout the differentiation gamut (Milner and Ffrench-Constant, 1994; Milner et al., 1997
O'meara et al., 2011a).

Each a and 3 subunit has three primary domains; an extracellular and transmembrane
domain, as well as a short cytoplasmic tail. Integrin’s extracellular domain extrudes from the
cell’s surface, where it binds target ligands present in the ECM (Hynes, 2002). The two most
interesting targets with regard to OL biology are fibronectin and laminin-2 (Ln-2).
Fibronectin can bind all integrin receptors present on the OL save a6f1, which is unique to
Ln-2 (O’Meara et al., 2011a). Interestingly, in OLs, these two molecules function in
opposition, with fibronectin inhibiting and Ln-2 promoting differentiation.

As stated, fibronectin’s role in OL differentiation is staunchly antagonist. OLs grown

on the substrate are characterized by decreased process branching and perturbed.

24



myelinogenesis in culture (Maier et al., 2005; Siskova et al., 2009; Lafrenaye and Fuss,
2010). Further, fibronectin, normally absent from the adult brain, is deposited at high levels
in demyelinated lesions (as seen in patients suffering from multiple sclerosis) (van Horssen
et al., 2005, 2007). The molecule also forms aggregates in chronically demyelinated lesion
sites (Stoffels et al.,, 2013). When these same aggregates were injected into chemically
induced lesions, remyelination stalled, as local OLs failed to differentiate (Stoffels et al.,
2013).

Then there is Ln-2. Expressed along axonal tracts undergoing myelination, this
molecule is responsible for OL survival (Colognato et al., 2002), process outgrowth and
myelin membrane formation in vitro (Buttery and Ffrench-Constant, 1999; Eyermann et al.,
2012), as well as myelination capacity in vivo, specifically, myelin internode formation and
myelin thickness (Chun et al., 2003; Relucio et al., 2009, 2012). Intriguingly, when OLs
were grown on both fibronectin/Ln-2, fibronectin was shown to override Ln-2 and prevent
morphological differentiation (Baron et al., 2014). The effect was mediated by sulfatide, a
galactolipid with Ln-2 binding affinity (Baron et al., 2014). When OLs were cultured on Ln-
2 alone, sulfatide clustered with integrins, and was necessary for the Ln-2-induced increase
in morphological complexity. Fibronectin prevented sulfatide clustering, and thus, when
layered with Ln-2, potentially prevented the interaction between integrins and sulfatide
necessary for Ln-2-induced differentiation (Baron et al., 2014). The authors also note, with
interest, the ability to override fibronectin’s inhibition of OL morphological maturation
through sulfatide targeted-antibodies. It suggests a paradigm — both during normal
development and in the diseased brain — of substrate hierarchy, one that could possibly be
overcome through sulfatide inhibition (the authors suggest sulfatide antibodies as therapy)

(Baron et al., 2014). Unfortunately, if used as a therapeutic, it then becomes a question of
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finding the right balance, as sulfatide loss would block both fibronectin inhibition (more

myelin) as well as Ln-2-induced differentiation (less myelin) (Baron et al., 2014).

A role for a6p1

The identification of a6B1 as Ln-2 mediating receptor in OLs (Buttery and Ffrench-
Constant, 1999) sparked a flurry of study into the heterodimer’s overarching role in CNS
myelination. Here was evidence for one of the most well-studied families of adhesion
molecules — integrins — driving morphological change and myelin membrane formation in
OLs. When the a6 subunit was shown as important for OL survival and a switch to
differentiation (Colognato et al., 2002), but not necessarily myelin production (Relvas et al.,
2001), the focus fell on integrin’s B1 subunit. With its cytoplasmic tail acting as both signal
transducer and hub for a variety of signaling and adaptor proteins, it made for an exciting
candidate.

To dissect B1’s potential role in OL-mediated myelination, various transgenic lines
were generated with the goal of knocking-out or disrupting the protein’s function in vivo.
Like so much in science, however, differences in transgenic approach led to conflicting
results. Our own laboratory-created mice expressed a dominant-negative form of 1 integrin
(lacking the cytoplasmic tail). The truncated protein’s expression was restricted to the OL
lineage through use of the proteolipid protein (Plp) promoter (Lee et al., 2006) (though, as
we will see in Chapter 2, Plp as promoter, like so many others, is not OL lineage restricted
early in development). These mice suffered a decrease in number of mature OLs,
concomitant with a loss in total number of myelinated fibers (amyelination), and decreased
myelin thickness. The same year, Benninger et al., employing an OL specific knockout

model — recombination of a floxed 1 gene by CNP promoter driven Cre recombinase (CNP
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is another OL-lineage specific promoter) — demonstrated the polar opposite; no overt defect
in myelin thickness nor in number of myelinated axons (Benninger et al., 2006). Rather, the
authors noted a decrease in OL survival. The discrepancy between the two is striking —
conclusions drawn as to the protein’s necessity for CNS myelination are in stark contrast.
Why the disparity? A likely explanation lies in the discovery of transient phenotypes
following disruption of the integrin signaling pathway in OLs (they only manifest during
early postnatal periods) (Camara et al., 2009; Forrest et al., 2009; our own work, O’Meara et
al., 2013). This would go a long way to explaining why Benninger and colleagues did not
observe an overt phenotype following integrin loss, as they primarily assessed more mature
mice.

Compensation with age could possibly be regulated through dystroglycan, a second
Ln-2 receptor recently identified in OLs (Colognato et al., 2007). Similar to B1 integrin loss,
dystroglycan-depleted OLs have defective process outgrowth and branching, and decreased
potential to generate myelin membrane (Colognato et al., 2007; O’Meara et al., 2011a;
Eyermann et al., 2012). The idea follows; with 1 integrin compromised, the OL instead
mediates similar functional requirements through dystroglycan. The two Ln-2 receptors can
be viewed as functionally redundant over time. To fully resolve the possibility, a double
knockout for both B1 integrin and dystroglycan would be telling.

Today, following nearly a decade of study, general consensus clearly supports a role
for Bl integrin in OL mediated myelination (Barros et al., 2009; Camara et al., 2009;
O’Meara et al., 2011a). Even so, small differences abound. It now seems a question of
whether B1 integrin affects the OLs ability to trigger myelination (Camara et al., 2009) or
myelin thickness (Barros et al., 2009). Although each model introduces its own complexities,

the answer is most likely that B1 integrin has the potential for both. Each study (including
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those that came before) manages to disrupt the pathway within a unique framework at a time
when the OL, as highly adaptive as we know it can be, cannot immediately compensate.
Viewed this way, incongruences can be attributed to inherent differences in promoter used
(whether it drives expression very early or late in OL maturation), knockout versus
dominant-negative (dominant-negative models are susceptible to unintended secondary
consequences), and the developmental window at which time myelination was assessed.
Intriguingly, the story appears to have an additional layer; in line with my own work,
small caliber axons are preferentially affected following disruption of B1 integrin signaling
(Lee et al., 2006; Camara et al., 2009). This selectivity will be discussed in more detail in

Chapter 3, as ILK loss replicates the phenotype.

Signaling through 1 integrin: FAK and ILK in oligodendrocyte development
Integrins themselves do not directly interact with the cytoskeleton. Rather, following
receptor-ligand binding, protein complexes are recruited to their cytoplasmic tails, forming
focal adhesions. It is through these complexes that the cell triggers the myriad of responses
necessary to respond to environment cues (O’Meara et al., 2011a). In the context of a61
integrin, two of the most studied complex members are focal adhesion kinase (FAK) and
ILK. Through recruitment to B1 integrin’s cytoplasmic tail, these two proteins are often at

the center of dynamic cytoskeletal and signaling change.

FAK
FAK governs varying aspects of cellular biology, from migration and adhesion to

cellular morphology, in large part through changes wrought to the underlying cytoskeleton
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(Mitra et al., 2005). First identified in the OL in 2000 (Kilpatrick et al., 2000), FAK is now
considered important for multiple facets of OL differentiation; from formation and outgrowth
of primary processes to governance of morphological maturation and myelination capacity in
vivo (Hoshina et al., 2007; Camara et al., 2009; Forrest et al., 2009; Lafrenaye and Fuss,
2010). With direct relevance to Bl integrin (as well as my own work, see Chapter 3),
conditional OL-specific FAK knockouts are characterized by a transient amyelination
phenotype (Forrest et al., 2009; Camara et al., 2009). As the animal ages, the phenotype
fades, suggesting a delay and accompanying compensation as the system adjusts. Again, the
finding’s significance and mechanism, as it relates to my own work, will be discussed in
Chapter 3.

FAK also appears to have unique and opposing roles in determining OL morphology
based on ECM component presented and the OL’s developmental stage. As previously
described, fibronectin inhibits OL maturation while Ln-2 enhances. FAK was required both
for fibronectin induced inhibition and Ln-2 induced growth when substrates were presented
in isolation (Lafrenaye and Fuss, 2010). However, similar to previous findings (where
fibronectin outcompetes Ln-2 (Baron et al., 2014)), when substrates were combined, FAK
predominantly signaled through fibronectin. In this context, FAK knockdown increased the
OLs morphological complexity (Lafrenaye and Fuss, 2010). Intriguingly, if OLs were
cultured from an older brain, and therefore considered more developmentally advanced, the
effect was reversed. In “older” OLs, FAK in mixed substrate cultures transduced signals
predominately from Ln-2 and not fibronectin. FAK knockdown now inhibited OL
maturation. These findings exemplify the ability of a single molecule to intercalate between

layers of growth and inhibition. It hints at the complexities inherent to adaptive integrin
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signaling, adaptations required as the OL responds to a shifting matrix in the developing

brain.

ILK

In a similar vein to FAK, ILK mediates a slew of cellular processes in large part
through interactions with the cytoskeleton, as well as activation of intracellular signaling
pathways (Wickstrom et al., 2010b). ILK acts primarily as adapter and structural platform,
linking the cytoskeleton and ECM through integrin binding, thereby allowing force
transmission from the cell to environment (Ghatak et al., 2013). By engaging the ECM and
generating force, the cell creates traction, an essential first step in morphological growth and
migration.

ILK is composed of three domains: a four ankyrin repeat domain on the N-terminal, a
central pleckstrin homology-like domain, and a kinase-like domain at the C-terminal (Legate
et al., 2006). ILK binds B1 integrin’s cytoplasmic tail through its kinase-like domain, as well
as o and P parvin. Through its N-terminal, ILK interacts with PINCH (particularly
interesting Cys-His rich protein). Together, these three proteins (ILK, PINCH and parvin),
form an obligate heterotrimeric complex, dubbed IPP (Legate et al., 2006). Loss of any
member results in degradation of the remaining partners (Legate et al., 2006). ILK itself
does not directly bind F-actin. Rather, it engages the actin cytoskeleton, generally, in one of
two ways; either (1) by recruiting proteins capable of direct F-actin interaction, such as its
obligate binding partner parvin, or (2) through activation of dynamic actin remodelers such
as RhoA, Racl and Cdc42 (Mishima et al., 2004; Boulter et al., 2006; Legate et al., 2006;
Kogata et al., 2009; Ghatak et al., 2013). Recent work has also described ILK as important

for microtubule dynamics. Similar to its function in microfilaments, ILK does not directly
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bind microtubules. Instead, it recruits microtubule binding proteins, and, together, they
anchor microtubules at the membrane, thereby ensuring stable and polarized microtubule
architecture (Wickstrom et al., 2010a; Akhtar and Streuli, 2013; Ghatak et al., 2013). In line
with ILK’s primary role as a cytoskeletal-linker protein, ILK deletion results in peri-
implantation lethality, with cells characterized by massive F-actin
disorganization/accumulation and adhesion failure (Sakai et al., 2003).

But what of ILK’s kinase-like domain? Does it possess catalytic activity? The debate
as to whether the protein should be classified as pseudokinase — that its kinase activity is a
manufactured illusion of other recruited kinases — or is a true kinase, rages on (Wickstrom et
al., 2010b; Fukuda et al., 2011; Hannigan et al., 2011; Ghatak et al., 2013). Regardless, either
directly or indirectly, ILK does appear necessary for the phosphorylation of both AKT and
GSK3p (Delcommenne et al., 1998; Legate et al., 2006).

With regard to OL function, not much is known. “Kinase-inactive” dominant-
negative ILK attenuates Ln-2 driven myelin membrane production in culture (Chun et al.,
2003). However, following this one study, no further attempt was made to uncover
functional responsibilities in OLs. We therefore set out to fully elucidate ILK’s role in OL-

mediated myelination of the CNS.
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Research Plan
The integrin signaling pathway is essential for OL driven myelin sheath formation in
the CNS. Studies have shown integrin-linked kinase (ILK) to be a major structural binding
partner of B1 integrin. Through our work, we will assess the functional importance of ILK in
signaling CNS myelination. Understanding key steps in the modulation of myelination is
critical as we move towards a better understanding of this unique cell type.
We hypothesize that the ILK signaling pathway plays an important role in CNS
myelination. Project specific aims are:
1. Characterize Plp driven Cre-recombinase as a useful model for OL-specific
knockouts, and the subsequent study of ILK loss in vivo
2. Assess morphological and ultrastructural changes in CNS myelination and
measure impact of ILK depletion on downstream signaling pathways
3. Examine a role for ILK in OL development independent of Ln-2 pathway

activation

32



Chapter 2

The Proteolipid Protein Promoter as Oligodendrocyte Lineage
Driver
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Abstract

The proteolipid protein (Plp) gene promoter is responsible for driving expression of one
of the major components of myelin — PLP and its splice variant DM-20. Both products are
classically thought to express predominantly in oligodendrocytes. However, accumulating
evidence suggests Plp expression is more widespread than previously thought. In an
attempt to create a mouse model for inducing oligodendrocyte-specific gene deletions, we
have generated transgenic mice expressing a Cre recombinase cDNA under control of the
mouse Plp promoter. We demonstrate Plp promoter driven Cre expression is restricted
predominantly to mature oligodendrocytes of the central nervous system (CNS) at

postnatal day 28. However, crosses into the Rosa26"“*

and mT/mG reporter mouse lines
reveal robust and widespread Cre activity in neuronal tissues at E15.5 and E10.5 that is
not strictly oligodendrocyte lineage specific. By P28, all CNS tissues examined displayed
high levels of reporter gene expression well outside of defined white matter zones.
Importantly, our study reinforces the emerging idea that Plp promoter activity is not
restricted to the myelinating cell lineage, but rather, has widespread activity both during
embryonic and early postnatal development in the CNS. Specificity of the promoter to the
oligodendrocyte cell lineage, as shown through the use of a tamoxifen inducible Plp-
CreER' line, occurs only at later postnatal stages. Understanding the temporal shift in Plp

driven expression is of consequence when designing experimental models to study

oligodendrocyte biology.
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Introduction

Proteolipid protein (PLP), a tetraspan membrane protein, is the most abundant
component of CNS myelin. It is encoded by a highly conserved 17 Kb gene (Plp)
containing seven exons. By means of an alternate splicing event, a second protein, DM-
20, is also generated. Plp, though active at low levels during embryonic development, is
expressed maximally in mature myelinating cells, while DM-20 is expressed earlier
during embryonic development in both neural, and subsequently, oligodendrocyte
progenitors (Timsit et al.,, 1995; Spassky et al,, 1998; Delaunay et al., 2008). Together,
PLP and DM-20 play an important role in regulating proper oligodendrocyte maturation
and myelin compaction/stability over time (Klugmann et al., 1997; Nadon and West,
1998).

The Plp promoter and its regulatory elements, located in exon 1 and intron 1 of
the gene, were previously shown to dictate expression specifically to oligodendrocytes
(Wight et al., 1993; Fuss et al,, 2000, 2001) and Schwann cells (Puckett et al., 1987;
Mallon et al., 2002) at various stages of development. Although the promoter is generally
considered oligodendrocyte lineage specific, accumulating evidence suggests a Plp
expression pattern outside of defined white matter zones; included are both glial and
neuronal CNS subpopulations, implying a role for Plp in activities independent of
myelination (Jacobs et al,, 2003, 2004; Le Bras et al., 2005; Tuason et al., 2008; Guo et
al,, 2009; Miller et al., 2009).

To study Plp promoter driven expression patterns across time in CNS tissues, we
have generated and characterized transgenic mice expressing full length Cre cDNA under

control of the mouse Plp promoter (Plp-Cre). We did not necessarily expect the transgene
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to completely faithfully mimic the endogenous Plp gene expression due to the
phenomenon of position-effect in transgenic mice, but rather we wished to test whether
such cassettes can provide cell specificity in a temporal fashion. These mice demonstrate
a transient spatio-temporal expression pattern for Plp-Cre. As expected, at P28 the Plp
promoter drove Cre expression predominantly in mature oligodendrocytes; however, by
crossing the Plp-Cre line to either the Rosa26"““ (Soriano, 1999) or the mT/mG
(Muzumdar et al., 2007) reporter mice, a more promiscuous expression pattern was
observed during embryonic and early postnatal stages of development. Specificity of the
promoter to the oligodendrocyte cell lineage, as shown through the use of a tamoxifen
inducible Plp-CreER' line (Doerflinger et al., 2003), occurs only at later postnatal stages.

Our work reinforces previous studies supporting a role for the Plp promoter in the
nervous system outside of myelinating cell lineages, particularly early in development.
Consequently, the promoter construct should be used with caution in studies requiring
genetic modifications strictly in myelinating cells, especially when embryonic and early

postnatal time points are involved.
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Materials and Methods
Ethics Statement: The mice were cared for according to the Canadian Council on Animal
Care (CCAC) guidelines. Ethical approval for experiments conducted was obtained from

the University of Ottawa Animal Care Committee under protocol approval OGH-118 and

OGH-119.

Transgenic and Reporter Mice: The Cre cDNA (kindly provided by Dr. Robin Parks,
Ottawa Hospital Research Institute) was inserted into the Plp promoter cassette,
consisting of exon 1 and intron 1 of the mouse Plp gene (Fuss et al., 2000). The resulting
transgene construct was microinjected into one-cell mouse embryos. Tail biopsies were
obtained from potential founder mice, DNA was extracted and transgenic mice were
identified by PCR amplification using sense oligo 5° TGG GTG TTG GTT TTT GGA
GA 3’ (specific to the Plp promoter) and antisense oligo 5° CGC ATA ACC AGT GAA
ACA GCA 3’ (specific to the Cre cDNA). Positive founder mice were bred with
C57BL/6 mice (obtained from Charles River) to establish two independent transgenic
lines. Plp-CreER' mice were kindly provided by Dr. Brian Popko (Doerflinger et al.,
2003). One mg of tamoxifen (20 pL of a 50 mg/ml solution) was administered
intraperitoneal once a day for 5 consecutive days to P16 mice. A single 1 mg injection
was given to P4 mice. Cre protein distribution was assessed by crossing transgenic mice
into the Rosa26"““ reporter line (Soriano, 1999) or to a floxed stop tdTomato-EGFP
(mT/mG) fluorescent reporter mouse line (Muzumdar et al., 2007). Animals homozygous
for the Rosa26™*“ or mT/mG locus were crossed to mice heterozygous for the Cre
transgene, generating a final line of mice heterozygous for both the Cre and respective

reporter transgenes. The genotype of offspring mice was confirmed by PCR.
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RT-PCR Analysis: For reverse transcription-polymerase chain reaction (RT-PCR)
analysis, RNA was isolated from transgenic P4 and P28 tissues from the two Plp-Cre
founder lines. To produce cDNA, equal amounts of RNA were reverse-transcribed in a
standard reaction with MuLV reverse transcriptase (Invitrogen). PCR amplification using
the sense oligo 5° CCT TCC AGC TGA GCA AAG TC 3’ (specific to Plp exon 1), and
the antisense oligo 5° CGC ATA ACC AGT GAA ACA GCA 3’ (specific to the Cre
cDNA) yielded a 440 nucleotide fragment. Primers were chosen to flank the intronic
region of the construct to selectively amplify the RNA transcript and prevent amplifying
any contaminating genomic DNA. The reaction began with a 3 min incubation time at
94°C followed by 30 cycles of 45 sec at 94°C, 45 sec at 55°C, 1 min at 68°C, with a final
extension time of 10 min at 68°C. Amplification of actin cDNA served as a control. The
PCR products were electrophoresed on a 1.5% agarose gel containing ethidium bromide,

and amplified fragments were visualized under UV transillumination.

Immunohistochemistry: Mice were anesthetized with avertin and perfused transcardially
with 4% paraformaldehyde (PFA). Brains, spinal cords and optic nerves were dissected in
PBS, fixed with 4% PFA overnight at 4°C, cryoprotected in 30% sucrose overnight at
4°C, then frozen in a 1:1 mixture of 30% sucrose:OCT (Sakura, CA). Cryostat sections of
10 pm thickness were obtained and stored at -20°C until use. Sections were postfixed in
70% ethanol for 5 min, rinsed with PBS for 10 min, and incubated in warm citrate buffer
(10 mM citric acid, 26 mM NaOH, pH 6) for 10 min. Sections were then blocked using
TBLS (0.5 mM Tris-HCI pH 7.4, 0.0085% NaCl, 0.01% BSA, 0.009% L-lysine, and 10%

sodium azide) with 20% goat serum and 0.3% Triton-X-100 for 1 hour. Primary
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antibodies for CC-1 (1:10, Abcam, MA), GFAP (1:500, chemicon), Ng2 (1:250,
Millipore), NeuN (1:100, Chemicon), and Cre (1:100, Novagen) were diluted in TBLS
and incubation was for 1 hour at RT and overnight at 4°C, respectively. Secondary
antibodies were used at a dilution of 1:200 (Invitrogen), and Hoechst counterstain at
1:10,000. Slides were mounted with a fluorescence mounting medium (Dako North
America, Inc.) and sections analyzed by fluorescence microscopy using a Zeiss Axioplan
microscope or Zeiss Confocal microscope (LSM 510 Meta DuoScan). Cells were
considered to be Cre positive only if they had a clear nuclear staining pattern co
localizing with DAPI. All images for co labeling analysis were done using the Zeiss

Confocal microscope set at a 1 pm slice capture.

p-galactosidase staining: Heterozygous male Plp-Cre or Plp-CreER' mice were bred
with female Rosa26"““ homozygotes. The Cre positive offspring should harbor cells
expressing a functional Cre-recombinase enzyme; hence allowing expression of lacZ
driven by the ROSA26 promoter. Cre-positive Rosa26““ heterozygous progeny were
analyzed for B-galactosidase enzyme activity, with Cre-negative Rosa26"*“ heterozygotes
serving as controls. Mice were anesthetized with avertin and perfused transcardially using
0.2% glutaraldehyde with 1.25 mM EGTA pH 7.3 and 2 mM MgCl, in PBS. Tissues
(brain, spinal cord, sciatic nerve, optic nerve) or embryos were then postfixed in 0.2%
glutaraldehyde solution for 1 to 4 additional hours at 4°C, then rinsed 3 times with PBS.
Tissues were incubated from 2 hours to overnight at 37°C in X-Gal staining solution
consisting of 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl,,

0.02% Nonidet P-40, and 1 mg/ml of 5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside
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(X-Gal) in 0.1 M phosphate buffer, pH 8. Samples were then washed 3 times with PBS

and whole mount photographs were taken.
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Results
Generation of Plp-Cre transgenic mice

To direct oligodendrocyte specific expression, full-length Cre cDNA was placed
under control of the mouse Plp promoter (Figure 2.1A). The promoter region consists of
exon 1 and intron 1 of the Plp gene, shown previously to be sufficient for mimicking the
endogenous Plp activity (Fuss et al., 2000). Six of 29 potential founders tested positive
for the transgene construct with two successfully breeding and transmitting the transgene
to subsequent generations (Figure 2.1B). From these two founders, independent lines 627

and 633, described herein, were generated.

The Plp-Cre transgenic mice display CNS-specific expression

Specificity of Plp-Cre expression to CNS tissues in lines 627 and 633 was initially
assessed by RT-PCR. To compare early and later stage transgene expression, total RNA
was isolated from selected tissues at P4 and P28. At P28, both lines exhibited a CNS-
specific expression pattern, with transcripts detected in, for example, spinal cord,
cerebellum and cortex (Figure 2.1C). At P4, transgene expression was also detected in
CNS tissues (Figure 2.1C). However, at this stage, mice from line 627 also expressed the
Cre transgene in kidney, liver, and skeletal muscle (Figure 2.1C). Nevertheless, it should
be noted that for the purpose of this study the transgene was consistently expressed at

higher levels in CNS tissues relative to all other tissues examined.
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Figure 2.1. Schematic and expression profile of Plp-Cre transgene. A. Schematic
representation of the Plp-Cre transgene construct. The mouse Plp promoter is used to
drive expression of the Cre cDNA. The initiating ATG within exon 1 has been mutated to
prevent initiation of translation within the promoter region. B. Summary of Plp-Cre
transgenic mice generated. C. RT-PCR analysis of the tissue expression profile of the
Plp-Cre transgene for both founder lines. At P28, both lines adhered to a strictly CNS-
specific expression pattern, with transcripts detected in the spinal cord, cerebellum and
cortex. At P4, the transgene transcript in line F633 was detected solely in CNS tissues,
whereas line F627 displayed a more widespread expression pattern, with transcripts also
detected in kidney, liver and TA muscle. SC = spinal cord, Cer = cerebellum, Cor =
cortex, Spln = spleen, Kid = kidney, Liv = liver, TA = tibialis anterior muscle. Actin

mRNA amplification was used as control.



Plp-Cre transgene expression displays selectivity to oligodendrocytes in later postnatal
stage mice

Immunocytochemistry was performed to assess specificity of Cre protein
expression to oligodendrocytes. Cerebellar, spinal cord, and optic nerve sections from P4
and P28 PIp-Cre transgenic mice and their wild type littermates were examined. An
antibody against CC-1 was used as a marker for mature oligodendrocytes. In both Plp-
Cre lines (627 and 633), all neural tissues examined at P28 expressed the Cre protein. The
majority of Cre-positive cells also labeled positive for CC-1 (see Table 2.1), indicating
specificity of the Plp promoter to mature oligodendrocytes at this stage in postnatal
development (spinal cord Figure 2.2D-I, cerebellum Figure 2.3D-I, and optic nerve
Figure S2.1D-I). As expected, we did not detect any Cre-positive cells in tissues from WT
littermates (Figure 2.2A-C, Figure 2.3A-C, and Figure S2.1A-C). There were a few
faintly labeled Cre-positive cells that also co-labeled with the astrocytic marker GFAP
(Figure 2.2J, Figure 2.3] and Figure S2.1J) as well as with Ng2, a marker for
oligodendrocyte progenitor cells (OPCs) (Figure 2.2K, Figure 2.3K and Figure S2.1K)
(summarized in Table 2.1). In comparison, there were no Cre-positive cells that co-
labeled with NeuN, a marker for mature neurons, in the tissues examined (Figure 2.2L

and 2.3L).
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Figure 2.2. Cre-recombinase is predominantly expressed in oligodendrocytes of P28

PlIp-Cre mouse spinal cord. A-I. Ventral white matter regions were double-stained with

antibodies specific to CC-1 as a marker for mature oligodendrocytes (green), Cre (red)
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and counterstained with DAPI. Cre was not detected in WT spinal cord sections (B).
Sections from transgenic mice of both F633 (D-F) and F627 (G-I) lines exhibited a
similar pattern of Cre expression. High levels of Cre recombinase protein was detected in
the CCl-positive oligodendrocytes. J. Ventral white matter region stained for GFAP
(green) as a marker for astrocytes, Cre (red) and counterstained with DAPI. A small
number of Cre-positive cells co-labeled with GFAP (arrow). K. Ventral white matter
region stained for Ng2 (green) as a marker for OPCs, Cre (red) and counterstained with
DAPI. A small number of Cre-positive cells co-labeled with Ng2 (arrow). L. Ventral grey
matter region stained for NeuN (green) as a neuronal marker, Cre (red) and
counterstained with DAPI. There were no NeuN positive cells that co-labeled with Cre.

Scale bar =20 pm.
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Figure 2.3. Cre-recombinase is predominantly expressed in oligodendrocytes of P28

Plp-Cre mouse cerebellum. A-I. Cerebellar sections were double-stained with antibodies

specific to CC-1 as a marker for mature oligodendrocytes (green), Cre (red) and
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counterstained with DAPI. Cre was not detected in WT cerebellar sections (B). Sections
from transgenic mice of both F633 (D-F) and F627 (G-H) lines exhibited a similar pattern
of Cre expression. High levels of Cre recombinase protein was detected in the CCI-
positive oligodendrocytes. J. Cerebellar section stained for GFAP (green) as a marker for
astrocytes, Cre (red) and counterstained with DAPI. A small number of weakly stained
Cre-positive cells co-labeled with GFAP (arrow). K. Representative example within the
molecular layer of cerebellar section stained for Ng2 (green) as a marker for OPCs, Cre
(red) and counterstained with DAPI. A small number of weakly stained Cre-positive cells
co-labeled with Ng2 (arrow). L. Representative example within granular layer of
cerebellar section stained for NeuN (green) as a neuronal marker, Cre (red) and
counterstained with DAPI. There were no NeuN positive cells co-labeled with Cre. GL =

granular layer, WMT = white matter tract. Scale bar =20 um.
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Table 2.1. Distribution of Cre-positive cell types in P28 Plp-Cre CNS tissues

% of CC-1+ % of Cre+ % of Cre+ % of Cre+ % of Cre+
cells that are cells that are cells that are  cells that are  cells that are

Cret” CC-1+* Ng2+ GFAP+ NeuN-+
Spinal Cord 88.9% £5.4 95.8% +6.8  10.8% +0.7 10.6% +2.2 0
Cerebellum 86.0% +4.8 90.0% £9.2 5.8% +4.3 8.6% +5.8 0
Optic Nerve 91.2% +6.4 88.7% £2.8 3.8% +2.5 3.3% +0.2 n.d.

* There are most likely Cre-positive cells which stain for GFAP and CC-1. These cells are
assumed to be GFAP astrocytes, and not oligodendrocytes.
n.d. = not determined
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At P4, Cre protein was detected in both spinal cord (Figure 2.4, Figure S2.2-3)
and cerebellum (Figure 2.5, Figure S2.4-5) of Plp-Cre transgenic mice. However, unlike
the situation at the P28 stage, Cre expression was often more widespread, with many Cre-
positive cells outside of the oligodendrocyte lineage, especially in the cerebellum (see
Table 2.2).

In the spinal cord, the most intensely stained Cre-positive cells localized
predominantly to emerging white matter tracts, and co-labeled with the oligodendrocyte
marker CC-1 (Figure 2.4A-B, G-H, Figure S2.2A-C). Approximately a third of Cre-
positive cells co-labeled with Ng2 (Figure 2.4C-D, I-J, Figure S2.2D-F). However, a
considerable number of Cre-positive cells also were positive for the astrocyte marker
GFAP, both in white and grey matter regions (Figure 2.4E-F, K-L, Figure S2.2G-I). As
the cumulative percentage of Cre-positive cells expressing markers for CC-1 and GFAP
exceeds 100%, it is suggested that GFAP positive cells are often also labeled by CC-1 at
P4 (these cells would be considered astrocytes) (see Table 2.2). There was no co-labeling
of Cre-positive cells with the neuronal marker NeuN at this time point (Figure S2.3).

In the P4 cerebellum, CC-1 positive cells were localized to the deep central white
matter region, the zone of initial myelination. Approximately half (see Table 2.2) of the
central white matter region’s Cre-positive cells were CC-1 positive (Figure 2.5A-B, G-H,
Figure S2.4A-C). Cre-positive cells within the region also co-labeled with Ng2 (Figure
2.5C-D, I-J, Figure S2.4D-F), and a small number with GFAP (Figure S2.5). Most
striking was the Cre staining pattern in the developing granular, Purkinje and molecular
cell layers. Almost no CC-1 positive cells were identified and less than 10% of Cre-
positive cells within this region co-stained for Ng2 in both transgenic lines (data not

shown). Approximately half (see Table 2.2) of all Cre-positive cells co-labeled with
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NeuN (Figure 2.5E-F, K-L, Figure S2.4G-I), suggesting a large population of neurons
within the granular, Purkinje and molecular cell layers in which the PLP promoter is

active at P4.
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627

Figure 2.4. Cre-recombinase is expressed both in and outside the oligodendrocyte
lineage in spinal cords of P4 Plp-Cre mice. A-L. Ventral spinal cord sections from WT
and Plp-Cre line 627 mice were double-stained with antibodies specific to Cre (red) and
either CC-1 (green) as a marker for mature oligodendrocytes (A-B, G-H), Ng2 (green) as
a marker for OPCs (C-D, I-J), or GFAP (green) as a marker for astrocytes (E-F, K-L), and
counterstained with DAPIL. Cre was not detected in WT sections (A-F). As expected,
many Cre-positive cells were CC-1-positive, however, a large percentage also co-stained
for Ng2 and GFAP. Examples of Cre and glial marker co-labeling are denoted by arrows.

WM = white matter, GM = grey matter. Scale bar = 20 pm.
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Figure 2.5. Cre-recombinase is expressed both in and outside the oligodendrocyte

lineage in the cerebellum of P4 Plp-Cre mice. A-D, G-J. Deep cerebellar white matter
regions from WT and Plp-Cre line 627 mice were double-stained with antibodies specific
to Cre (red) and either CC-1 (green) as a marker for mature oligodendrocytes (A-B, G-H),
or Ng2 (green) as a marker for OPCs (C-D, I-J) and counterstained with DAPI. Cre was
not detected in WT sections (A-D). A large percentage of Cre-positive cells within the
region co-stained for CC-1 and Ng2. E-F, K-L. Cerebellar sections of the developing
granular layer from WT and Plp-Cre line 627 mice were double-stained with antibodies
specific to Cre (red), the neuronal marker NeuN (green) and counterstained with DAPI.
Cre was not detected in WT sections (E-F). Many Cre-positive cells co-stained for NeuN.
Examples of Cre-positive cells co-labeling with neuronal or glial markers are denoted by

arrows. Scale bar =20 um.
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Table 2.2. Distribution of Cre-positive cell types in P4 Plp-Cre CNS tissues

% of CC-1+ % of Cre+ % of Cre+ % of Cre+ % of Cre+
cells that are cells that are cells that are  cells that are  cells that are
Cret” CC-1+* Ng2+ GFAP+* NeuN+

Spinal Cord  55.0% +11.2  92.0%+9.1  34.4%+3.6  33.0%+7.4 0
Cerebellum  80.6% £6.8°  46.7% +10.2° 21.4% +6.6° 8.4%+5.1° 533 +£14.4°

* There are most likely Cre-positive cells which stain for GFAP and CC-1. These cells are

assumed to be GFAP astrocytes, and not oligodendrocytes. This is especially true for P4
spinal cord.

® Cells counted from deep central white matter region of cerebellum.

¢ Cells counted in developing region of cerebellar granular, Purkinje and molecular cell
layers.
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Inducible model demonstrates PLP promoter expression outside of oligodendrocytes
during early postnatal development

The above results suggest a temporal shift in the promoter’s expression pattern.
To further validate the observed difference in Plp promoter activity between early (P4)
and late (P28) postnatal time points, we took advantage of an existing line in which Plp
drives expression of a Cre protein fused to a mutated estrogen receptor (Plp-CreER')
(Doerflinger et al., 2003). This fusion necessitates activation of Cre by tamoxifen. The
Plp promoter region, similar to our P/p-Cre transgenic mice, consists of exon 1 and intron
1 of the endogenous Plp gene, and as such, would be expected to drive Cre expression in
an identical manner. The Plp-CreER' mice were crossed to a ROSA26 reporter line
(Rosa26"*%). Rosa26™*“ mice express lacZ driven by the constitutively active ROSA26
locus promoter (Soriano, 1999). A floxed stop region is located upstream of the lacZ
coding sequence, therefore necessitating Cre-mediated excision of the stop region to
allow for lacZ expression. Tamoxifen is thus required to induce translocation of CreER'
from the cytoplasm into the nucleus thereby activating /acZ expression. For the Plp-
CreER' transgenic line, injections of tamoxifen were given at P16 and P4. The time points
were chosen to reflect different stages of oligodendrocyte maturation and the observed
temporal shift in Plp promoter patterning observed in our P/p-Cre mice; that of increasing
specificity to the oligodendrocyte lineage as the animal matures from P4 to P28.
Injections at P4 would allow for early postnatal Plp expression profiling, while the later
P16 time point would reflect the increasing oligodendrocyte selectivity of the Plp
promoter. P16 and P4 tamoxifen injected mice were analyzed at P60 and P28

respectively. Therefore, the reporter-positive cells observed at P60 and P28 are the
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progenies of Plp promoter active cells at P16 and P4. The reporter-positive cells at the
stages examined do not necessarily have Plp promoter activity.

The pattern of lacZ expression, as determined by B-galactosidase activity, in Plp-
CreER';Rosa26"“ mice differed depending on the time course of tamoxifen
administration. In mice given the drug at P16, B-galactosidase expression was similar to
that previously described (Doerflinger et al., 2003), localizing mainly to white matter
tracts of the CNS (e.g. in the brain, spinal cord and optic nerve), but not in the PNS (e.g.
sciatic nerve) (Figure 2.6A). In contrast, when tamoxifen was given to P4 Pip-
CreER';Rosa26"” mice, B-galactosidase was expressed both in CNS and PNS tissues
(Figure 2.6B). Also, B-galactosidase expression in P4 brains was not exclusive to CNS
white matter tracts; in the cerebellum B-galactosidase was expressed in the Purkinje cell
layer (PCL) and the internal granular layer (IGL) and was not observed in the corpus
callosum. The B-galactosidase expression profile observed in the PCL and IGL of P4
injected mice corroborates nicely with our immunocytochemistry for Cre protein
performed at the same time point (see Figure 2.5E-F, K-L). In both P16 and P4 tamoxifen
injected mice, B-galactosidase was expressed in the olfactory bulb, most likely in
olfactory ensheathing cells as reported previously (Dickinson et al., 1997).

These experiments suggest Plp promoter driven expression occurs outside of the
oligodendrocyte cell lineage early in postnatal development, and demonstrates increased

oligodendrocyte specificity as a result of cellular maturation.
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Cord

Figure 2.6. p-galactosidase expression in Plp-CreER';ROSA26"“? mice given
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tamoxifen at either P16 or P4. A. B-galactosidase expression in Plp-CreER';ROSA26"*
mice given tamoxifen at P16 and examined by whole mount X-gal staining at P60. In the
brain, B-galactosidase activity is predominantly observed in white matter tracts. In the
spinal cord, B-galactosidase activity is detected in the dorsal and ventral white matter
tracts, but is absent from the ventral and dorsal roots. Finally, B-galactosidase activity is
apparent throughout the length of the optic nerve, but not in the sciatic nerve. B. -
galactosidase expression in Plp-CreER';ROSA26"“ mice given tamoxifen at P4 and
examined by whole mount X-gal staining at P28. In the brain, B-galactosidase activity is
detectable outside of large white matter tracts. In the spinal cord, B-galactosidase activity
is detectable in the dorsal and ventral white matter tracts, and is also present in the ventral
and dorsal roots. Finally, B-galactosidase is expressed throughout the length of the optic
nerve, albeit at a reduced level, and the sciatic nerve is now positive for B-galactosidase
activity. CC = corpus callosum, PCL = Purkinje cell layer, IGL = internal granular layer,
VR = ventral root, DR = dorsal root. Scale bars = 1 mm in A and B Brain, 500 um in B

Spinal Cord.
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Plp-Cre transgene expression during embryonic and early postnatal development is not
restricted to the myelinating cell lineage

To further assess both the temporal and spatial expression of Cre from early
embryonic stages, we crossed our Plp-Cre transgenic mice to the Rosa26““ line. Brain,
spinal cord, and optic nerve tissues were examined from two early developmental time
points (E10.5, E15.5). Cells marked by activation of the lacZ reporter gene would
therefore suggest Plp promoter driven Cre expression either before or at the time of
analysis.

B-galactosidase activity was detected in E10.5 whole mount embryos (Figure
2.7A). Robust staining was apparent throughout the telencephalon, optic stalk,
mesencephalon, rhombencephalon, and spinal cord as well as in PNS derivatives of the
neural crest (Figure 2.7A). As the progeny of these cells faithfully inherit the activated
lacZ gene, it was not surprising to observe widespread P-galactosidase activity in the
brains and spinal cords of E15.5 (Figure 2.7B) mice. No B-galactosidase expression was

observed in either Plp-Cre or Rosa26"““ mice alone (data not shown).
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627 633

B Brain Spinal Cord

Figure 2.7. B-galactosidase expression outside of the oligodendrocyte lineage in CNS
tissues of Plp-Cre;ROSA26"*“ mice at E10.5 and E15.5. A. B-galactosidase expression
in Plp-Cre;ROSA26"“? embryos at E10.5. Shown are representative examples of E10.5
embryos from lines F627 and F633 after whole mount X-gal staining. Both lines show [-
galactosidase expression throughout the developing brain and spinal cord. B. B-
galactosidase expression in Plp-Cre;ROSA26"*“ mice at E15.5. Shown is an example of
whole mount staining of tissues from line F633. B-galactosidase activity was detected
throughout both the brain, and ventral and dorsal spinal cord. Scale bars =2 mm in A and

B Brain and Spinal Cord, 1 mm in A and B Optic nerve and Sciatic nerve.
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To allow for higher resolution analysis of P/p promoter activity in CNS tissues at
a later time point, Plp-Cre transgenic mice were crossed to a reporter line expressing
tomato red and EGFP driven by the constitutively active ROSA26 locus (m7/mG). A
floxed stop region located upstream of the EGFP coding sequence necessitates Cre-
mediated excision to allow for EGFP expression. All cells in which excision of the stop
region does not occur would express tomato red only. Brain and spinal cord sections from
P28 Plp-Cre;mT/mG transgenic mice were analyzed. Similar to the Plp-Cre;Rosa26"*
double transgenic line, we observed high levels of EGFP expression throughout CNS
tissues occurring outside of oligodendrocyte-rich regions (Figure 2.8B, C, D). Only very
discreet zones remained tomato red positive, localizing predominantly to macro- and
micro-vasculature in the cerebellum (Figure 2.8B), forebrain (Figure 2.8C), and spinal
cord (Figure 2.8D) areas. A typical example of fluorescent patterning in the absence of
Cre is shown as a control (Figure 2.8A).

Both the Rosa26"““ and mT/mG reporter lines clearly demonstrate Plp promoter
driven Cre activity outside of the oligodendrocyte lineage, beginning as early as E10.5.
By P28, with the exception of vasculature, almost all cell types within CNS tissues
examined, either during embryonic and/or early postnatal development, have activated the

Plp promoter region as denoted by high p-galactosidase or EGFP expression levels.
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Figure 2.8. EGFP expression occurs outside of the oligodendrocyte age in CNS
tissue of P28 Plp-Cre;mT/mG mice. A. Representative example of m7/mG reporter
expression in the absence of Cre recombinase in sections of the cerebellum from non-
transgenic mice. Only tomato red expression is detected and EGFP expression is absent.
B. EGFP expression in cerebellum of Plp-Cre;mT/mG mice. EGFP is expressed
throughout the cerebellum, including the granular, Purkinje and molecular layers. Non-
recombined cells, marked by tomato red expression, are limited to the vasculature. C.
EGFP expression in forebrain region of Plp-Cre;mT/mG mice. EGFP is detected

throughout the region. Non-recombined cells, marked by tomato red expression, are
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limited predominantly to vasculature. D. EGFP expression in spinal cord of Plp-
Cre;mT/mG mice. EGFP is detected throughout the spinal cord including gray and white
matter zones. Non-recombined cells, marked by tomato red expression, are limited to

vasculature. Scale bar = 50 pm.
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Discussion

Here we have characterized two independent transgenic mouse lines in which Cre
recombinase is expressed under the control of the mouse Plp promoter. We demonstrate
the Plp promoter cassette’s capability to drive expression of a Cre recombinase transgene
within the CNS, but in a more widespread pattern than initially anticipated. This was
particularly true at early developmental stages when the transgene was expressed in
neural tissues, and not restricted to the oligodendrocyte lineage, results corroborated by
the work of others (Greenfield et al., 2006; Delaunay et al., 2008; Tuason et al., 2008;
Miller et al,, 2009). During this time, transgene expression was also localized to the PNS
(sciatic nerve, ventral and dorsal roots), most likely in Schwann cells. It was only at late
postnatal stages that the Plp-Cre transgene demonstrated a high level of oligodendrocyte
specificity.

At the mRNA level, Cre expression was highly restricted to CNS tissues (within
those examined) at early and late stages of postnatal development. At both P4 and P28,
transgene expression was detected in cortex, cerebellum, and spinal cord. In addition, at
P4, Cre transcript was also detected in the kidney, liver, skeletal muscle, and heart of
mice from line 627, albeit at a level lower than that in neural tissues.

At the protein level in the optic nerve, spinal cord, and cerebellum of P28
transgenic mice Cre recombinase was predominantly in mature oligodendrocytes as
identified by CC-1 staining. However, at P4, Cre protein expression was more
widespread, localizing to granular (Figure 2.5E-F, K-L) and Purkinje cell layers within
the cerebellum, and throughout spinal cord astrocytes. Previous studies have also

identified Plp gene products in the external granular and Purkinje cell layers of the
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developing mouse cerebellum, as well as in grey matter astrocytes of the developing
spinal cord (Jacobs et al., 2003; Kang et al,, 2010).

The fact that the Plp-CreER' transgenic mice have an inducible Cre protein
allowed for tracking of the Plp promoter activity from specific developmental stages
onward. Indeed, the administration of tamoxifen at specific time points allowed us to
follow the fate of cells that were Plp positive at the time of administration. The reporter-
positive cells observed at later stages are the progeny of Plp promoter active cells at the
time of tamoxifen administration. Mice given tamoxifen at P4 displayed the Plp
promoter’s promiscuity at this early time point, with the result that B-galactosidase
reporter expression was detected in neuronal non-white matter regions at later time
points. In stark contrast, the P-galactosidase expression profile in mice receiving
tamoxifen at P16 was limited strictly to white matter zones at later stages of analysis.
From these studies, a clear Plp promoter driven spatio-temporal patterning emerges for
the CNS — that of neuronal inclusion early in postnatal development, with later stages
defined by increased oligodendrocyte specificity.

Our transgene product, by analysis of Plp-Cre;Rosa26™*“ mice, proved to be
functional in a large range of cell types during embryogenesis. This is dramatically
demonstrated in the crosses to the m7/mG reporter mice, in which, by P28 all but discreet
zones of CNS vasculature expressed excision activated EGFP.

To better understand where and when the Plp promoter is active in the CNS, it is
important to consider the products of the Plp gene. The promoter drives production of
both PLP and its splice variant DM-20. The splice site is located within exon three of the
gene, producing a transcript product lacking exon 3B (Nave et al., 1987). The protein

structure of the smaller isoform DM-20 is identical to PLP except for the removal of

66



amino acids 116 through 150 (Macklin et al., 1987). DM-20 mRNA has been detected by
RT-PCR in the murine neural tube and spinal cord during embryonic development,
whereas the PLP transcript is the predominant postnatal isoform (Timsit et al., 1992;
Dickinson et al,, 1996). In situ hybridization experiments at E10 using a DM-20 anti-
sense probe detected signal in both the CNS (neural tube within the diencephalic basal
plate) and the PNS (trigeminal and spinal ganglia, and sympathetic ganglion chain)
(Timsit et al, 1992, 1995). Other studies have confirmed this observation,
demonstrating the presence of PLP/DM-20 RNA transcript as early as E9.5 (Ikenaka et
al,, 1992; Spassky et al., 1998). DM-20 is therefore clearly present in cells long before
the appearance of defined mature or even precursor oligodendrocytes. Previous studies
have shown DM-20 outside of the glial cell lineage, with expression detected in diverse
cell types, including various neuronal cell lines such as G-26, B104, NG108-15, NG18-
TG, Neuro2A, PC12, and P19 (Campagnoni et al.,, 1992; Ikenaka et al.,, 1992; Nadon et
al,, 1997). PLP/DM-20 transcripts and/or protein have also been found in cells of the
thymus, spleen and testicles (Pribyl et al.,, 1996a, 1996b).

Recently, various groups have identified specific cellular subtypes within the
murine CNS expressing Plp gene products at early embryonic and postnatal stages. One
such study tracked the fate of NG2" oligodendrocyte progenitors co-labeling for Plp
promoter driven EGFP (Guo et al., 2009). They demonstrated the ability of the
progenitors to not only differentiate into myelinating oligodendrocytes, but also into
astrocytes and neurons. Another study compared PLP/DM-20 transcript levels at PS5 and
adult stages, between whole murine cortex and isolated NG2-positive cells. PLP mRNA

was detected in isolated NG2-positive cells at both time points, whereas DM-20 mRNA
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was amplified from whole cortex only (Ye et al., 2003). Similar to our own experiments,
Delauney and colleagues crossed Plp-Cre mice to a GFP reporter, subsequently
identifying GFP-positive neuroepithelial cells at E9.5, with the expressing profile
switching to reporter-positive radial glial cells by E13.5 (Delaunay et al., 2008).

Thus, it is clear that the two Plp gene products yield varying and different
expression profiles, and can be generally classified as follows — Plp, while expressed
early in various CNS cellular subtypes, is at its highest levels postnatally and in an
oligodendrocyte-specific manner, while DM-20 is preferentially expressed early and
diffusely in the embryo. It is therefore important to recognize the possibility for Plp
promoter driven transgene expression simply as a by-product through activation of factors
normally involved in DM-20 regulation.

Interestingly, in 1999 a novel exon was discovered lying within intron 1 of the Plp
gene. Termed exon 1.1, it produced a protein with an additional 12 amino acid leader
sequence (Bongarzone et al., 1999). The additional sequence allowed for expression of
two further Plp variants, termed sr-PLP and sr-DM-20. These proteins have been detected
in oligodendrocytes, muscle, and to an even larger extent in neurons (Bongarzone et al.,
1999; Jacobs et al., 2004; Miller et al., 2009). Two similar novel exons have recently been
discovered in intron 1 of the human Plp!/ gene, giving rise to unique PLP isoforms (Sarret
et al., 2010). The isoforms are expressed predominantly in neurons and to lesser extent in
oligodendrocytes, beginning during human fetal development. The authors suggest a role
for the proteins in axonal-glial communication, the disruption of which would account for
neuronal dysfunction in humans carrying Plp/ mutations.

The very early and widespread expression of our transgene product forces us to

reconsider certain aspects of Plp gene regulation. Perhaps there are regulatory elements
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activated differentially for each of the Plp derived isoforms, responsible for the specific
spatial and temporal expression patterns observed during embryonic and postnatal
development. Recent evidence suggests that this could indeed be the case. Within the Plp
gene, six evolutionary conserved non-protein coding sequences were identified as
Plp/DM-20 enhancers, five of which were located within intron 1 (Tuason et al., 2008).
When inserted as single copies driving expression of an EGFPLacZ reporter gene, each
unique regulatory sequence matched characterized components of the Plp promoter’s
spatio-temporal expression profile as seen through a spectra of glial and neuronal lineage
patterning.

The present study informs on Plp promoter functionality as a driver for both Cre
and other transgene expression. Since the goal of many such studies is oligodendrocyte
targeting within the CNS, it is important to better understand differences in gene
regulation between Plp splice variants. Once more information is obtained deciphering
the different regulatory elements governing expression of Plp/DM-20 and sr-Plp/sr-DM-
20, one could perhaps design a more specific promoter construct, which would allow for a
postnatal, and more robust oligodendrocyte-specific expression of the requisite transgene.
In the mean time, our work would stress that as long as one uses the tamoxifen inducible
system (Plp-CreER') and induces Cre activity at adult stages, one can achieve

oligodendrocyte specific excision of target genes.
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Supporting Information

Figure S2.1. Cre-recombinase is predominantly expressed in oligodendrocytes of

P28 PIp-Cre mouse optic nerves. A-I. Optic nerve sections were double-stained with
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antibodies specific to CC-1 as a marker for mature oligodendrocytes (green), Cre (red)
and counterstained with DAPIL. Cre was not detected in WT optic nerve sections (B).
Sections from transgenic mice of both F633 (D-F) and F627 (G-I) lines exhibited a
similar pattern of Cre expression. High levels of Cre recombinase protein were detected
in the CCl1-positive oligodendrocytes. J. Optic nerve section stained for GFAP (green) as
a marker for astrocytes, Cre (red) and counterstained with DAPI. A very small number of
Cre-positive cells were also positive for GFAP. K. Optic nerve section stained for Ng2
(green) as a marker for OPCs, Cre (red) and counterstained with DAPI. A very small
number of weakly stained Cre-positive cells co-labeled with Ng2 (arrow). Scale bar = 20

pm.
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Figure S2.2.  Cre-recombinase is expressed both in and outside of the

oligodendrocyte lineage in the spinal cord of Plp-Cre mice from line 633. A-L
Ventral spinal cord sections from Plp-Cre line 633 mice were double-stained with
antibodies specific to Cre (red) recombinase and either CC1 (green) for mature
oligodendrocytes (A-C), Ng2 (green) for OPCs (D-F) or GFAP (green) for astrocytes (G-
I) and counterstained with DAPI. Similar to line 627 many Cre-positive cells were CC-1-

positive, however, a large percentage also co-stained for Ng2 and GFAP. Examples of
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Cre and glial marker co-labeling are denoted by arrows. WM = white matter, GM = grey

matter. Scale bar =20 um.
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Figure S2.3. Cre-recombinase is not expressed in spinal cord neurons of P4 Plp-Cre

mice. A-I. Ventral spinal cord sections were double-stained with antibodies specific to
NeuN (green) as a marker for mature neurons, Cre (red), and counterstained with DAPI.
Cre was not detected in WT sections (B). The low level puncti signal in the alpha motor
neurons is background fluorescence. Sections from transgenic mice of both 633 (D-F) and
627 (G-I) lines exhibited a similar pattern of Cre expression. Cre-positive cells did not co-

label with NeuN. Scale bar =20 pm.
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Figure S2.4. Cre-recombinase is expressed both in and outside of the

oligodendrocyte lineage in the cerebellum of Plp-Cre mice from line 633. A-F. Deep
cerebellar white matter regions from Plp-Cre line 633 mice were double-stained with
antibodies specific to Cre (red) and either CC-1 (green) as a marker for mature
oligodendrocytes (A-C), or Ng2 (green) as a marker for OPCs (D-F) and counterstained
with DAPI. Similar to line 627, a large percentage of Cre-positive cells within the region
co-stained for CC-1 and Ng2. G-I. Cerebellar sections of the developing granular layer

from Plp-Cre line 633 mice were double-stained with antibodies specific to Cre (red), the
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neuronal marker NeuN (green) and counterstained with DAPI. Similar to line 627, many
Cre-positive cells co-stained for NeuN. Examples of Cre-positive cells co-labeling with

neuronal or glial markers are denoted by arrows. Scale bar =20 um.
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Figure S2.5. Cre-recombinase is expressed in cerebellar astrocytes of P4 Plp-Cre

mice. A-I. Deep cerebellar white matter region sections were double-stained with
antibodies specific to GFAP (green) as a marker for astrocytes, Cre (red), and
counterstained with DAPI. Cre was not detected in WT sections (B). Sections from
transgenic mice of both 633 (D-F) and 627 (G-I) lines exhibited a similar pattern of Cre
expression. Only a small number of Cre-positive cells co-stained with GFAP. Examples

of GFAP-positive cells co-labeling with Cre are denoted by arrows. Scale bar = 20 pm.
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Chapter 3

Integrin-Linked Kinase Regulates Oligodendrocyte-Mediated
Myelination of the CNS
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Abstract

Integrin-linked kinase (ILK) is a major structural adaptor protein governing
signaling complex formation and cytoskeletal dynamics. Here, through the use of
conditional knockout mice, we demonstrate a requirement for ILK in oligodendrocyte
differentiation and axonal myelination in vivo. In conjunction, ILK deficient primary
oligodendrocytes are defined by a failure in process extension and an inability to form
myelin membrane upon axonal contact. Surprisingly, phosphorylation of the putative
downstream targets Akt and GSK3f is unaffected following ILK loss. Rather, the defects
are due in part to actin cytoskeleton dysregulation with a correspondent increase in active
RhoA levels. Morphological rescue is possible following Rho kinase (ROCK) inhibition
in an oligodendrocyte subset. Furthermore, phenotypic severity correlates with
environmental complexity; oligodendrocytes are severely malformed in vitro (a relatively
simple environment) but undergo phenotypic recovery in the context of the whole animal.
Taken together, our work demonstrates ILK as necessary for normal oligodendrocyte
development, reinforces its role as a bridge between the actin cytoskeleton and cell
membrane, and highlights the overarching compensatory capacity of oligodendrocytes in

response to cellular milieu.
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Introduction

During development, oligodendrocyte precursor cells (OPCs) differentiate into
oligodendrocytes (OLs) that extend processes to contact multiple axons of central nervous
system (CNS) neurons. The process of myelination is controlled in part by cell extrinsic
factors derived from the extracellular matrix (ECM). Laminin-2 (Ln-2) is an ECM
component with high relevance to OL-mediated myelination of the CNS (O’Meara et al.,
2011a). Ln-2 is deposited in developing axonal tracts (Colognato et al., 2002), providing
a ligand for the a6B1 integrin receptor expressed by OLs. The B1 integrin subunit was
previously shown to regulate OL process extension in vitro (Buttery and Ffrench-
Constant, 1999; Relvas et al., 2001; Liang et al., 2004; Barros et al., 2009) and
myelination in vivo (Relvas et al., 2001; Lee et al., 2006; Barros et al., 2009; Camara et
al., 2009). In light of these findings, precisely how B1 integrin transduces ECM cues via
signaling intermediates, and the mechanism by which this translates to cellular responses
need to be addressed.

Integrin-linked kinase (ILK), a focal adhesion protein, binds to the cytosolic C-
terminus of B1 integrin (Hannigan et al., 1996), and mediates signaling between the ECM
and the cellular interior. ILK is composed of three domains, an N-terminal ankryin
domain, a pleckstrin homology domain and a putative kinase domain. ILK forms an
obligate heterotrimeric complex with PINCH and parvin, which together lend stability to
the actin cytoskeleton at focal adhesions (Brakebusch and Fassler, 2003). This function is
likely mediated through additional signaling proteins, such as paxillin and PIX, ultimately
impacting on actin modulator proteins via Rho GTPases (Rosenberger et al., 2003).

In this study, we sought to investigate the role of ILK in OL differentiation and

myelination of the CNS. By ablating ILK from cultured OPCs, we show that it is

83



important for their molecular and morphological differentiation. Conditional ILK loss in
post-natal mice results in amyelination of optic nerve axons, an effect that is compensated
for at later time points. There is evidence of a bonafide kinase function for ILK (reviewed
in Hannigan et al., 2011) however, we did not observe any changes in the
phosphorylation status of its canonical targets GSK3p and Akt in ILK-depleted OLs.
Rather, we observe an increase in active RhoA levels as a result of ILK loss, a
phenomenon associated with actin cytoskeletal defects. Interestingly, pharmacological
manipulation of the RhoA pathway is able to rescue aberrant morphology of a distinct
population of ILK-deficient OLs. Our data indicate an important role for ILK in OL
development and myelination of the CNS, which, in turn, is linked to regulation of the
actin cytoskeleton. Understanding OL differentiation will be important for rectifying or
circumventing myelinating diseases such as Multiple Sclerosis, where demyelinated

lesions are characterized by stalled premyelinating OLs (Chang et al., 2002).
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Materials and Methods

Transgenic and reporter mice: The mice used in this work were cared for according to
Canadian Council on Animal Care (CCAC) guidelines. Ethical approval for experiments
conducted was obtained from the University of Ottawa Animal Care Committee under
protocol number OGH-119. JIK"" and Plp-CreER" mice were provided by Dr. Rene St-
Arnaud (Terpstra et al., 2003) and Dr. Brian Popko (Doerflinger et al., 2003),
respectively. Two mouse strains were primarily employed for experiments, Ilkﬂ/ﬂ;Plp-
CreER"/+ mice (Ilk cKO), as well as IIK"":+/+ (WT) littermates controls. An injection of
0.375-0.5 mg of tamoxifen (7.5 or 10 pL of a 50 mg/mL solution, respectively) was
administered to P4 pups to induce recombination. For the low dose tamoxifen
experiments, P4 mice were given a single 10 puL injection from a 2 mg/mL tamoxifen
solution to induce minimal recombination. //k ¢cKO mice were crossed to a floxed stop
tdTomato-EGFP (mT/mG) reporter line (Muzumdar et al., 2007) to generate " ;Plp-
CreER"/+;mT/mG (Ilk cKO;mT/mG) mice, which were bred to homozygosity for the

reporter transgene. Mice of either sex were employed for all experiments.

Cell culture: OL cultures and OL/dorsal root ganglion neuron (DRGN) co-cultures were
derived as previously described (O’Meara et al., 2011b). For ROCK inhibition,
compound Y-27632 was added to each well at a final concentration of 10 pM daily, for 6

days. For control wells, an equal volume of water (vehicle) was added.

Immunohistochemistry: Cell culture coverslips were fixed with 100% methanol at -20°C
for 10 min or 3% paraformaldehyde (PFA) at room temperature for 15 min. Coverslips

were then washed with phosphate buffered saline (PBS), permeabilized with 0.1% Triton-
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X-100 solution, blocked with 10% goat serum (GS) and incubated with primary
antibodies against myelin-associated glycoprotein (MAG; EMD Millipore), myelin basic
protein (MBP; AbD Serotec), CC1 (Abcam), green fluorescent protein (GFP; Invitrogen),
neurofilament-200 (NF-200; Sigma-Aldrich), cleaved caspase 3 (Cell Signaling
[Asp175]), 5-bromo-2'-deoxyuridine (BrdU; BD Biosciences) and NG2 (EMD Millipore)
in blocking solution at 4°C overnight. Coverslips were then washed with PBS, and
incubated with Alexa fluor conjugated secondary antibodies (Alexa-488, Alexa-555,
Alexa-647; Invitrogen) and/or rhodamine phalloidin (Invitrogen). Samples were then
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and mounted in DAKO (Dako
North America, Inc.) mounting medium.

For immunohistochemistry of murine tissue, mice were anesthetized with
tribromoethanol (Avertin) and perfused transcardially with 4% PFA. Optic nerves were
dissected in PBS and post-fixed overnight in 4% PFA at 4°C followed by overnight
cryopreservation in 30% sucrose/PBS at 4°C and then embedded in a 1:1 mixture of 30%
sucrose/OCT (Sakura, CA). Briefly, 10 um sections were washed with PBS followed by a
10-30 min incubation in citrate buffer (10 mM citric acid, 26 mM NaOH, pH 6) for
certain antibodies. Sections were blocked in either 10% GS with 1% BSA and 0.2%
Triton-X-100 or TBLS (0.5 mM Tris-HCI1 pH 7.4, 0.0085% NaCl, 0.01% BSA, 0.009%
L-lysine, and 10% sodium azide) with 20% GS and 0.3% Triton-X-100 for 1 hour.
Primary antibodies were diluted in either 1% GS with 1% BSA and 0.2% Triton-X-100 or
TBLS with 20% GS and 0.3% Triton-X-100 and placed on sections overnight at 4°C.
Sections were then washed and incubated with Alexa fluor conjugated secondary
antibodies (Invitrogen) in the same solution as primary antibodies. Sections were

counterstained with DAPI and mounted in DAKO mounting medium.
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BrdU labeling: DIV2 OL cultures were pulsed with approximately 20 nM of BrdU for 4
hours, and subsequently fixed with 3% PFA at room temperature for 15 min. Coverslips
were washed in PBS, permeabilized with 0.1% Triton-X-100 solution, and treated with 2
N HCI for 20 min on a rotary shaker. Samples were then topped up with an equal volume
of 0.1 M Tris-HCI pH 9.5 and incubated on the rotary shaker for an additional 20 min.
Samples were then stained with anti-BrdU antibody using the same method as described

above.

Whole mount immunohistochemistry: Mice were anesthetized with Avertin and
sacrificed at either P14 or P28. The optic nerve was immediately removed and placed in a
4% PFA solution for 1 hour at room temperature with gentle agitation. The nerve was
then washed in PBS followed by a 30 minute incubation in 2% Triton-X-100 and blocked
in a 4% BSA, 1% Triton-X-100 solution. The optic nerve was then incubated overnight
with an antibody against GFP in blocking solution. The next day, an Alexa fluor
conjugated secondary antibody was applied in blocking solution for 4 hours, followed by
washes in PBS. The optic nerves were finally counterstained with DAPI, given final
washes in 0.1% Triton-X-100 and mounted in DAKO mounting medium. Images were
acquired and processed as Z-stacks through the whole mount preparation to visualize OLs

and associated internodes in their entirety.

Electron microscopy: Mice were anesthetized with Avertin and perfused transcardially
with Karnovsky’s fixative (4% PFA, 5% glutaraldehyde, 0.08 M sodium cacodylate, pH
7.4). The optic nerve was then removed and post-fixed in Karnovsky’s fixative at 4°C.

Fixed optic nerves were cut into ultrathin sections, stained with uranyl acetate and lead
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citrate, and analyzed by electron microscopy. Axon and myelin diameter was determined
using the “analysis” tool in Image J set to a known scale. Number of myelinated fibers
relative to total fibers was then determined and subdivided into groups by axon diameter.

G-ratio was calculated by dividing the axon diameter by the axon plus myelin diameter.

Western blot: Mixed glial cultures were cooled on ice for 3 min, and washed with ice
cold PBS. Cells were scraped off the dishes into protein lysis buffer (50 mM Tris-HCI,
150 mM NaCl, 1% NP-40 [IGEPAL]) containing protease inhibitor cocktail (0.01 mg/mL
pepstatin, 0.01 mg/mL aprotinin, 0.01 mg/mL leupeptin, 5 mM Na;VOs, 1 mM PMSF)
and centrifuged at high speed to remove insoluble material. For optic nerves, protein was
extracted through tissue homogenization in a lysis buffer solution (50 mM Tris pH 7.4,
150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton-X-100) containing
protease inhibitor cocktail plus 50 mM NaF. Optic nerves from three mice were pooled
for each protein sample. For western blotting of proteins obtained from OL cultures,
vessels were briefly cooled on ice before cells were lysed in a commercial lysis buffer
(Cytoskeleton Inc.). Lysate was then centrifuged at high speed to remove insoluble
material. Western blot exposure films were scanned with EPSON Perfection 2450
PHOTO scanner and images were imported into Image J. A box of standard dimensions
was placed over each band of a given blot, and the mean gray value was measured for
each band. Levels of a given protein of interest were normalized to the GAPDH band

intensity.

G-LISA RhoA activation assay: DIV3 vehicle and TAT-Cre treated primary OLs were

scraped into RhoA G-LISA lysis buffer, and clarified lysates were flash frozen in liquid
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nitrogen. The G-LISA assay was conducted on the lysates according to the
manufacturer’s instructions (Cytoskeleton Inc.). Raw luminescence values were

normalized to total RhoA levels as measured by western blotting.

His-TAT-NLS-Cre recombinase (TAT-Cre) treatment: TAT-Cre (Excellgen) was added
to mixed glial cultures at a concentration of approximately 2-5 pM for 1-4 hours. The
following day, the efficiency of the recombination was qualitatively assessed by EGFP
fluorescence. OPCs were extracted from the mixed glial cultures and seeded onto Ln-2

substrate 72 hours post TAT-Cre administration as previously described (O’Meara et al.,

2011b).

Statistical analysis: All statistical analyses were performed using Prism 5/6 GraphPad
software. Unless stated otherwise, two-tailed Student’s t-tests were employed for

statistical analyses, with significance set at p < 0.05.
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Results
ILK is required for primary OL differentiation

ILK is well known for its role in focal adhesion stabilization (Legate et al., 2006),
a function highly dependent on its binding partner a-parvin. Through a-parvin, ILK is
connected to the actin cytoskeleton, thus linking cellular interior and ECM. Both ILK and
a-parvin proteins were detected at all differentiation time points in cultured primary
murine OLs (Figure 3.1A). Expression of 2°,3’-cyclic-nucleotide 3’-phosphodiesterase
(CNP) and MBP indicates the degree of OL differentiation in the cultures, as these are
intermediate and late markers of OL differentiation, respectively (Figure 3.1A). To
investigate the role of ILK in primary OL differentiation, we used a conditional knockout
approach taking advantage of the /K" mutant mouse (Terpstra et al., 2003) (Figure
3.1B). In order to track which cells had undergone Cre-mediated recombination, "
mice were crossed to the m7/mG reporter line (Muzumdar et al., 2007). Recombination
was achieved in culture through the use of TAT-Cre (Peitz et al., 2002), resulting in
cessation of tdTomato expression and induction of EGFP (Figure 3.1B, C) in conjunction
with excision of the floxed region within the mouse /lk gene (Figure 3.1D).
Administration of TAT-Cre also significantly reduced ILK protein levels, and that of its
obligate partner a-parvin in transgenic mixed glial cultures (Figure 3.1E, F). OPCs were
then derived from these TAT-Cre treated mixed glial cultures (as described in O’Meara et

al., 2011b) and seeded on Ln-2 substrates as a purified population for further study.
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Figure 3.1. Genetic ablation of ILK from primary glial cells. A. Western blot analysis
of ILK and a-parvin in primary murine OLs at 3 time points of differentiation (DIV1,
DIV3, DIV6). CNP and MBP are intermediate and late maturation markers, respectively.
B. Schematic showing the floxed //k allele, with loxP sites flanking the putative kinase
domain (exons 5-12), and the m7/mG reporter allele. Cre recombination results in
nullification of [I/k, concomitant with EGFP induction. C. Immunofluorescence
micrographs of mixed glial cultures derived from JIK"":mT/mG mice treated with vehicle
or TAT-Cre. D. PCR performed on DNA isolated from TAT-Cre or vehicle treated /"

mixed glial cultures. E. Western blot analysis for ILK and o-parvin in 1K™ :mT/mG
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mixed glial cultures treated with TAT-Cre or vehicle. Three independent samples of each
are shown. TAT-Cre treated WT cells are shown as control for toxicity. F. Densitometry
analysis of western blots in (E) for ILK and a-parvin between TAT-Cre and vehicle
treated cultures. Data represents the mean = SEM (n=3). *p < 0.05, ***p < 0.001;

Student’s # test. Scale bar: 100 um.
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OPC differentiation requires both molecular and morphological cellular
alterations. Molecular differentiation coincides with decreased expression of NG2
concomitant with MAG and MBP expression. Upon loss of ILK (Ilk”), a significant
proportion of OPCs persisted as NG2™° precursors at DIV3 and DIV6 of the
differentiation time course (Figure 3.2A, B). Accordingly, fewer Ik OLs expressed
MAG or MBP as compared to wild type (11" cells. However, a certain proportion of
Ilk” OLs expressed MAG at DIV3 and DIV, thus persistence of NG2 ™ precursors was
not a completely penetrant phenotype in response to ILK loss. Furthermore, MBP protein
levels (as measured by western blot) were decreased in TAT-Cre treated cultures at both

DIV3 and 6 (Figure 3.2C).
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Figure 3.2. Loss of ILK impacts the expression of developmental stage-specific OL

markers. A. Immunostaining of TAT-Cre treated DIV6 OL cultures for NG2, MAG and
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MBP. Arrows and arrowheads indicate 7/k” and II/K"" OLs respectively. B. Quantification
of percent of JIk”” versus IIK"" OLs expressing NG2, MAG or MBP at DIV3 and DIV6.
C. Western blots of TAT-Cre and vehicle lysates probed for ILK and MBP, with actin
serving as a loading control. Data represents the mean + SEM (n=4). *p < 0.05, **p <
0.01, ***p < 0.001, ****p < (0.0001; two-way ANOVA followed by Bonferonni post-

tests. Scale bar: 100 um.
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To investigate whether this apparent delay in lineage progression was an artifact
of differential expansion/collapse of IIk” or 11K OL populations, we conducted of series
of cell death and proliferation assays. When total numbers of Ilk" and 1K™ OL-lineage
cells were respectively considered as 100% at DIV 1, there was no subsequent difference
in cell counts between the genotypes at either DIV3 or DIV6 (Figure 3.3A). This suggests
that loss of ILK does not translate to compromised survival of OL-lineage cells. In
addition, there was no significant difference in the percentage of cleaved caspase 3" OL-
lineage cells at DIV1, DIV3 or DIV6 (Figure 3.3B). When this same cleaved caspase 3
data was parsed to segregate mature and immature OL-lineage cells, we still did not
observe any significant difference in cleaved caspase 3 activity between IIk” and IIK""
populations (Figure 3.3C). Finally, we investigated whether there were differences in the
rate of proliferation between //k” and IIK"" OPCs. We did not observe any difference in
BrdU incorporation after a 4-hour pulse at DIV2 (Figure 3.3D). Thus, our data strongly
suggest a role for ILK in the initiation of a molecular differentiation program triggering
MAG and MBP expression. Simply stated, upon loss of ILK, OPCs tend to persist as

NG2 "™ precursors throughout the 6-day differentiation time course.
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Figure 3.3. No significant difference in OL survival, cleaved caspase 3-mediated
death or proliferation upon ILK depletion. A. Percentage of surviving OL-lineage cells
over the 6 day differentiation time course when total numbers of //k”~ and IIF"” cells were
respectively considered as 100% at DIV1. B. Percentage of cleaved caspase 3™ OL-
lineage cells at DIV1, DIV3 and DIV6 for Ik~ and /K" populations. C. DIV3 and DIV6
cleaved caspase 3 data from panel [B] when immature OPCs and mature OLs are

+ve

considered as distinct populations. D. Percentage of BrdU ™ OLs after a 4-hour pulse on
DIV2. Data represents the mean + SEM (n=4 [A]; n=3 [B,C,D]); n.s. = no significant
difference. Two-way ANOVA followed by Bonferonni post-tests (A,B,C); Student’s ¢ test

(D).
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Loss of ILK inhibits morphological maturation of OLs in primary culture

OL morphological differentiation is characterized by extension of multiple
processes by OPCs, eventually generating myelin-like membranous structures. This
morphological maturation coincides with the expression of MAG. At DIV3 of
differentiation, MAG " 1K™ OLs had developed a complex arbor network, and at DIV6,
these OLs had further differentiated to form myelin-like membranes (Figure 3.4A top
row). Interestingly, most MAG™® IIk”~ OLs did not produce either an arbor network or
myelin-like membranes (Figure 3.4A bottom row). Rather, they only extended a few
primary arbors. To quantify this observation, a staging scheme was developed, from stage
1 to 4, where cells were binned based on their increasing morphological complexity
(Figure 3.4B). At DIV3, MAG ™ Ilk”" OLs were predominantly stage 1, whereas MAG™*
IIK"™" OLs were largely stage 3 (Figure 3.4C). At DIV6, most MAG ™ IIK"" OLs were of
stage 4 morphology, but the majority of MAG™* IIk" OLs persisted as stage 1 (Figure
3.4C). A subset of IIk”” OLs attained stage 4 morphology at DIV6, however, their cellular
area was significantly reduced as compared to stage 4 MAG™* IIK"™" OLs (Figure 3.4D,
E). The observed morphological deficits resulting from ILK loss were not a consequence
of EGFP induction, as Cre-recombined 7k ;mT/mG OLs displayed normal morphology

(data not shown).
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morphological maturation of OLs. A.

Immunofluorescence micrographs depicting morphology of MAG™® Ik and IIK"" at

DIV3 and DIV6. B. Staging scheme used to categorize the morphological complexity of

MAG"™ OLs. C. Quantification of percent of /Ik” and I/K"" MAG"® OLs that fall into

each of the 4 morphological stages at DIV3 and DIV6. D. Immunofluorescence
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micrographs showing the extent of membrane extension of stage 4 I/k” and 1IK"" OLs. E.
Quantification of the average cellular area of stage 4 Jlk” and IIK"" OLs. Data represents
the mean + SEM (n=4). *p < 0.05, ****p < 0.0001; Student’s ¢ test (E) or two-way

ANOVA followed by Bonferonni post-tests (C). Scale bars: 50 wm.
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Loss of ILK impacts in vitro myelinating capacity of OLs

Due to the morphological deficits observed when I/k”~ OLs are cultured on Ln-2,
we hypothesized that this would translate to compromised myelinating capacity in an in
vitro myelination paradigm. To this end, we utilized DRGNs in co-culture with primary
OLs (as described in O’Meara et al., 2011b). At DIV3 of co-culture, there was no
significant difference in the capacity for /lk” OLs to contact and enwrap DRGN neurites
as compared to 1/K""" OLs (Figure 3.5A-C). However, at DIV6, Ilk”~ OLs contacted fewer
DRGN neurites and had a reduced capacity to enwrap neighboring neurites with MBP "™
membrane (Figure 3.5A-C). The driving force underlying these deficits appeared to be an
impaired ability of 7k~ OLs to form myelin leaflets (Figure 3.5D). These structures were
observed solely when OLs were co-cultured with neurons, and may represent an in vitro
version of early myelin sheaths. //k” OLs produced significantly fewer myelin leaflets per
cell than ZIK"" OLs (Figure 3.5E). These defects were not a result of ectopic EGFP
expression, as Ilk”":mT/mG OLs myelinated DRGN neurites normally, and produced
expected numbers of myelin leaflets (data not shown). In addition, we confirmed that
there were no differences in the density of DRGN neurite bed underlying myelinating

OLs (data not shown), suggesting the OLs themselves were solely responsible for the

myelination phenotypes in response to ILK loss.
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Figure 3.5. Loss of ILK disrupts ability of OLs to myelinate axons in vitro. A.
Immunofluorescence micrographs of /Ik” and 1IK"" OLs myelinating DRGN neurites at
DIV3 and DIV6 of co-culture. B. Quantification of the area of overlap of myelin
membrane with DRGN neurites by //k” and IIK"" OLs at DIV3 and DIV6. C.
Quantification of the percentage of neighbouring DRGN neurites contacted by //k” and

1K™ OLs. D. Immunofluorescence micrographs depicting the structure of membrane

extensions/leaflets for /Ik” and /K" OLs. E. Quantification of the number of membrane
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extensions produced per cell for /Ik” and IIF"" OLs. Data represents the mean = SEM

(n=4). *p < 0.05, **p < 0.01; Student’s ¢ test. Scale bar: 50 um.
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Generation of ILK conditional knockout mice for in vivo study

To study the role of ILK in CNS myelination in vivo and avoid embryonic
lethality associated with ILK deletion, we employed the Cre-loxP system. ZIKF"/ mice were
crossed to Plp-CreER" mice to generate IIK"”:Plp-CreER" conditional knockout mice
(hereafter referred to as Ik cKO mice). The Plp-CreER" line of mice allows for spatial
and temporal control of floxed //k recombination; the Cre gene is placed under the control
of the proteolipid protein (Plp) promoter, allowing for OL-specific expression
(Doerflinger et al., 2003). As well, the Cre protein is fused to a mutated estrogen receptor,
requiring tamoxifen administration for nuclear translocation (Figure 3.6A).

The optic nerve was chosen as a model system to study the impact of //k gene
deletion on myelination, as it offers a relatively homogeneous population of cell types,
with a large percentage of OLs, when compared to other CNS tissues. Since myelination
of the optic nerve is initiated approximately 6 days post-natally (P6) (Thomson et al.,
2005), Ilk cKO mice and WT littermates were administered tamoxifen at P4. Western blot
analysis revealed a decrease in total ILK protein levels in the optic nerves of these mice
following tamoxifen injection (Figure 3.6B). To verify specificity of the promoter to the
OL lineage, Ilk cKO mice were crossed to the m7/mG reporter line (generating I/k
cKO;mT/mG mice). In these mice, EGFP is expressed predominantly in cells positive for
the myelin markers MBP and MAG (Figure 3.6C), demonstrating the specificity of the

Plp promoter to OLs.

Transient amyelination following ILK ablation in vivo
Initial analysis of /7k cKO mice revealed no overt signs of shaking, ataxia, tremor,

or head wobbling following tamoxifen injection at P4. Mice were sacrificed at two
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developmental time points, P14 and P28, for ultrastructural analysis by electron
microscopy. The optic nerves of P14 Ilk cKO mice displayed a significant reduction in
total number of myelinated small caliber axons (0.3-0.8 pum) relative to WT littermate
controls (Figure 3.6D, E). In contrast, there was no significant difference in number of
myelinated large caliber axons (0.8 um and above) at this time point (Figure 3.6D, E).
That small rather than large caliber axons are affected is in concordance with previous
work done on OL-specific knockout mice for other members of the integrin-signaling
pathway (Chun et al., 2003; Camara et al., 2009; Forrest et al., 2009). To determine
whether myelin thickness was also affected by ILK loss, we assessed the G-ratio (axon
diameter/axon and myelin diameter) of axons in two separate groups; those < 0.8 um and
those > 0.8 um in diameter (Figure 3.6F). There was no significant difference in the
average G-ratio of axons either < 0.8 um or those > 0.8 pm. As well, no difference was
observed in axonal distribution (by diameter) between WT and Il/k cKO littermates
(Figure 3.6G), excluding a shift in axon caliber frequency as responsible for the observed
decrease in total number of myelinated small caliber axons.

Interestingly, when Ilk cKO mice were analyzed at P28, there was no observable
difference in total number of myelinated fibers (at any given diameter) relative to control
mice (Figure 3.6H, I). In addition, there was no significant difference in the average G-
ratio of axons with diameters either < 0.8 um or > 0.8 um in P28 optic nerves (Figure
3.6J). Furthermore, no significant shift was observed between control and //k cKO mice in
axonal distribution by diameter (Figure 3.6K), discounting the possibility of axonal loss
as explanation for the resurgence of small myelinated fibers by P28. Rather, our results
imply gradual myelination recovery of P14 amyelinated axonal populations in the ILK-

depleted optic nerve.
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Figure 3.6. Number of myelinated axons is decreased in the optic nerves of

tamoxifen treated I/k cKO mice at P14 but not at P28. A. //k cKO mice were generated
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by crossing Plp-CreER” transgenic mice with 7/K"/" mice. Tamoxifen was administered to
induce Cre translocation into the nucleus whereupon the //k gene was excised. B. Western
blot analysis demonstrates reduction of ILK protein in the optic nerves of P4 tamoxifen
injected /lk ¢cKO mice in comparison to WT controls. C. Optic nerves from control
IIK"":mT/mG littermates at P8 contain MBP™® OLs but no EGFP signal. Optic nerves
from P4 tamoxifen injected //k cKO;mT/mG mice sacrificed at P8 show co-localization of
MBP/MAG ™ OL cell bodies (both stains are on the same optic nerve section) with EGFP
(arrowheads). There are also MBP/MAG™ cell bodies that do not express EGFP
(asterisk). Scale bar: 50 um. D,H. Electron micrographs of optic nerves from P14 and
P28 Ilk cKO and control mice given tamoxifen at P4. E,I. Quantification for percentage
myelinated axons at P14 and P28, further subdivided by axon caliber. F,J. Representative
scatter plot of G-ratio versus axon diameter at P14 and P28. G,K. Frequency histogram
for axons of varying diameter per field of view (FOV) (3000x magnification) at P14 and

P28. Data represents the mean = SEM (n=3-4). *p < 0.05, **p < 0.01; Student’s ¢ test

(E.I), two-way ANOVA with Bonferroni post-tests (G,K). Scale bars: 1.5 um.
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The transient defects observed are due neither to a loss or a gain in total number of
OLs as measured by NG2™° OPCs and CC1™ mature OLs at P14 or P28 (Figure 3.7A,
B). To assess the possibility of OL turnover, we measured the number of cleaved caspase
3™ cells in the optic nerves of P14 Ilk cKO and WT mice. No significant increase in the
number of apoptotic cells was observed in ILK-depleted optic nerves (Figure 3.7C).
Furthermore, qualitative analysis for the abundance of recombined (EGFP™°) I/k” OLs in
the optic nerves of Ilk cKO;mT/mG mice demonstrated a persistent EGFP™° cell
population capable of forming MBP ™" myelin tracts across multiple time points (data not
shown). If Ilk”~ OLs were indeed being turned over, we would expect a progressive loss in

EGEP signal as [Ik” cells were replaced by WT precursors.
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Figure 3.7. Number of precursor and mature OLs is unchanged in optic nerves of Ilk
cKO mice. A. Immunofluorescence micrographs of NG2™° OPCs (red) and CC1"™*
mature OLs (green) counterstained with DAPI in the optic nerves of Ilk cKO and WT
mice at P14 or P28. B. Quantification of NG2™° OPCs and CC1™° mature OLs at P14

and P28. Respective cells were counted within a defined area of the optic nerve. C.
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Immunofluorescence micrographs of cleaved-caspase 3™ cells counterstained with DAPI
along the length of an optic nerve in P14 Ilk cKO and WT mice. Quantification for total
number of cleaved-caspase 3™ cells within 50000 um® of the P14 optic nerve. Data

represents the mean = SEM (n=3), Student’s ¢ test. Scale bars: 50 um.
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In an effort to draw parallels between defects observed in vitro (morphological
aberrations) and in vivo (loss of myelination), we employed a low dose tamoxifen
regimen in our /lk cKO;mT/mG and PLPCreER";mT/mG control animals. Reducing
tamoxifen levels allowed for spatial resolution of individual recombined OLs and
associated myelin processes. Following administration of the drug, mice were sacrificed
at P14 and the optic nerves were removed for whole mount preparations. A series of Z-
stack images were taken so as to capture recombined OLs in their entirety. Strikingly, at a
strictly qualitative level, many of the ILK-depleted OLs displayed fully formed myelin
internodes similar to controls (Figure 3.8 A). However, the average internode-length was
less than that measured for reporter controls (Figure 3.8A, B), corroborating our in vitro
data for a subset of mature ILK-depleted OLs which form smaller amounts of membrane.
As well, loss in internode-length implies a defect in the growth of the process responsible,
as the distance it is able to travel around the axon will determine length of the myelin
segment. In conjunction we measured internode diameter to account for possible bias as a
result of axon diameter (larger axons having longer myelin internodes and vice versa). No
significant difference was observed between ILK-depleted and control OLs (Figure 3.8B)
eliminating the variable as potential confounder. We did, however, observe ILK-depleted
OLs whose processes failed to form myelin internodes (Figure 3.8C). While occasionally
present in controls, the defect was more prevalent in the optic nerves of Ilk cKO;mT/mG
mice, suggesting a role for ILK in directing myelin formation following axonal contact
and/or process extension in vivo, defects observed in both purified and co-cultured OLs in
vitro. Taken together, our data, both in vitro and in vivo, points to a role for ILK in the
initial steps of myelination, and suggests that the observed amyelination is not due to a

loss of OLs but rather to a defect in OL branching and membrane formation.
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Figure 3.8. ILK regulates internode length and triggers internode formation in vivo.
A. Compressed stack of immunofluorescence micrographs from the optic nerves of P14
PLPCreER";mT/mG control and ILK ¢KO;mT/mG mice. EGFP (green) denotes a
recombination event and allows for tracing of reporter only (top panel) or ILK-depleted
internodes (bottom panel). B. Quantification of internode length and diameter between
control and ILK-depleted mice. C. Compressed stack of immunofluorescence
micrographs from the optic nerves of P14 PLPCreER';mT/mG control and ILK
cKO;mT/mG mice depicting abnormal morphology observed in a subset of ILK-depleted

OLs. Data represents the mean + SEM (n=4). **p < 0.01; Student’s ¢ test. Scale Bar: 50

um.
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Morphological deficits of Ilk-deficient OLs are associated with abnormal actin
accumulation, and are partially rescued through Rho kinase inhibition

In our search for a mechanistic explanation for the aforementioned OL defects, we
first explored the phosphorylation state of ILK’s canonical downstream effectors Akt and
GSK3p. To our surprise, no apparent change in Akt (Ser 473) or GSK3p (Ser 9)
phosphorylation was observed in ILK-depleted OL cultures at DIV3 or 6 (Figure 3.9A,
B). We thus sought to investigate other possible mechanisms that could account for the
observed morphological aberrations. ILK has previously been shown to co-localize with
Bl integrin and paxillin in OL focal adhesions (Chun et al., 2003). We further
demonstrate ILK localization to the filamentous-actin (F-actin) rich leading edge or distal
tips of outgrowing processes in the immortalized OL cell line OLi-neu (data not shown).
When ILK is lost from primary OLs, there is an abnormal accumulation of F-actin in the
cell body and sub-cortically in the developing process (Figure 3.9C, D). A well-known
regulator of neural cell actin organization is the small RhoGTPase RhoA (Govek et al.,
2005), and perturbation of RhoA results in morphologically aberrant OLs (Rajasekharan
et al, 2009, 2010). As ILK is required for RhoA-dependent actin cytoskeleton
reorganization (Graness et al., 2006), we hypothesized that the morphological deficits and
actin accumulation in /Ik” OLs are caused by upregulation of the RhoA signaling
pathway. Indeed, when we probed for active RhoA levels, an increase in GTP bound

RhoA was detected in our TAT-Cre treated DIV3 OL cultures (Figure 3.9E).
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Western blots performed on DIV3 and DIV6 vehicle (-) or TAT-Cre (Cre) treated
primary OL lysates. Membranes were probed for ILK, Akt (p-Ser 473 and total), GSK3f

(p-Ser 9 and total) and GAPDH as a loading control. B. Densitometry analysis of relative
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band intensity for western blots depicted in panel (A). C. Immunofluorescence
micrographs of IIk” and IIK"" OLs showing actin localization with rhodamine-phalloidin
staining. Arrowhead denotes F-actin accumulation in OL cytoplasm, and arrows F-
actin accumulation in the process/growth cone. D. Quantification of the percent of
MAG™ Ik and IIK"" OLs with actin accumulation in the cytoplasm and/or in growth
cone-like structures. E. Results from a RhoA G-LISA activation assay measuring the
relative amount of active (GTP-bound) RhoA between vehicle and TAT-Cre treated
DIV3 OL cultures. Data represent the mean + SEM (n=3-4). *p < 0.05, **p < 0.01, ***p

< 0.001; Student’s ¢ test (B,D); one-tailed Mann Whitney U-test (E). Scale bars: 50 um.
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Stimulation of the RhoA pathway involves activation of ROCK, an event that is
associated with destabilization of actin. The ROCK inhibitor Y-27632 is often used to
rectify the effects of overactive RhoA signaling. We tested whether Y-27632 treatment
would improve the morphological deficits of //k” OLs. Interestingly, this did not rescue
the morphological deficits of MAG™* Ik OLs (data not shown). Rather, Y-27632 had a
specific impact on the morphology of immature (MAG™) IIk” OLs (Figure 3.10A).
Under normal conditions, MAG™® lk” OLs mostly displayed primary (1°) branched
morphology, whereas MAG™ IIK"" OLs tended to have equal numbers of 1° and
secondary/tertiary (2°/3°) branched cells (Figure 3.10B). Upon administration of Y-
27632, quantification revealed a restoration of the proportion of 2°/3° branched MAG™
IIk” OLs to wild-type levels at DIV6 of culture (Figure 3.10B). It was unlikely that this
phenomenon was a non-specific event independent of ILK loss, since application of Y-
27632 to IIK"" OLs did not enhance MAG™ OL morphology as compared to JIK"”
vehicle treated cells.

We were apparently enhancing the morphology of an immature (i.e. MAG™)
population of Ik OL-lineage cells by inhibiting ROCK. We next sought to investigate
whether these morphologically-rescued MAG™ cells were in fact NG2™¢ OPCs. To this
end, we characterized the morphology of DIV6 NG2™° 1k and IIK™" cells treated with
either Y-27632 or vehicle. Ilk” NG2™° OPCs responded in a similar fashion as did the
MAG™ OLs described above (Figure 3.10C). Y-27632 administration resulted in an
increase from mainly NG2™° 1° branched OPCs to predominantly 2°/3° branched cells
(Figure 3.10D). Interestingly, in contrast to the above-described MAG™ population, Y-
27632 also enhanced the morphology of the NG2™ Ik population. However, even

when considering this apparent indirect (i.e. ILK independent) impact of Y-27632 on
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NG2™* OPC morphology, ROCK inhibition enhanced the morphology of Ilk” NG2™
OPCs to a greater extent than Ik OPCs (Figure 3.10E). Thus, RhoA regulation seems to
be ILK-dependent during distinct phases of OL development. Specifically, ILK appears
to depend on RhoA signaling at the point of differentiation when OPCs are transitioning

from NG2" precursors to MAG™® immature OLs.
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Figure 3.10. Administration of ROCK inhibitor Y-27632 rescues the morphology of
a distinct 17k population of OL-lineage cells. A. Confocal micrographs depicting the
morphology of DIV6 MAG™ IIk” OLs treated with Y-27632 or vehicle control. B.
Morphological quantification of MAG™ IIk”" and IIK"" OLs treated with either vehicle or
Y-27632. A morphological staging scheme adapted from the one depicted in Figure 3.4B

was used for this experiment. C. Confocal micrographs depicting the morphology of
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DIV6 NG2™° IIk” OLs treated with ROCK inhibitor Y-27632 or vehicle. D.
Morphological quantification of NG2™ Ilk” and 1K™ OLs treated with either vehicle or
Y-27632. E. Fold change in proportion of 1° and 2°3° branched NG2™° OPCs upon
administration of Y-27632 to JIK"" and Ilk” populations. Data represent the mean + SEM
(n=4). n.s. = no significant difference; **p < 0.01, ***p < 0.001; two-way ANOVA with

Bonferroni post-tests. Scale bar: 50 wm.
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Discussion
ILK regulates OL development

Following ILK loss in enriched primary OL cultures, two phenotypes were
observed: (1) the persistence of NG2™° OPCs coupled with a decrease in mature
(MAG™) cells, and (2) an inability of the MAG "™ population to form arborizations or
myelin-like membranes (Figure 3.11). At first glance, it is plausible to suspect a general
delay in Ln-2 mediated differentiation as cause. While, to a degree, we believe this true,
several observations suggest this interpretation as overly simplistic. First, the persistence
of NG2"*¢ precursors in the I/k” population remains static from DIV3 to 6, implying this
OL subpopulation requires ILK signaling for both morphological and molecular
differentiation. Second, there is the discord between morphology and maturation markers
observed in a separate OL subpopulation; those capable of MAG expression upon ILK
loss. Together, this suggests a functional OL heterogeneity exists with regard to ILK.
Some cells necessitate ILK to initiate the entire differentiation gamut, while others
require ILK for morphological maturation only. Alternatively, ILK’s role could be linked
to the exact maturation stage of the precursor cell at the time of its deletion. In either case,
we would assume functional differences are an outcome of signaling alteration
downstream of ILK, most likely through a shift in ILK complex composition at the 1
integrin cytoplasmic tail. Elucidation of the mechanistic switch that defines the observed
OL subgroups will be important as we move towards a fuller understanding of OL
development.

Initial characterization of P14 Ilk ¢cKO optic nerves revealed a decrease in total
number of myelinated small caliber axons. Extrapolating from our in vitro (aberrant

morphological differentiation) and in vivo (low dose tamoxifen) data, we suggest a dual
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Figure 3.11. ILK differentially regulates both morphology and molecular marker
activation in at least two OL subgroups. A. During normal OL development, OPCs
give rise to two general populations when presented with a Ln-2 substrate; a smaller pool
of NG2™ cells which remain in a precursor state, and a second, larger group, which
progresses through the various stages of morphological maturation with concomitant
expression of molecular markers of differentiation (MAG). B. Following ILK loss, an
increased percentage of OPCs fail to commit to the maturing population, remaining as
NG2"™ precursors. Simultaneously, a second pool of ILK-depleted OLs express MAG
but remain morphologically stunted. This pool correlates with defects observed in vivo.
C. ROCK inhibition rescues a select group of immature OLs, restoring secondary and
tertiary branching to normal levels. However, cells expressing MAG do not display a
similar increase in morphological maturity, suggesting differential regulation of the

Rho/ROCK pathway by ILK between varying OL subgroups.
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explanation for the small axon phenotype; that k"~ OLs suffer both from an inability to
generate and extend the requisite network of processes as well as a deficiency in their
capacity to initiate myelination following axonal contact. In regards to the former, OL
morphological complexity is negatively correlated with the diameter of the axon(s) it
myelinates. Individual OLs will either myelinate a large number of small axons or a small
number of large axons (Butt and Berry, 2000; Almeida et al., 2011). Thus, following ILK
loss, we would expect exacerbation of small axon amyelination as a result of the OLs
inability to generate a high number of processes. The second mechanism, failure to
initiate myelination following axonal contact, was first proposed by Céamara and
colleagues in a dominant-negative model of f1 integrin (Camara et al., 2009). The idea is
as follows; once axonal contact is established, the OL process requires an axonal ligand
“threshold” be broken to trigger a myelinating event. Larger axons are unaffected in this
paradigm, as they provide excess surface ligand. Smaller axons, however, necessitate
integrin-mediated signal amplification and, as such, are preferentially affected.

In contrast to our own model, Camara et al. (2009) initially propose and then
reject the possibility of morphological abnormalities as cause for small axon
amyelination. We believe our in vitro data, together with the low dose tamoxifen
experiments, imply morphological defects following ILK loss in vivo. However, our two
models do not preclude one from the other. Rather, they highlight possible differences in
functional outcome between receptor and effector disruption. Our findings are also
congruent with work published by others (Benninger et al., 2006), which controversially
concluded no essential role for B1 integrin in CNS myelination. Here, the authors focused
primarily on G-ratio as readout for myelination, which, similar to our own model, was

unaffected. As well, the study was conducted primarily in older mice (2 months and
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above), by which time, full phenotypic recovery had occurred in our model. Coupled with
our work, these findings strongly suggest the f1 integrin signaling pathway is critical for
myelination during a small developmental window, with compensation occurring
thereafter.

As alluded, our in vivo model demonstrates the capacity for compensation. When
considering the transient nature of the amyelination phenotype, we are presented with two
general possibilities, that death of //k”~ OLs permits WT cells to compensate, or that /7"
OLs are developmentally delayed, requiring more time for myelination to proceed. We
have eliminated the former, as there was no change in total OL number or an increase in
apoptosis between the optic nerves of I/k cKO and WT mice. The second scenario, a
delay in morphological maturation, therefore seems the most likely explanation; that upon
ILK loss compensation occurs through up-regulation of other integrin adhesion
complexes such as those containing Fyn or FAK. Alternatively, compensation could arise
through a switch in Ln-2 directed signaling from integrin to dystroglycan, another Ln-2
receptor expressed by OLs (Colognato et al., 2007).

However, given the nature of our in vivo model (a single tamoxifen injection), we
must also consider a paradigm wherein non-recombined OLs outcompete //k”" cells for
bare axons. Two qualities lend credence to this theory. First, the myelination potential of
any single OL is dependent on its ability to compete with neighboring OLs for axonal
space (Chong et al., 2012). Second, OLs are plastic, able to form myelin beyond what a
permissive environment would normally allow (Almeida et al., 2011; Chong et al., 2012).
It is therefore reasonable to postulate compensation as occurring through endogenous
“WT” OLs, an intriguing possibility when considering future development of

demyelinating disease therapies.
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We must also consider the nature of the Plp promoter, as it defines two separate
NG2™® OPC populations; one that expresses PLP, and one that does not (Mallon et al.,
2002). While it is unknown whether these two subpopulations differ functionally, we
cannot exclude the possibility that ILK has a distinct role within each (recall, we observe
phenotypic disparity between Ik’ OLs in vitro). As our PLPCreER” model would target
one subpopulation (NG2"™/PLP ™) to the exclusion of the other, the question of whether

+ve

we could exacerbate (or not) the amyelination phenotype by targeting all NG2 ™ cells
remains. If answered, it would provide some of the first insight into functional

continuity, or lack thereof, for a member of the B1 integrin signaling pathway between

OL subgroups in vivo.

ILK regulates OL actin cytoskeleton dynamics in part through RhoA

To our surprise, the phosphorylation status of the downstream effectors Akt and
GSK3p were unchanged following ILK loss, prompting us to instead explore the actin
cytoskeleton. ILK is known to provide a bridge between environmental cues and
intracellular machinery, linking the ECM and integrins to the actin cytoskeleton across a
multitude of cell types and species (McDonald et al., 2008). In the OL, dynamic
remodeling of the actin cytoskeleton is necessary for filopodia and lamellipodia
formation, the engines driving arborization (Kim et al., 2006; Bacon et al., 2007). We
therefore propose the morphological defects following ILK loss result from a breakdown
in the connection between the ECM and actin cytoskeleton, ultimately leading to F-actin
accumulation/disorganization and subsequent process outgrowth failure.

As ILK regulates actin dynamics indirectly through recruitment of focal adhesion

complexes (Legate et al., 2006), the observed perturbation in F-actin is most likely an
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outcome of ILK complex dissolution. Under normal conditions, ILK-assembled
complexes are capable of both direct F-actin binding and indirect actin remodeling, the
latter an event largely regulated by the small Rho GTPase family (Wickstrom et al.,
2010b). With relevance to our work, ILK-directed focal adhesions act as checkpoints for
RhoA and its effector ROCK, with loss of ILK or a-parvin leading to increased pathway
activity and subsequent F-actin disorganization (Kogata et al., 2009; Montanez et al.,
2009; Pereira et al., 2009). Up-regulation of RhoA signaling in neurons manifests as
cortical actin accumulation with concomitant inhibition of neurite extension (Yamaguchi
et al., 2001), and in OLs as reduction in process outgrowth and branching (Liang et al.,
2004; Rajasekharan et al., 2009, 2010; Wang et al., 2012). We observed an increase in
active RhoA levels following ILK depletion in our OL cultures. When treated with the
ROCK inhibitor Y-27632, MAG™ Ilk” OLs did not respond as expected, with no
increase in morphological complexity. Instead, NG2™/MAG™® Ilk” OLs displayed a
surge in arbor sprouting. The results suggest ILK regulation of the RhoA/ROCK pathway
is limited to a distinct OL subpopulation, specifically, that which is transitioning from a
precursor to immature OL state.

It was surprising to note no change in morphological complexity of MAG ™ I1k™
OLs upon ROCK inhibition. The controlled manipulation of the actin cytoskeleton by
ILK within this cell population must occur through pathways independent of Rho/ROCK
signaling. One possibility is de-activation of the ILK regulated N-WASP/Arp2/3 complex
(mediators of actin polymerization), as N-WASP disruption negatively impacts OL
process outgrowth (Bacon et al., 2007). In addition, ILK is required for a-parvin/B-parvin
stabilization and paxillin localization, both of which bind F-actin directly (Attwell et al.,

2003; Legate et al., 2006). Therefore, loss of ILK could lead to F-actin/integrin/ECM
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uncoupling, which may explain the observed OL morphological defects. Additionally, //k
"~ OLs are characterized by an inability to extend myelin-like membranes. While this is
possibly due to cytoskeletal defects, our results following ROCK inhibition (improved
branching but not membrane formation) suggest other pathways are at play, implying
ILK’s governance of OL process outgrowth and myelin membrane formation occur
through separate mechanisms.

Through our work, we have begun to dissect ILK-directed signaling pathways
overseeing unique aspects of OL development. Precisely which downstream targets
potentiate ILK’s role in cytoskeletal reorganization, and how their actions differ at

varying stages of OL differentiation remains an intriguing question for the future.
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Integrin-Linked Kinase Regulates Oligodendrocyte
Cytoskeleton, Growth Cone, and Adhesion Dynamics
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Abstract

Integrin-linked kinase (ILK), a focal adhesion protein, brokers the link between
cytoskeleton, cell membrane and extracellular environment. Here, we demonstrate a role
for ILK in laminin-2 mediated adhesion in primary murine oligodendrocytes (OLs), with
partial recovery on a non-integrin activating substrate poly-L-lysine. Intriguingly, ILK
loss on the neutral poly-L-lysine substrate led to swelling at the tips of OL processes,
which we identified as enlarged growth cones. Employing the bloated ILK-depleted
structures as template, we demonstrate the appearance of distinct cytoskeletal domains
within OL growth cones bearing classic neuronal growth cone architecture. Further,
microtubule organization is severely perturbed following ILK loss, with centripetal
microtubule looping and failure to bundle occurring in a laminin-2 independent manner.
Together, our work highlights differences in specific aspects of OL biology as driven by
laminin-2-dependent or independent ILK governed mechanisms. We reinforce the idea of
OLs as growth cone bearing cells, describing the neuronal-like cytoskeleton therein.
Finally, we demonstrate a role for ILK in OL growth cone maturation through
microtubule regulation, the loss of which translates to decreased process length and

myelin production capacity.
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Introduction

The intricate relationship between extracellular environment and oligodendrocyte
(OL) affects all aspects of OL development, from migration and proliferation to growth
and differentiation.  Signals relayed from the extracellular milieu trigger integrin
clustering/activation, driving widespread cytoskeletal change. The change is orchestrated
through adaptive protein recruitment to B1 integrin’s cytoplasmic tail. At the heart of the
recruitment is integrin-linked kinase (ILK). Along with obligate binding partners PINCH
and parvin (the canonical IPP complex), ILK forms structural platforms. Through
interactions with a variety of cytoskeletal linker proteins, the platform bridges the
extracellular environment and underlying cellular actin network (Ghatak et al., 2013).
ILK also guides microtubule stability and polarization through partnership with
microtubule binding proteins, linking and anchoring actin/microtubules at the cell
membrane (Wickstrom et al., 2010a; Akhtar and Streuli, 2013; Ghatak et al., 2013).

We previously reported a role for ILK in regulating OL actin cytoskeleton and
morphogenesis (O’Meara et al., 2013). In vivo, ILK-depleted OLs give rise to temporal
defects in myelination capacity, with full recovery in the aged animal. This thread — a
remarkable ability to compensate following early amyelination — appears common to
knockouts of the integrin pathway (Camara et al., 2009; Forrest et al., 2009; O’Meara et
al., 2013). At the time, we questioned whether recovery was due to an intrinsic ability of
ILK-depleted OLs to ‘catch-up’, or rather, compensation by a small subpopulation of wild
type (WT) OLs. We felt the answer lay in the nature of the cellular environment — the
rich milieu in vivo providing substrates unavailable to the in vitro matrix, in our case, the

mono-substrate laminin-2 (Ln-2). This was made clear by discrepancies in phenotypic
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severity from in vitro (severe) to in vivo (mild phenotype, recovery) models of ILK loss
(O’Meara et al., 2013).

To test whether a simple change in matrix could ameliorate phenotype following
ILK loss, we grew primary ILK-depleted OLs on either Ln-2 or poly-L-lysine (PLL), a
“neutral”, non-integrin activating substrate (Machesky and Hall, 1997). We noted an
immediate phenotypic change; increased complexity and membrane formation on the
neutral substrate. More striking still, however, were the bloated lamellae on the growing
ends of ILK-depleted OLs. When stained for tubulin and filamentous-actin (F-actin), a
unique cytoskeletal architecture emerged; that of a growth cone. We are not the first to
propose the OL as growth cone bearing (Fox et al., 2006). However, we now describe the
structure as having cytoskeletal domains similar to a neuronal growth cone’s. We also
characterize myelin membrane cytoskeleton, with both F-actin and microtubules
seemingly removed from the maturing membrane. Finally, we demonstrate Ln-2-
independent perturbations in the OLs microtubule network following ILK loss. Taken
together, our work showcases the OL’s ability, given a non-integrin binding substrate, to
maintain relative normalcy in branching and membrane formation in the absence of ILK.
We also fill a surprising knowledge gap with regards to OL growth cone cytoskeleton,
and ascribe a novel role for ILK, independent of Ln-2-based integrin signaling, in OL

growth cone dynamics.
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Materials and Methods

Transgenic mice: Mice used in this study were cared for under the Canadian Council on
Animal Care guidelines. Ethical approval for experiments was obtained under the
University of Ottawa Animal Care Committee protocol OGH-131. II/K"" mice were a
generous gift from Dr. René St-Arnaud, McGill University, Montreal, Canada (Terpstra
et al., 2003). These mice were crossed to a floxed stop tdTomato-EGFP (m7T/mG)
reporter line (Muzumdar et al., 2007) and bred to homozygosity for both transgenes.

Mice of either sex were employed in all experiments.

Cell culture: OL primary cultures were generated as described previously (O’Meara et
al., 2011b). Briefly, the cortex was removed from PO-P2 pups, dissociated, and a mixed
glial culture formed over 10-12 days. TAT-Cre (Excellgen) or vehicle-control (where
applicable) was added to the culture for 1-2 hours in two separate 48-72 hour applications
prior to shaking and seeding of pure primary OLs. Pure OL cultures were grown on
coverslips coated with either human placental merosin (laminin-2 (Ln-2); Millipore) or

poly-L-lysine ((PLL); Sigma-Aldrich).

Immunohistochemistry: Cells were fixed for observation at 1, 3 and 6 days in vitro
(DIV) as previously described (O’Meara et al., 2013). Briefly, OLs were fixed with 3%
paraformaldehyde (PFA) for 15 min, permeabilized with 0.1% Triton-X-100 and blocked
with 10% goat serum. All primary antibodies were placed in blocking solution and
incubated overnight. They include: myelin-associated glycoprotein (MAG; EMD
Millipore), myelin basic protein (MBP, AbD Serotec) and a-tubulin (EMD Millipore).

Alexa secondary antibodies (Invitrogen) and/or rhodamine/488 phalloidin (Invitrogen)
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were then applied. Samples were counterstained with 4°,6’-diamidino-2-phenylindole
(DAPI) and mounted in Dako mounting media. Images were captured either on an Axio
Imager M1 microscope or a Zeiss LSM 510 Meta DuoScan confocal microscope. Image

analysis was conducted using ImageJ 1.48r software.

Process length and membrane area determination: Concentric rings were placed around
MAG" OLs at 50 pixel intervals (see Figure 4.1D). The OL was then subdivided into
four equal quadrants. A single length was recorded for each quadrant demarking the
furthest distance travelled by any given process within. Four values/OL (as there were
four quadrants) were then averaged to give a single impression of general maximal length
attained by any given OL. A minimum 20 OLs were recorded per group (IIK""vs. Ilk")
per experiment.

Membrane area of MBP" OLs was traced and recorded. We removed the two
smallest and largest membranes from both WT and I/k” OLs for each experiment
performed. This was done to minimize the impact of a small population of OLs that
express EGFP but are in fact still WT (they still express ILK) and vice versa. This was
especially important for k" OLs on Ln-2, as the pool of myelin producing cells is
relatively small, and, as such, even a few extremely large WT OLs can introduce huge

data variability.

Live imaging: Primary cultures were derived as described above and plated onto
specialized 8 well chamber slides (Bd Falcon, 0877426) coated with PLL. OLs were
initially grown in a cell culture incubator and then moved to a Zeiss live imaging system

at DIV1. Phase contrast images were captured with an inverted Axiovert 200M
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microscope. Image contrast was adjusted so as to best define contour of the OL growth
cone. A single experiment was performed and a minimum 3 fields of view (FOV) taken
per condition (TAT-Cre vs. vehicle). For growth cone size a minimum of 18 growth
cones from 11 OLs were counted per condition. Images were captured every 20 seconds.
For process length, a minimum 11 growth cones from 6 OLs were counted per condition.
Images were captured every 5 minutes and length was recorded at 20-minute intervals
over 320 minutes total. N value in all experiments equates the number of individual

growth cones counted. All analysis was performed using ImageJ 1.48r software.

Western blot: Primary cultures were lysed in RIPA buffer (Cell Signaling) with 1 mM
PMSF added prior to use. SDS-PAGE gels were run with 3 samples for each group
(TAT-Cre or vehicle treated). Gels were transferred to a PVDF membrane and then
blocked in 5% milk. Primary antibodies against ILK (Cell Signaling), a-parvin (Cell
Signaling) and GAPDH (Abcam) were used. Following secondary HRP-conjugated
antibody administration, membranes were washed and then treated with enhanced
chemiluminescent substrate (Thermo Scientific). Western blot film was scanned with an

EPSON Perfection 2450 scanner.

Statistical analysis: All statistical analysis was performed using Prism 6 GraphPad
software. Unless otherwise stated, a minimum of three independent experiments were
performed for all data collected (see Live imaging section). Two-tailed Student’s ¢ tests

were used for statistical analysis unless otherwise stated. Significance was set at p < 0.05.
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Results
Substrate dependence and ILK’s role in OL differentiation

We tested the ability of ILK-depleted cells to grow on an “inert” adhesive
substrate, poly-L-lysine (PLL). It provides an adhesive surface for cellular growth
through charge interaction with cellular membranes and not through integrin receptor
binding. Primary OLs were grown on either Ln-2 or PLL over three days. Cells were
derived from JIK"":mT/mG mice as previously described (O’Meara et al., 2013). Briefly,
TIK"™:mT/mG transgenic mice carry both a floxed ik (1IK"") allele and a tdTomato/EGFP
reporter gene (m7/mG). The fluorophore is membrane bound and allows visualization of
cellular morphology. The addition of a Tat-Cre fusion recombinase (TAT-Cre)
simultaneously depletes ILK (dubbed /") (Figure S4.1) and triggers EGFP expression
(tdTomato is switched off), effectively turning ILK null cells from red to green (Figure
4.1A). For simplicity, we will refer to ILK-depleted OLs as Ik and IIK"":mT/mG (non-
recombined) as WT or simply Z/&"”. Further, when grown on Ln-2, we will refer to OLs
as Ln-2 WT or Ln-2 /Ik”, and when on PLL as PLL WT or PLL //k”.

As previously reported, ILK-depleted cells expressing the differentiation marker
MAG, when grown on Ln-2, form stunted processes and fail to branch over 3 days in
culture (Figure 4.1A). When binned by morphological maturity, the majority are stage 1
(Figure 4.1B, C). F-actin accumulates both within the cell soma and in processes of Ln-2
Ilk” OLs (Figure 4.1A). In stark contrast, PLL //k” cells advance to stage 3 — having
highly branched processes — and when binned solely for morphological complexity, are
no different from WT on either Ln-2 or PLL. Strikingly, they are not characterized by

somal F-actin accumulation as seen on Ln-2 (Figure 4.1A).
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We further quantified process length, an indication of the cell’s ability to (i)
myelinate at a distance and (ii) the volume of membrane produced. MAG" OLs were
subdivided into four quadrants and the furthest distance travelled by a process within each
was measured (see Figure 4.1D). Unsurprisingly, Ln-2 [/k” OLs formed the shortest
processes (Figure 4.1E), followed by PLL IIk” cells (Figure 4.1E). Unlike general
complexity (Figure 4.1C), processes from PLL Ik’ OLs failed to reach overall WT length
on either substrate (with Ln-2 WT forming the longest) (Figure 4.1E). A graph depicting
general distribution between WT and I/k” OLs on each substrate was generated,
demonstrating general trends (Figure 4.1F). Ik OLs are therefore capable of maintaining
complexity, but not length, barring Ln-2 mediated integrin activation. Translated in vivo,
our findings suggest an intrinsic ability of OLs to function in the absence of ILK to a

much greater degree than seen in vitro (on a Ln-2 substrate).
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Figure 4.1. ILK loss impacts OL complexity and process length in a substrate
dependent manner. A. Immunostaining of TAT-Cre treated OLs at DIV3 for MAG
(purple), phalloidin (red) and DAPI (blue) on either Ln-2 or PLL. EGFP expression

denotes recombined ILK-depleted OLs. Far right panels are zoomed in from the
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demarcated region. Arrow depicts a swollen growth cone B. Example of morphological
stages used in the binning process. C. Quantification of percentage MAG" cells falling
within each stage between ILK-depleted and WT groups on either Ln-2 or PLL. D.
Example of concentric rings and quadrants employed to measure maximal process length
of MAG" OLs. E. Quantification of percentage MAG" cells with given maximal process
length between ILK-depleted and WT groups on either Ln-2 or PLL. F. Curve generated
from (E) depicting overall patterning of process length between OL groups. Data
represent the mean +SEM (n=3). *p < 0.05, **p < 0.01, ****p < 0.0001 (two-way

ANOVA test). Scale bars: (A) 20 um (B) 100 pum.
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The OL growth cone and cytoskeleton

While branching is maintained following ILK loss on PLL, there is a clear deficit
in process length. To elongate, the OL process must grow outwards, which requires a
growing tip. However, we, like others, would suggest the tips are growth cone-like, and,
as such, would label them as OL growth cones (Jarjour and Kennedy, 2004; Fox et al.,
2006; Haber et al., 2009; Rajasekharan et al., 2009). That is not to say they are identical
to neuronal counterparts, but rather to acknowledge the presence of a highly motile and
guidance responsive structure bearing classic neuronal growth cone morphology (Fox et
al., 2006). The distinction is also important when considering the peculiar nature of OL
growth cones following ILK depletion on PLL. As depicted in Figure 4.1A (arrow), PLL
Ilk” OLs protrude a bulbous growth cone, many times larger than WT (on either
substrate) and/or Ln-2 Ilk” OLs. Neuronal growth cone morphology is dependent on
cytoskeletal architecture, and is defined by three distinct cytoskeletal zones; peripheral
(P), central (C) and transitional (T) (Figure 4.2A) (for a review see Vitriol & Zheng,
2012). Little work has been done to qualify whether the OL growth cone can be similarly
described. To establish a baseline, DIV1 WT OLs were grown on either Ln-2 or PLL and
then stained for F-actin and tubulin (Figure 4.2B, C). As previously described (Fox et al.,
2006), OL growth cones shrink in size as the cell increases in complexity (matures)
(Figure 4.2B). Whether this is an outcome of programmed contraction over time, the
result of the larger initial cone splitting cytoplasm during bifurcation, or the growth cone
halting and projecting consecutively smaller “daughter” processes remains to be
determined.

Our focus was on the larger cones, as they provide maximal resolution. Similar to

a neuronal growth cone, there was a clear P zone, defined by radial bundles of F-actin
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containing filopodia that extrude the most distal edge of the lamellipodium (Figure 4.2B,
C). Tubulin, originating from the process, invades the cone centrally, in a region
relatively devoid of F-actin. Its bulk stays well behind the leading P zone, sending
individual ‘pioneering’ microtubules that extend and colocalize along F-actin rich
filopodia (Figure 4.2C arrow). This tubulin patterning (in general terms) also defines the
central microtubule core, the C zone, of a neuronal growth cone. Interestingly, in
immature OLs on PLL, F-actin accumulates centrally, just behind the P region (this is
rarely seen in Ln-2 WT OLs) (Figure 4.2C asterisk). Here, it overlaps with the distal
microtubule tip. While distinct, it draws parallels to the neuronal growth cone’s T zone.
The transition (T) zone is defined by an F-actin arc separating the P and C regions. In
neurons, this junction provides an interface for microtubule and F-actin interaction and
can only be seen in high resolution. It is also here that contractile structures are formed
and F-actin is turned over (Medeiros et al., 2006; Burnette et al., 2008; Vitriol and Zheng,
2012). As the OL matures, and the cone shrinks, zones become much more difficult to
define, often appearing as extended filopodia (Figure 4.2B). As researchers tend to study

the mature OL, it is unsurprising these structures have received so little attention.
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Figure 4.2. OLs share cytoskeletal architecture with neuronal growth cones. A.
Schematic representation of a neuronal growth cone. Organization of the cytoskeleton
gives rise to unique domains: central (C), transitional (T) and peripheral (P). Tubulin is
depicted in white and F-actin in red. B. Immunostaining of WT OLs at DIV1 on Ln-2 for
phalloidin (red) and tubulin (white). From top to bottom, increased morphological
complexity correlates with decreased growth cone size. All panels to the right are
zoomed in on demarcated region in left image. C. Immunostaining of WT OLs at DIV1
on PLL for phalloidin (red) and tubulin (white). All panels to the right are zoomed in on
demarcated region in left image. Asterisk depicts putative T zone with F-actin
accumulation separating microtubules from F-actin rich filopodial P zone. Arrow depicts
“pioneering” microtubules, which pass into the P zone and travel along actin filaments.

Scale bar: 10 pm.
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At DIV3, MAG" PLL [k growth cones are twice the size of any other group and
yet morphological complexity is maintained (Figure 4.3A, C). The result defies
expectations — growth cones should shrink as the OL develops. When stained for tubulin
and F-actin, PLL I/k” growth cones appear primordial. The largest exhibit cytoskeletal
organization distinctly similar in structure to the neuron’s P, C and T regions (Figure
4.3A, B). Here, the regions are hyper-defined, often with clear arcing F-actin (again,
reminiscent of the neuron’s T zone) delineating P and C regions (see Figure 4.3A).
Whether F-actin distribution within the “T zone” is similar to early PLL WT OLs (see
Figure 4.2C), simply on a larger scale (and therefore affording higher resolution) is
unclear. F-actin does, however, appear denser than PLL WT counterparts. Possible
explanations include abnormal F-actin accumulation and/or an inability to clear F-actin in

the region.
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Figure 4.3. ILK-depleted growth cones on PLL are bloated and allow for high-
resolution view of the cytoskeleton. A. Immunostaining of DIV3 WT and //k” OLs on
PLL for phalloidin (red) and tubulin (white). Cytoskeletal zones are superimposed. B.
Schematic representation of a neuronal growth cone. Organization of the cytoskeleton
gives rise to unique domains: central (C), transitional (T) and peripheral (P). Tubulin is

depicted in white and actin in red. C. Quantification of MAG" growth cone size. Data
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represent the mean =SEM (n=3). ***p < 0.001, ****p < 0.0001 (one-way ANOVA test).

Scale bar: 10 pm.
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ILK regulates OL growth cone dynamics

PLL [lIk” OLs suffer an inability to fully extend processes, but maintain
complexity. As ILK loss leads to morphological growth cone defects, we sought to gauge
whether the cone’s growth dynamics were also affected. WT (vehicle treated) and ILK-
depleted (TAT-Cre treated) OLs were grown on PLL and followed with a live imaging
system at DIV1, a time when WT growth cones are still relatively large. Images were
first captured every 20 seconds to access growth cone mutability. Initial assessment
demonstrated highly dynamic cones extending and retracting multiple filopodia in both
WT and [lk” OLs (Figure 4.4A). This was further demonstrated when growth cones from
Figure 4.4A were overlaid (Figure 4.4B). We next measured total change in growth cone
size over time. The readout is presented as percent change in growth cone size from one
frame to the next. Percent change is employed to control for size discrepancy between
WT (smaller) and IIk”" growth cones. Both shrinking and expanding events over a 2-
minute period were recorded and summed to highlight whole growth cone dynamism.
There was a slight, but significant, decrease in the percentage change for I/k” cones
relative to WT (Figure 4.4C), suggesting the cone’s size becomes increasingly static
following ILK loss. WT growth cones also tended to have more shrinking events than //k°
o counterparts (Figure 4.4D). Both findings correlate with fixed Ilk” OLs at DIV3
maintaining overly large primordial growth cones.

We next tested primary process growth by live recording WT and Ik OLs on
PLL at DIV1 (Figure 4.4E). Distance travelled was measured every 20 minutes over a
320 minute time period. Surprisingly, total outwards growth, as measured by the
difference in length between time 0 and time 320 (from the OL cell body to the growth

cone’s center), was no different between Ik’ and WT cones (Figure 4.4F). However,
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when both cone growth (outwards movement) and retraction (inwards movement) were
summed, there was a clear and significant decrease in total distance travelled following
ILK depletion (Figure 4.4G). Therefore, within the observed time frame, ILK loss does
not affect net distance travelled outwards, but rather, the overall dynamic range assessable
to the process through continued growth and retraction.

Next, the live imaging model was used to better understand how PLL Ik OLs
maintained morphological complexity. Upon investigation, multiple mechanisms were at
play and all seemed to revolve around growth cone filopodia. At this juncture, we must
emphasize that OL growth cones, on either Ln-2 or PLL, continue to form F-actin
filopodia following ILK loss. When these actin rich structures contacted adjacent growth
cones and/or processes a bridge formed (Figure 4.4H asterisk). From there, the growth
cone either dissociated from the newly formed branch (Figure 4.4H arrow head) or itself
contracted and formed multiple interconnecting branches seeded from the initial filopodia
(Figure 4.4H, arrow). Due to the enlarged growth cone, contact between filopodia and
other structures is a regular occurrence on PLL. This strongly suggests, independent of
Ln-2 based adhesion, ILK is dispensable for interconnecting branch formation. Also, that
the molecular mechanisms governing growth cone dynamics shift when the cone comes
into contact with itself (and also other OLs), as we see rapid change in growth cone size
leading to branch formation.

Unfortunately, we could not consistently grow Ln-2 I/k” OLs for comparison
(within the live imaging system). These cells, when fixed, have smaller growth cones and,
unlike PLL, form almost no interconnecting branches (see Figure 4.1A and 4.5A). We
know Ln-2 alone is sufficient to drive highly complex branching in WT OLs (see Figure

4.1A and 4.5A). It therefore follows — the interaction between OL and the ECM
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component Ln-2 (through integrin receptor binding), leading to focal adhesion formation,
requires ILK. If integrins are bypassed and adhesion secured (by plating the OLs on
PLL), then ILK appears dispensable for OL branch complexity but not normal growth
cone behavior.  Future work should therefore focus on understanding and identifying

which molecular players are responsible for the apparent switch and compensation.
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Figure 4.4. ILK-deI;leted gr;);vth cones on PLL are less dynamic. A. Phase contrast
images of vehicle and TAT-Cre treated cultures at DIV1 on PLL. Growth cones are
highlighted in yellow. Images were taken every 20 seconds (a total of 80 seconds is
depicted). B. Overlay of growth cones from (A). Each overlay represents 20 seconds, and

80 seconds total is depicted. C. Quantification of percent change in growth cone size over
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120 seconds at 20-second intervals. D. Quantification of times growth cone shrank over
120 seconds at 20-second intervals. E. Phase contrast images of vehicle and TAT-Cre
treated OLs on PLL at DIV1. Each image represents an 80-minute interval (pictures were
taken every 5 minutes). 320 minutes total is depicted here. F. Quantification of distance
travelled outwards from time zero. Calculations were based on measurements every 20
minutes over 320 minutes total. G. Quantification of total distance travelled, both
forwards and backwards. Calculations were based on measurement every 20 minutes over
320 minutes total. H. Phase contrast images at DIV1 of TAT-Cre treated OLs on PLL.
Images were taken every 5 minutes for a total of 20 minutes depicted here. A final shot
of the same cell at 50 minutes is also shown. The asterisk depicts a branch between
growth cones forming, the arrowhead a growth cone dissociating from the branch, and the
arrow a growth cone which itself is splitting into multiple branches. Data represent the
mean £SD (C,D; vehicle n=20 TAT-Cre n=18 — F,G; vehicle n=12 TAT-Cre n=11). NS

= not significant, *p < 0.05, (Student’s ¢ test). Scale bar: 20 pm.
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1LK loss and growth cone enlargement is associated with microtubule disorganization
We previously ascribed a role for ILK in regulating OL F-actin networks in
mature cells (O’Meara et al., 2013). There, Ln-2 [Ik” OLs were defined by F-actin
accumulation in the process and cell body (recapitulated in Figure 4.1A). Here, we
further demonstrate F-actin accumulation in enlarged PLL Ik growth cones, though,
importantly, not in the cell soma (see Figure 4.2A). In light of our growth cone focus, we
sought to establish the impact of ILK loss on the cone’s second cytoskeletal component,
microtubules. WT and I/k”” OLs were plated on either Ln-2 or PLL and differentiated over
3 days. Similar to WT, microtubules in Ln-2 Ik MAG" (maturing) OLs localized to the
central (C zone) growth cone base (Figure 4.5A). However, in approximately 30% of Ilk’
”~ OLs (relative to ~2.5% in Ln-2 WT), we observed microtubule accumulation, often seen
as a ballooning upon cone entry (Figure 4.5A arrow, B). On PLL, the effect was
exacerbated. Tubulin was replete throughout the entirety of the cone’s base and central
regions (Figure 4.5A). Microtubules accumulated in large looping formations, rather than
appearing compact, narrow and in line with the cone’s growth direction (as seen in
mature WT OLs) (Figure 4.5A, B). The only comparable “loose” patterning in WT occurs
in the largest, most immature WT cones (see Figure 4.2A). We were unable to ascertain
whether looping also occurred in Ln-2 k" OLs, due to the increased microtubule density.
It is important to note, that while lower than Ln-2 IIk” OLs, ~15% of PLL WT OLs did
have bulbous microtubule accumulation. As the phenotype is almost non-existent in Ln-2
WT OLs, it suggests a shift in OL microtubule behavior, further compounded with ILK

loss, when differentiating in the absence of active integrin signaling.
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Figure 4.5. Abnormal tubulin organization following ILK loss. A. Immunostaining
of TAT-Cre treated OLs at DIV3 stained for MAG (red) and tubulin (white). EGFP is
shown in green. OLs were grown on either Ln-2 or PLL. Panels to the far right represent
the demarcated zoomed-in regions. Arrow indicates abnormal bulge in tubulin following
entry into growth cone. B. Quantification for percentage MAG" OLs with abnormal
tubulin accumulation. Data represent the mean =SEM (n=3). *p < 0.05, ***p < 0.001,

(one-way Anova test). Scale bar: 50 pm.
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Membrane cytoskeleton in cultured oligodendrocytes

We have so far focused on OLs in the early and middle phases of differentiation.
We now turn to myelin membrane formation. As ILK played a role in pre-myelin
cytoskeletal dynamics, we thought it prudent to establish a baseline for membrane
cytoskeleton in our culture system. Primary OLs were seeded on Ln-2 and differentiated
over 6 days. All cells were stained for myelin basic protein (MBP), a late stage myelin
marker. Functionally, MBP is required for membrane compaction — it draws opposing
membrane surfaces together. Areas of compaction can also be determined through
tdTomato red localization (fluorescent signal is lost), expressed by all m7/mG derived
OLs. When co-labelled with phalloidin, a clear pattern emerges; tdTomato red containing
membrane co-locates with F-actin and the two segregate from MBP. Simply, as MBP
puncta accumulate in discrete pocketed zones, membrane is compacted, tdTomato red is
expelled, and F-actin staining is lost (Figure 4.6). We have classified OL membrane
maturity with respect to F-actin in three stages; early (Figure 4.6A), mid (Figure 4.6B)
and late (Figure 4.6C). The earliest membrane is composed of contiguous tdTomato"
myelin with F-actin replete throughout. Small compacting pockets form, and here, MBP"
puncta cluster and define the pockets edge (Figure 4.6A). As the membrane matures,
pockets widen and fill with MBP" puncta. Now, clear and striking delineation between
uncompacted tdTomato/F-actin” and MBP" compacted domains occur (Figure 4.6B). In
the final stage, F-actin is relegated to the OLs distal edge and appears sporadically within
uncompacted channels proximal to the soma (Figure 4.6C). Microtubules are found
throughout mature myelin, the network clearly defining compacted (MBP") regions
(Figure 4.6D, Figure S4.2 Late). In membrane with little to no MBP accumulation (early

membrane), microtubules can become quite thick and tangled, often forming the
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beginnings of small circular pockets (Figure S4.2 Early). As the cell matures, these
pockets fill with MBP" puncta (which often seed alongside microtubules at the pocket’s
inner edge), the membrane compresses, and microtubules seem to disentangle, expanding
along with the compaction zones border (Figure S4.2 Late). At the F-actin heavy distal
edge, however, microtubules form a quasi border between themselves and the
tdTomato /microfilament rich membrane (perhaps similar to the inner and outer loops
which contain cytoplasm and define the outer edge of the myelin sheath in vivo). This
clear transition from microtubule to microfilament suggests a relatively dynamic
uncompacted membrane running along the OLs outer rim. Together, the data speaks to a
system whereby microfilaments, a highly dynamic component in constant flux, are
removed from compacted MBP' myelin membrane, while stability providing
microtubules define compressed membrane domains. These two cytoskeletal
components, in opposition, achieve the static equilibrium myelin necessitates. Our results
are in agreement with work done previously, where MBP clustering and OL maturity
correlates with decreased cytoskeletal staining (Dyer and Benjamins, 1989a, 1989b;

Boggs and Wang, 2001, 2004; Bauer et al., 2009).
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Figure 4.6. Cytoskeletal distribution linked to myelin compaction and MBP
expression. A. Immunostaining of early stage Ln-2 WT OL at DIV6 for F-actin (green,
phalloidin) and MBP (purple). tdTomato is in red. Panels below represent demarcated
zoomed-in region. Note wide F-actin distribution and large amount of uncompacted
tdTomato-positive membrane. Small pockets of clustered MBP have begun to form,
distinct from F-actin/tdTomato. B. Immunostaining of mid stage Ln-2 WT OL at DIV6
for F-actin (green, phalloidin) and MBP (purple). tdTomato is in red. Panels below
represent demarcated zoomed-in region. Note clear delineation of F-actin rich tdTomato
regions from MBP pockets. C. Immunostaining of late stage Ln-2 WT OL at DIV6 for F-
actin (green, phalloidin) and MBP (purple). tdTomato is in red. Panels below represent
demarcated zoomed-in region. Note a general absence of F-actin/tdTomato and presence
of large MBP clusters. D. Immunostaining of Ln-2 WT OL at DIV6 for F-actin (green,
phalloidin) and tubulin (purple). tdTomato is in red. Panels below represent demarcated

zoomed-in region. Scale bars: (A-C) 50 um, (D) 25 um.
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ILK regulates OL membrane formation and cytoskeleton in a substrate specific manner

We set out to determine the outcome for ILK-depleted OLs if adhesion were
maintained in the absence of Ln-2 induced signaling. Ln-2 [/ OLs grown 6 days lag
behind WT counterparts on both Ln-2 and PLL in their ability to form membrane (Figure
4.7A, B) and in the area of membrane formed (Figure 4.7A, C). When the same cells are
grown on PLL, the percent cells with membrane is no different than WT (Figure 4.7A, B)
and membrane area formed is only slightly less than WT OLs on PLL (Figure 4.7A, C,
E). For full effect, if membrane area of Ilk”” OLs on Ln-2 and PLL are directly compared,
a clear and significant difference emerges (Figure 4.7D). As expected, membrane
distribution across all groups (Figure 4.7C) mirrors the pattern for process length at DIV6
(see Figure 4.1E and F) — with Ln-2 WT the longest and Ln-2 Ik the shortest, and PLL
WT followed by PLL [k in between. It implies process extension and growth cone do
not limit the ability of OLs to form membrane, rather, they limit the volume of membrane
formed in a Ln-2-independent manner.

Similar to DIV3 (see Figure 4.1A), F-actin accumulated behind the membrane in
Ln-2 [lk” MBP" OLs at DIV6 (F igure 4.7A zoom). F-actin predominantly accumulated
behind the membrane in PLL J/k” OLs as well (Figure 4.7A zoom). At first, we thought
this a by-product of large growth cones merging, followed by an inability to turn over
accumulated excess F-actin (see Figure 4.3A). However, the same phenotype presents in
PLL WT OLs (Figure 4.7A zoom). In light of our work describing baseline cytoskeleton
in Ln-2 WT OLs, we suggest the data supports a shift in actin handling at the
uncompacted membrane base when integrin signaling is not engaged, though ILK loss

may exacerbate the phenotype in conjunction with substrate presented.
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Figure 4.7. ffect of ILK loss on myelin membrane production partially rescued by
neutral substrate. A. Immunostaining of TAT-Cre treated OLs at DIV6 for phalloidin
(red) and MBP (purple). EGFP, denoting recombination and IIk" OLs, is in green.
Zoomed in images are shown in the bottom row. White dotted line denotes membrane
edge. Note F-actin at leading edge in Ln-2 WT but behind in all others. B. Quantification
of percent MBP" OLs binned by stage. C. Quantification of MBP' membrane area
between all groups. D. Quantification of MBP" membrane area between IIk” on Ln-2 or
PLL. E. Quantification of MBP" membrane area between PLL WT and PLL IIk". Data
represent the mean +SEM (n=3). NS = not significant, *p < 0.05, **p < 0.01, *** p <
0.001, ****p < 0.0001 (B; two-way ANOVA test — C; one-way ANOVA test — D,E;

Student’s ¢ test). Scale bar: 20 pm.
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We noted thick blunt microtubules in Ln-2 /&~ MBP" OLs. These structures
terminated well behind the membrane edge (Figure 4.8A arrowhead). On PLL, [/ OLs
still contained a relatively dense microtubule network (Figure 4.8A), most likely a
throwback to the density observed at DIV3 (see Figure 4.3A and 4.5A). In both PLL WT
and PLL [/ OLs, microtubules would sit well behind areas of membrane protrusion
(Figure 4.8A arrowhead). When quantified, all OLs had increased propensity for this
select phenotype relative to Ln-2 WT (Figure 4.8B). Coupled with the observed F-actin
accumulation (see Figure 4.7A) it would suggest a decoupling of the cytoskeleton from
the myelin’s leading edge following integrin abrogation, either through substrate

presented or ILK loss.
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Figure 4.8. Abnormal microtubule localization in ILK-depleted OLs at DIV6. A.
Immunostaining of TAT-Cre treated OLs at DIV6 for MBP (red) and tubulin (purple).
EGFP denotes recombination and //k”” OLs. Zoomed in images are shown in the bottom
row. Arrowhead denotes microtubules well behind the membrane. B. Quantification of
percent MBP" OLs with tubulin staining well behind the leading edge. Data represent the
mean =SEM (n=3). NS = not significant, *p < 0.05, **p < 0.01, (one-way ANOVA test).

Scale bar: 50 pm.
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Discussion

When we consider the role played by members of the integrin signaling pathway,
from the receptor to downstream effectors such as ILK or focal adhesion kinase (FAK), a
common thread appears — phenotypic recovery in vivo (Camara et al., 2009; Forrest et al.,
2009; O’Meara et al., 2013). This is in clear juxtaposition to our findings in vitro, where
ILK loss leads to severe defects in almost all aspects of OL development (O’Meara et al.,
2013). How can we reconcile this disparity? A major difference from in vitro to in vivo is
matrix complexity — by presenting only Ln-2 in vitro, we force reliance on a single
substrate for adhesion/force generation and pathway activation. We therefore introduced a
neutral substrate (PLL), allowing adhesion to occur in a non-Ln-2 manner. Ilk” OLs on
PLL kept pace with WT counterparts in ability to both generate complex morphology and
transition to myelin producing cells. Although not directly corollary to an in vivo
scenario, that ILK-depleted OLs on PLL outdo those on Ln-2 demonstrates the effect

substrate shift has on phenotypic severity.

ILK in oligodendrocyte adhesion and actin dynamics

Normally, when integrin-specific substrates are present, ILK binds the underlying
cytoskeleton through actin binding partners, such as a-parvin (as an obligate partner, it is
reduced following ILK loss, see Figure S4.1) (Legate et al., 2006; Ghatak et al., 2013).
Integrins, in turn, link the F-actin/ILK complex to the external matrix, allowing internal
force transmission from cell to bound surface, a process driving multiple aspects of cell
behavior, such as migration and morphogenesis (Ghatak et al., 2013). Phenotypic

differences between MAG" Ik OLs on Ln-2 and PLL are, therefore, likely a result of
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decreased adhesion, an issue PLL avoids as it functions through membrane charge
differential (Machesky and Hall, 1997).

Previously, we described an increase in active GTP bound RhoA following ILK
loss in primary OLs cultured on Ln-2 (O’Meara et al., 2013). At the time, ROCK
inhibition (a RhoA downstream effector), failed to rescue either morphological or myelin
production defects in mature cells (although increased sprouting was observed in a
subpopulation of immature Ilk" OLs). A requirement for ILK in Ln-2-mediated cell
adhesion would explain ROCK inhibition failure. Even if the observed F-actin
disorganization (see Figure 4.1A) was RhoA dependent, if the link between F-actin and
extracellular matrix was severed, relieving excess contractile elements generated through
RhoA would be insufficient to overcome adhesion loss. In vivo, one can imagine
compensation through activation of similar adhesion complex members such as Fyn
and/or FAK or other Ln-2 binding receptors, such as dystroglycan (Colognato et al.,

2007; Forrest et al., 2009; Eyermann et al., 2012).

Oligodendrocytes and growth cones

There remain however striking differences between Ik and WT OLs on PLL.
We were most surprised by the bulging “tips” observed in ILK-depleted cells. Staining
for cytoskeletal components revealed architecture similar to a neuronal growth cone’s. It
made us stop and reevaluate, searching for a similar structure in WT OLs. While we did
not find quite the same level of detail (the largest /Ik” cones provided unrivalled
resolution), we did find similar organizational patterns. That OLs possess neuron-like
growth cones is not a new idea (Fox et al., 2006). In support of our work, other

laboratories have demonstrated long F-actin bundles, which penetrate from the peripheral
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region centrally (a unique feature of growth cones), and shrinking cones in the maturing
OL (Fox et al., 2006). OL growth cones have also been shown capable of turning in
response to repulsive extracellular cues (Fox et al., 2006). We now provide evidence that
suggests OL cytoskeletal architecture can be further subdivided into classic neuronal
growth cone regions — a P, C and T domain with pioneering microtubules that extend
peripherally. We do not suggest the two (neuron and oligodendrocyte) are identical, as
growth cone governance can vary widely even among neuronal subtypes. Rather, that we
acknowledge its existence, and allow insight, where appropriate, from one to the other.
Such insight could prove critical when making mechanistic determinations, especially

when cytoskeletal regulators are involved.

1ILK in oligodendrocyte growth cone maturation and cytoskeletal organization

The most striking feature following ILK ablation on PLL was the enormous
growth cones formed. We and others have shown these structures to shrink as the cell
matures (Fox et al., 2006). It would appear, even as the Il OL undergoes differentiation
(through increased complexity and expression of myelin markers), the growth cone
remains in a primordial state. Unfortunately, as there is little data regarding enlarged OL
growth cones (or process tip/end), we looked to neurons instead for mechanistic insight.

Neuronal growth cone morphogenesis is the end result of coordinated cytoskeletal
reorganization. There is evidence for the Ln-2/integrin pathway, and therefore ILK as
transducer, in pushing neuronal growth towards a “mature” state, through growth cone
contraction and increased outward movement, an event characterized by microtubule
bundling to fit the smaller architecture (Tang and Goldberg, 2000). Rather than bundling,

PLL Jlk” OLs are characterized by looping microtubules and dense F-actin arcs within the
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cone (see Figure 4.3A). Ik’ growth cones also appear sluggish when viewed live (see
Figure 4.4). In neurons, microtubule deregulation seems a common culprit for irregular
growth cone expansion (Lucas et al., 1998; Goold et al., 1999; Purro et al., 2008; Marcos
et al., 2009). Microtubule “looping”, disequilibrium in microtubule dynamics (stable
versus unstable), and growth cone stalling often accompany the increased size. ILK is
known to have a role in microtubule stability through binding and localization of the
adaptor protein [QGAP1 (Wickstrom et al., 2010a). IQGAP1, along with mDial, anchors
microtubules at the cell cortex (Wickstrom et al., 2010a). With ILK lost, IQGAP1 re-
localizes, leaving behind peripheral F-actin networks and precipitating microtubule
withdrawal. As microtubules retreat, a shift in global equilibrium, from stable (acetylated)
to unstable (deacetylated) microtubules, occurs. In OLs, tubulin acetylation status
correlates with OL maturity - deacetylation results in delayed differentiation (Li et al.,
2007). We can speculate a similar fluctuation in microtubule stability for I/t OLs. If we
view microtubules as taut cables anchored by ILK complexes at F-actin heavy sites, if
and when the connection is broken the cable springs back, ‘looping’ centripetally. The
result is a sluggish growth cone and loss of process outgrowth (which we see).

Another possibility is inability of the OL to decouple microtubules from actin
flow. IQGAPI interacts with APC, a microtubule plus-end-binding protein whose
neuronal accumulation is ILK-dependent (Watanabe et al., 2004; Zhou et al., 2004). APC
knockdown results in looped microtubules and increased stalling and size of neuronal
growth cones (Purro et al., 2008). As APC is required for microtubule/F-actin
disengagement, the following mechanism was purported — microtubules, unable to
disengage from rear flowing F-actin, are dragged (looped) back into the neuron’s C

domain (Lowery and Van Vactor, 2009). The described mechanism fits the dense F-actin
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arcs seen just above, or coinciding with microtubule loops following ILK loss on PLL.
They may represent F-actin backflow (perhaps increased) from the peripheral region
awaiting turnover. Further, while growth cones were not analyzed, APC deficient OLs,
similar to Ilk” OLs, have decreased process length (Lang et al., 2013). How either,
stability or failure to uncouple leads to growth cone swelling in OLs remains to be seen,
although we can assume looping microtubules fill a much larger volume than bundled.
When comparing microtubules from Ilk” OLs on Ln-2 to PLL, commonalities
exist. While we believe ILK plays a role in actin/microtubule anchoring independent of
Ln-2 engagement, Ilk” OLs on Ln-2 do show microtubule accumulation, though not to
the same extent as seen on PLL. This may be due to loss of adhesion partially masking
other underlying issues on Ln-2. Further, at DIV6, Ln2 Ik OLs share oddities in their
cytoskeletal character with both WT and IIk” OLs on PLL, in particular, F-actin and
microtubule membrane dissociation (see Figure 4.7A, 4.8A for examples). All told, our
work demonstrates roles for ILK in regulating Ln-2 mediated adhesion and Ln-2-
independent growth cone size/activity in OLs. It suggests a model whereby
compensation, to a degree, allows I/k” OLs to play catch-up, giving rise to a transient
phenotype in vivo. We also provide further evidence demonstrating shared cytoskeletal
architecture between neuronal and OL growth cones, strongly suggesting one can inform

the other.
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Supporting Information
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ILK
a-parvin
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Figure S4.1. ILK and a-parvin depletion following TAT-Cre administration.

Western blot of TAT-Cre and vehicle treated primary OLs at DIV3. The membrane was

probed for ILK, a-parvin and GAPDH as loading control.
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DIV6 Ln2

k

Figure S4.2. Tubulin in the oligodendrocyte membrane. Immunostaining of Ln-2 WT
OLs at DIV6 for tubulin (white) and MBP (purple). tdTomato is in red. Note the

difference in tubulin density between early and late OL maturity. Scale bar: 20 um.
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Chapter 5

General Discussion
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The Plp promoter as tool for oligendrocyte study

The use of lineage-restricted promoters is an incredibly powerful tool in targeted
transgenic study, allowing manipulation of select cell-types in vivo. For knockouts (in our
case, Cre-loxP mediated), a lineage specific promoter mitigates off target effects (gene
recombination outside the desired cell-type), effects that would be present if a system
wide approach were taken. When the ILK project first began, we generated a line of Plp
promoter driven mice to maximize ILK excision in the OL lineage. However, when
crossed to a floxed /lk line, the eventual homozygotes never came to term. This led to the
generation of numerous reporter lines in an attempt to better understand the promoter.

In Chapter 2, we demonstrated clear promiscuity of the Plp promoter early in
development. We were struck by the extent — a seemingly unrestricted profile across
multiple CNS tissues (see Figure 2.8, Chapter 2). We concluded the promoter, if used as
an OL-specific driver, should have restrictions in place to limit its activity to postnatal
stages, as OL selectivity increased with age. Its use in Cre-loxP knockouts (or any
system where Plp drives an irreversible change) therefore demands a form of temporal
control, an on/off switch (in our case, tamoxifen inducible). We do not, however, suggest
the Plp promoter, without temporal control, be avoided all together. Rather, that care is
taken when deciding whether the promoter is suited to the experimental question being
asked.

For example, a Plp driven reporter is extremely useful when high quality
resolution of cellular processes and myelin internodes is required. Also, due to the
reporters transient nature (versus our own floxed reporter, where fluorophore signal

cannot be turned off), researchers can track the ebb and flow of Plp activity through time.
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This point is highlighted by a recent paper from Wendy Macklin’s laboratory (Harlow et
al., 2014). Here, the authors employ a Plp-EGFP line to chart Plp promoter activity in
the murine spinal cord (SC). During early development (E12.5), the promoter drove
EGFP expression across multiple cell-lineages within the ventricular (VZ) and
subventricular zones (SVZ) of the SC’s central canal. These included multipotent
progenitors, as well as neuronal and glial precursors, findings in line with our own work
describing early unrestricted Plp promoter patterning. EGFP positive cells migrated
laterally as the animal aged, and, again, similar to our own work, the promoter’s activity
was progressively OL restricted in the maturing animal. Intriguingly, Plp’s activity in the
OL-lineage was wave-like; extremely active in the most primordial OPCs (located in the
VZ/SVZ), and then rapidly downregulated as the same OPCs migrated toward future
white matter tracts, followed again by upregulation at time of myelination. The authors
posit the findings as possible explanation for previous reports describing two distinct
OPC populations in vivo; one with Plp promoter activity, and one without (Spassky et al.,
1998, 2000; Harlow et al., 2014). They suggest, rather, a single population with early
promoter activity — the split populations an illusion created through progressive promoter
diminishment concomitant with migration. Perhaps, in the future, researchers will craft a
Plp promoter tailored to the OL-lineage, but until such a time, those focused on OL
research should be aware of the promoter’s breadth of activity during embryonic

development.

ILK regulates oligodendrocyte morphological maturity and myelination
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The CNS places a high demand on the OL; it must branch to contact tens of
axons, then produce hundreds of times its own volume in myelin membrane. The
process, from first sheath to last, is accomplished in just a few short hours (~5 hours in
the zebrafish) (Czopka et al., 2013). However, the precise molecular underpinnings
governing process outgrowth and transition to myelin membrane remain elusive. One
candidate — integrin signaling — has come under intense scrutiny as it links the OL and
ECM, a necessary step in fine tuning the response between OL and environment (Buttery
and Ffrench-Constant, 1999; Lee et al., 2006; Camara et al., 2009; Laursen et al., 2009;
O’Meara et al., 2011a; Baron et al., 2014). We set out to study where and how the
adaptor and cytoskeletal-linker protein ILK, bound to Bl integrin’s cytoplasmic tail,
regulated CNS myelination, both through, and independent of, active integrin signaling.

Our studies in vitro, showcase ILK’s role in governing morphological
differentiation and myelination capacity of the OL, although absolute necessity differs
with substrate presented and OL maturity. First, ILK is required for proper adhesion
through the Ln-2 substrate, as many of the observed defects following ILK loss (such as
stunted process outgrowth, branching, and membrane formation) were mitigated when
OLs were grown on an inert adhesion guaranteeing substrate (PLL). ILK-depleted OLs
were also characterized by general F-actin disorganization/accumulation, which, again,
was more pronounced on Ln-2. With this in mind, we suggest ILK loss severs the link
between ECM and F-actin network, limiting the OLs ability to undergo morphogenesis
and grow. Further, ILK appears to have a role in microtubule organization and
localization (both in the growth cone and myelin membrane), a cytoskeletal component

we know is critical to process outgrowth and myelin membrane formation (Lee et al.,
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2005; Bauer et al., 2009). Coupled with no change in phosphorylation status of either
AKT and/or GSK3p, canonical downstream effectors (McDonald et al., 2008), we
strongly suspect phenotypic outcome in ILK-depleted OLs is predominantly a result of
cytoskeletal dysfunction leading to gross morphological deficits.

Interestingly, as we move from simple cell culture to mouse model, there appears
to be a correlative mitigation in defect severity. As discussed, ILK-depleted OLs cultured
on a single substrate, Ln-2, are grossly abnormal. By eliminating the OLs need for Ln-2
signaling (through introduction of an inert PLL substrate) we demonstrate clear
phenotypic amelioration, though not complete recovery. In DRGN co-cultures,
phenotypic manifestation is delayed, and finally, in vivo, the phenotype — amyelination of
small caliber axons — is transient, with full recovery in the aged animal. Why the
discrepancy? Why do we not observe a more severe phenotype in vivo? Moving from
isolated cultures, wherein a single substrate is provided, to DRGN co-cultures and finally,
a living organism, we exponentially increase environmental complexity; a plethora of
integrin binding ECM substrates (for example, vitronectin, fibronectin, and collagen) as
well as many other extracellular signaling cues, are now made available, augmenting the
probability for compensatory pathway activation (O’meara et al., 2011a). Furthermore,
the very nature of integrin-based signaling differs for cells in 2 or 3 dimensions, with
complex formation or protein activation often unique to the given dimensionality
(DeMali et al., 2003). It also suggests the OL, similar to its ability to adapt and
accommodate increased axon number (to a point), can also conform to a shift (or loss) in
environmental cues (Burne et al., 1996; Almeida et al., 2011; Chong et al., 2012). This

fits the picture of Ln-2, and the pathway it activates, as myelination enhancers. We know
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the OL will myelinate in Ln-2’s absence, as seen when cultured on PLL, or, for example,
when introduced to inert nanofibers (Lee et al., 2012a). Rather, Ln-2 ensures maximal
myelin potential, pushing the OL’s boundaries for extension and sheath formation, a
critical process given the temporal restrictions placed on the OLs myelinating window
(Czopka et al., 2013). Therefore, by disrupting the Ln-2/B1 integrin/ILK pathway, we
render the system inefficient. It suggests a model with no single master switch (none have
been found for OLs), but rather a multitude of smaller overlapping and cumulative
signals, which, together, sculpt myelin in the CNS.

But what of the phenotype that does arise in vivo — transient amyelination of small
fibers. In Chapter 3, we proposed two primary defects as phenotypically responsible: (1)
an inability of the OL to extend a sufficient number of processes and (2) a failure to
initiate myelin membrane formation upon axonal contact. These two appeared specific
for the Ln-2/ILK pathway, as ILK-depleted OLs grown on PLL had a complex
morphology and formed myelin membrane in culture. However, the same studies also
demonstrated defects in ILK-depleted OLs independent of Ln-2 signaling: decreased
process length and outgrowth as well as sluggish and bloated OL growth cones. Together,
the data paint ILK-depleted OLs as lethargic, limited in their ability to sample the
environment and extend processes to distant axons, followed by an inability to initiate
myelination in response to surface ligand (Figure 5.1). We know sheath generation occurs
in a limited time window, and once finished, de novo myelination by the same OL is rare
(Czopka et al., 2013). So rather than ILK-depleted OLs beginning to myelinate and then
stalling, we suggest the OLs first stall (again, decreased process growth, branching,

milieu sampling and failing to initiate a wrapping response), before they are able to kick
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start sheath formation, possibly through a compensatory and/or adaptive response. Such a
scenario would shift the whole course of myelination backwards as OLs take longer to
initiate myelinogenesis and commit to the myelination process. Evidence suggests large
diameter axons are myelinated prior to smaller (Almeida et al., 2011; Lee et al., 2012a;
Simons and Lyons, 2013). As we are only afforded a glance at a specific temporal
window with fixed tissue (in our case, P14) we may be seeing the delayed ILK-depleted
OLs as they finish myelinating the largest axons while, in the WT, OLs have already
moved onto smaller fibers. If we were to examine earlier time points, we may well
observe amyelination of larger axons in the ILK-depleted animals. While the hypothesis
presented here differs from that first presented in Chapter 3 — loss in process number and
inability to overcome ligand thresholds as cause for amyelination of small diameter axons
(see Chapter 3, Discussion) — the two are not mutually exclusive. Hopefully, with the
help of in vivo live imaging, we will soon have a full and complete picture as to how the
system adapts in a living organism.

Our work also suggests possible differences in lateral (lateral edges) versus radial
(inner tongue) membrane expansion (see Figures 1.2 and 1.3 in the Introduction), as
myelin internodes generated by ILK-depleted OLs are shorter than WT, but myelin
thickness is unchanged. As B1 integrin mutants do not share a similar loss in internode
length (Camara et al., 2009), the defect may be Ln-2 and/or B1 integrin independent. In
support, ILK-depleted OLs fail to extend the same volume of membrane relative to WT
on PLL. Perhaps tongue and lateral edge (future paranode) growth is regulated by distinct
cytoskeletal complexes, as has previously been shown for the small Rho GTPases Cdc42

and Racl (loss of either results in inner tongue swelling, while paranodes appear normal)
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Wild-type ILK-depleted

Figure 5.1. ILK-depleted OLs suffer multiple morphological defects. A simplified
schematic depicting wild-type (WT) OLs on the left and ILK-depleted on the right. TLK-
depleted OLs are lethargic: [1] they fail to extend processes or the process is sluggish in
finding appropriate axonal targets and [2] they do not trigger a myelinating event even if
contact is made. Once myelination is finally triggered, internodes formed are also [3]
shorter than WT. As discussed in the main text, the ILK-depleted OL is not stalled
during active myelination, but rather, stalled before. Therefore, boxes [1] and [2]
represent ILK-depleted OLs prior to triggering myelination, and [3] the internodes once

sheath generation begins.
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(Thurnherr et al., 2006). As such, future studies should focus on possible defects in either
uncompacted compartment following ILK loss, the study of which could provide valuable
insight into shared and unique aspects of the underlying cytoskeleton.

Finally, as noted above, when cultured on PLL, the tips of ILK deficient OLs were
characterized by extremely bloated lamella. When stained for F-actin and tubulin,
cytoskeletal architecture highly reminiscent of a neuronal growth cone’s emerged. These
results not only suggest a role for ILK, independent of Ln-2, in maintaining OL growth
cone dynamics, but also reinforce the idea of OLs as growth cone bearing. As we have
stated many times throughout, while not a novel concept, these structures have received
little attention as growth cones per se, and are usually referred to simply in passing. Our
hope, by furthering the connection between OL and neuron, is to drive interest in the
structure, as it is responsible for guiding OL processes in search of bare axons, contacting
the axon, and initiating myelination. We know, for example, upon axonal contact, the
growth cone flattens and becomes triangular in shape, but we have little knowledge as to
the mechanisms involved or how this structure communicates with the axon (or even if it
does) (Snaidero et al., 2014). Some have begun to liken the interaction between OL
growth cone and axon to the formation of synapses between axons and dendrites,
suggesting many of the molecular mechanisms necessary for the initiation of neuronal
junctions may be at play in the initial contact (Almeida and Lyons, 2013). These are new
and radical ideas for OL biology, and, as we move forward, we must begin to piece
together how they are regulated, in part by making a real push for a better understanding

of the OL’s growth cone.
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Concluding remarks

The body of work presented herein demonstrates ILK as important for OL
mediated myelination of the CNS. In response to Ln-2 signaling, ILK governs multiple
aspects of OL development, including, but not limited to, adhesion, morphological
maturation and myelin membrane production. Independently, ILK also regulates process
outgrowth and growth cone dynamics. In vivo, the two regulatory modes give rise to an
amyelination phenotype, with recovery in the aged animal. ILK’s necessity in the
spectrum of OL maturation clearly depends on matrix complexity, showcasing the OLs
inherent ability to adapt and compensate. And yet questions remain. How does ILK
regulate growth cone size and dynamics? Or, importantly, how, precisely, do OLs
overcome ILK loss in vivo. As a similar adaptive response is often lacking when OLs stall
in a diseased brain, parsing apart compensatory mechanisms involving ECM/OL
interactions could provide insight when designing future therapeutic strategies.

This is an exciting time for OL biology. New models, techniques, and modes of
imaging allow unprecedented access to the cells inner workings. We have come so far in

such a short period of time and the future looks bright and promising.
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