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Thesis Abstract

Reelin Signaling in Oligodendrocyte Progenitor Cell Migration
Author: Harneet Bhatti

Sponsor: Dr. Donna Osterhout

Oligodendroglial progenitor cells (OPCs) are the precursors to the myelinating
oligodendrocytes in the central nervous system (CNS). These cells are produced in the
ventral neuroepithelium at later stages of cortical development, migrating into the cortex
where they contact axons and differentiate, ultimately forming a myelin membrane.
During the process of differentiation, OPCs undergo significant morphological changes,
extending many processes which will make contact with axons. Once in contact with an
axon, the oligodendrocyte process expands and begins to form the myelin membrane
which will ensheathe the axon.

Reelin is a highly conserved secretory glycoprotein, which has a critical role in
directing neuronal migration. Reelin orchestrates the proper cortical layer formation and
neuronal organization during brain development. In the absence of Reelin, the cerebral
crotex is disorganized, with inverted cortical layers, generating devastating biological
effects. Reelin acts through several cellular receptors, activating numerous downstream
effectors and complex signaling cascades. If elements of the Reelin signalling pathway
are disrupted, similar defects in migration can occur.

Oligodendroglial cells, from the early progenitor cells to the mature myelinating
cells secrete Reelin, but also express a receptor for Reelin and critical elements of the

intracellular Reelin signaling pathways. It is not known if these cells can respond to
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Reelin. In this thesis, we examined the effects of Reelin on oligodendroglial cells, using
both in vitro and in vivo methods. We demostrate a potential role for Reelin in
modulating oligodendrocyte migration, but also identify a novel aspect of Reelin

signalling in the biology of oligodendroglia.
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Chapter 1: General Introduction



I. Introduction

Oligodendrocytes are glial cells that are responsible for myelinating neurons
within the central nervous system (CNS). These cells form a myelin sheath around axons,
which is essential for rapid saltatory conduction of action potentials along the axon.
During brain development, the source of oligodendroglia are oligodendrocyte progenitor
cells (OPCs) that originate in the ventricular zone (Warf et al., 1991; Ono et al., 1995,
1997a). The ventricular zone generates both neurons and glial cells, but it does so at
different times during development (Kwan et al., 2012). OPCs are one of the last cell
types to be generated (Altman and Bayer, 1984). Closer to the end of the gestational
period, oligodendrocyte progenitor cells start to migrate away from the ventricular zone
into the brain parenchyma, towards their putative white matter tracts (Bradl and
Lassmann, 2010). In rodents, they continue to migrate postnatally for several weeks, after
which the OPCs differentiate and form compact myelin.

Migration of the OPCs is thought to be dependent on many environmental cues,
including axonal activity, cell surface components and growth factors, molecules that
may act as either a chemoattractant or repellant (de Castro and Bribian, 2005; Wheeler
and Fuss, 2015). These molecules can be secreted, on the surface of adjacent cells or in
the extracellular matrix network. Platelet-derived growth factor (PDGF) is a well known
as a secreted growth factor that can stimulate OPC proliferation and migration
(Armstrong et al., 1991; Frost and Armstrong, 2009). Fibroblast growth factor 2, (FGF2)
can stimulate OPC proliferation and is also necessary for proper OPC migration to

putative white matter tracts (Osterhout et al., 1997). Netrin can act as both a



chemoattractant and a repellant, depending on the timing of local expression. Laminin is
present in the extracellular matrix and may influence process outgrowth and
differentiation. The number of molecules that influence OPCs during development is
substantial, which is likely due to the dynamic changes occurring in the cellular
environment as the brain is formed.

It was recently discovered that OPCs express and secrete Reelin, a neuronal
guidance molecule, as well as a receptor for Reelin, VLDLR, as well as Dab1, an
intracellular adaptor protein which is important for Reelin signaling (Siebert and
Osterhout, 2011). Reelin is a glycoprotein that plays a crucial role in organizing neuronal
migration, a process that occurs prior to myelination (D’Arcangelo, 2014). The
observation that oligodendroglia express both Reelin and a receptor for Reelin is novel,
and suggests that the cells could respond to Reelin. Characterizing the effects of Reelin
on oligodendroglia, the goal of this thesis, could identify a new role for Reelin in brain

development.

I1. The history of Reelin

In the early 1950s, the British geneticist Douglas Scott Falconer described the
phenotypic appearance and abnormal behavior of an unexpected, but naturally occurring
mouse variant (Falconer, 1951). The mice were smaller than litter mates and could not
keep their hind limbs upright, which caused the animals to sway when standing and to
fall to one side when walking, a reeling gait. A decade after the discovery of the Reeler

mice, a histopathological study of their brains revealed a smaller-than-normal cerebellum



and disruptions in the laminar organization, explaining some of the behavioral
abnormalities (Hamburgh, 1963). Further studies identified the inverted cellular layers of
the neocortex of the Reeler mice, giving the brain an ‘inside-out’ organization (Figure 1,
Caviness Jr., 1976).

Proper brain development in mammals is critically dependent on neuronal
migration events that are precisely ordered in space and time (Nadarajah and Parnavelas,
2002). The secreted glycoprotein Reelin plays a paramount role in orchestrating neuronal
migration during development with deficiencies resulting in major defects in cortical
lamination (D’ Arcangelo, 2014). Since the description of the Reeler mouse (Falconer,
1951), the underlying mechanisms responsible for the defect have been well
characterized. The Reelin gene was mapped (Pearlman et al., 1998) and the primary
source of Reelin in the developing brain was identified as the Cajal-Retzius cells, (Ogawa
et al., 1995). Two receptors for Reelin have been identified, as well as elements of
downstream signaling cascades that are activated after Reelin binding to its receptor

(D’ Arcangelo et al., 1999a; Rice and Curran, 2001).

I11. Structure of Reelin

The Reelin protein is an approximately 400 kDa glycoprotein (Miao et al., 1994;
D’Arcangelo et al., 1995). It is composed of a N-terminal region (NTR) adjacent to a F-
spondin like domain (Figure 2) (de Bergeyck et al., 1998), and 8 Reelin repeats which
each contain an EGF-like domain. These EGF-like repeats are commonly present in

extracellular proteins and receptors. At the end of the protein sequence is a C-terminal



region that consists of highly charged basic amino acids. It should be noted that much of
what is known about Reelin structure is based on numerous studies of neuronal
migration.

Reelin is secreted into the extracellular matrix where it is cleaved. In vivo, the
cleavage was shown to occur between Reelin-repeat 2 (RR2) and Reelin-repeat 3 (RR3)
and between Reelin-repeat 6 (RR6) and Reelin-repeat 7 (RR7), generating 3 different
segments (Lambert de Rouvroit et al., 1999; Jossin et al., 2004, 2007): the N-terminal
region (N-RR2), the central fragment (RR3-RR6) and the C-terminal region (RR7-C)
(Figure 2). However, the exact mechanisms of Reelin cleavage and the involved
proteases are not well described. Recent studies indicate that tissue plasminogen activator
(tPA) and metalloproteinases ADAMTS-4 and ADAMTS-5 may play a role in Reelin
cleavage, but despite the use of protease inhibitors or in the tPA knockout mouse, Reelin
processing and signaling still occur, implying that there are other proteases at play (Krstic
etal., 2012; Trotter et al., 2014).

It was demonstrated that the highly charged C-terminal region is required for
Reelin secretion into the extracellular matrix (D’ Arcangelo et al., 1997). Further, the C-
terminal region may also be important for maintaining the postnatal marginal zone
(Kohno et al., 2015). The N-RR2 segment contains a region that serves as an epitope
recognized by the CR-50 antibody (Ogawa et al., 1995; D’ Arcangelo et al., 1997). The
CR-50 antibody blocks Reelin function; evidence suggests that the CR-50 epitope of
Reelin is required for the tertiary structure formation that consists of homopolymers
(Utsunomiya-tate et al., 2000; Kubo et al., 2002), which is a prerequisite for efficient

Reelin signaling. The successful transduction of Reelin binding to its receptor is indicated



by the tyrosine phosphorylation of Dabl, an intracellular adaptor protein (Howell et al.,
1997a, 1997b; Sheldon et al., 1997). The role of this adaptor protein in the Reelin
signaling pathway is thoroughly described in a later section. However, mutated Reelin
that lacks the CR-50 epitope fails to form homopolymers and is not able to induce
efficient Dabl phosphorylation (Utsunomiya-tate et al., 2000; Kubo et al., 2002). This
suggests that the tertiary structure formation of Reelin is dependent on the N-terminal
region and is functionally important. The central region (RR3-RR6) was found to be
required for receptor binding (Jossin et al., 2004, 2007). This fragment also becomes
internalized once it bound to its receptor. Although it was shown that this fragment, on its
own, can bind to both Reelin receptors (ApoER2 and VLDR) and induce Dabl
phosphorylation, full-length Reelin was slightly more effective at inducing Dab1
phosphorylation than the central fragment alone (Jossin et al., 2004). Based on these
results, it was speculated that the N-terminal region might function to augment Dab1
phosphorylation.

Contradicting results have been published regarding the exact role of cleaved
Reelin. It may be that Reelin cleavage down regulates Reelin activity, as cleavage
products generate a diminished Reelin downstream signal when compared to full length
Reelin activity (Utsunomiya-tate et al., 2000; Yasui et al., 2007). On the other hand,
secreted Reelin may allow diffuse Reelin signaling. Reelin cleavage products were found
at the bottom of the cortical plate, indicating that cleavage may be a way to release Reelin
fragments from the extracellular matrix so that they can diffuse and induce long-distance

signaling (Jossin and Cooper, 2011).



IV. The function of Reelin in the developing brain

Expression of Reelin in the brain

The RELN gene was mapped to chromosome 7q22, allowing subsequent cloning,
and further genetic investigations (Pearlman et al., 1998). Initially, it was discovered that
within the embryonic mouse brain, Reelin is produced by a subset of neurons referred to
as the Cajal-Retzius cells in the marginal zone of the cerebral cortex and in the stratum
lacunosum moleculare of the hippocampus (Ogawa et al., 1995; Nakajima et al., 1997;
Alcantara et al., 1998). By 3 weeks of gestation in the mouse, towards the end of
corticogenesis, these Cajal-Retzius cells begin to disappear from the marginal zone and
are gradually replaced by subpial granule cells, which are GABAergic neurons that
continue to express Reelin in the pre-natal brain. Postnatally and in adult mice, Reelin
continues to be expressed in GABAergic interneurons in the cerebral cortex and olfactory
bulb (Alcantara et al., 1998). Granule cells in the cerebellum also express Reelin during
embryonic development and continue to do so postnatally (Miyata et al., 1996; Alcantara

et al., 1998; Jensen et al., 2002).

Neuronal migration during brain development

The Reelin protein has been extensively studied in the developing mammalian

brain where it plays a paramount role in cell migration. Neuronal migration in the

cerebral cortex begins when early-born neurons, generated at embryonic day 10.5-11.5 in



mice, leave the ventricular zone (VZ), the region where they proliferate, to form the
preplate (Pearlman et al., 1998; Gupta et al., 2002). The new neurons split this preplate to
generate the superficial marginal zone (MZ) and the deeper subplate as they form the
cortical plate (CP) in between. Neurons born next (late born neurons) migrate past the
subplate and early born neurons so that the cortex layering is in an “inside-out” pattern,
with early born neurons residing in deeper layers (Gupta et al., 2002; Nadarajah et al.,
2003).

To physically migrate, cortical neurons generally use radial glia-independent
somal translocation and radial glia-guided locomotion (Nadarajah et al., 2001; Nadarajah
and Parnavelas, 2002). In somal translocation, the neuron extends a leading process
toward the pial surface until it reaches the MZ at which point the process generates many
branches to attach itself to the extracellular matrix of the MZ. The branched end creates
traction, which subsequently allows the cell body to translocate. Radial glia-guided
locomotion on the other hand relies on the presence of an established radial glial scaffold.
Extension of the leading process and nucleokinesis occur simultaneously in this type of
migration. Migrating neurons attach to the radial glial scaffold and migrate toward the
pial surface. Once they have reached their destination, neurons detach from the radial
glial fiber and stop migrating. Early born neurons mainly use somal translocation to form
the subplate and layer VI, whereas late born neurons use radial glia-guided locomotion to
migrate larger distances at E13.5 and later in mice (Nadarajah et al., 2001; Nadarajah and
Parnavelas, 2002; Hatanaka et al., 2004; Ayala et al., 2007). These late born neurons

seem to switch their migratory mode to somal translocation during their final stages of



migration. The Reelin protein orchestrates the radial glia-guided neuronal migration

during pre-natal brain development.

V. Cellular receptors for Reelin: ApoER2 and VLDLR

Genetic and biochemical studies have identified two high-affinity Reelin
receptors: apolipoprotein E receptor 2 (ApoER2) and the very-low-density lipoprotein
receptor (VLDLR) (Hiesberger et al., 1999; Trommsdorff et al., 1999), both of which are
members of the lipoprotein receptor superfamily (Herz, 2001). In terms of cortical
development, it is thought that the two receptors ApoER2 and VLDLR play individual
roles in the Reelin signaling pathway. ApoER2 seems to play a role in the migration of
late born neurons during the cortical layer formation (Hack et al., 2007). It is highly
expressed in neurons that generally make up layers II-IV (late born IV neurons). These
neurons reach their destination by E16.5-18.5 and ApoER2 expression persists even at
P7. It might be that ApoER2 is important for these neurons to attach to the radial glial
scaffold, as these late generated neurons primarily use the radial glial scaffold to migrate
to their appropriate locations. In ApoER2 knockout mice, neurons fail to undergo radial
migration and are instead packed together in horizontal segments, even though the radial
glial scaffold is not affected (Trommsdorff et al., 1999). VLDLR on the other hand,
seems to act more of as a stop signal as it was reported that in VLDLR knockout mice,
cortical neurons over migrate and invade the marginal zone and they also fail to disperse
(Dulabon et al., 2000; Hack et al., 2007). A double knockout of these receptors in mice

induces a reeler-like phenotype (Trommsdorff et al., 1999). However, since ApoER2 or



VLDLR individual knockouts do not demonstrate the full Reeler phenotype, rather just a
milder phenotype, the two receptors may have some overlapping functions.

ApoER2 and VLDLR share approximately 50% of their amino acid sequence.
They are type I transmembrane receptors and have five highly conserved structural
domains including a cytoplasmic domain that contains a NPxY motif, a single
transmembrane sequence, an O-linked sugar domain, an EGF domain, and an
extracellular N-terminal ligand-binding domain with cysteine-rich repeats (Reddy et al.,
2011) (Figure 3). A major difference between the two receptors is at their O-linked
glycosylation domains. The base pair sequence of this region is the least similar and in
ApoER2 is more than double in size.

Binding of Reelin to either ApoER2 or VLDLR requires Ca2+ and leads to
tyrosine phosphorylation of Dab1, an adaptor protein (Hiesberger et al., 1999). Although
some studies claim that ApoER2 and VLDLR bind to Reelin with similar affinities
(D’Arcangelo et al., 1999b; Benhayon et al., 2003), others reported that in vitro, ApoER2
has a higher binding affinity than VLDLR and indicated that ApoER2 may play a more
critical role in cortical development (Benhayon et al., 2003). Differential splicing of
ApoER2 results in two isoforms with varying binding affinities for Reelin (Hibi et al.,
2009) including a form of ApoER?2 that has a different cytoplasmic tail than VLDLR.
ApoER2 has a cytoplasmic tail that consists of a 59-amino acid proline rich insertion
(Stockinger et al., 2000). The proline rich area on ApoER?2 interacts with INK-interacting
proteins (JIP-1 and JIP-2) that are involved in the JNK signaling pathway, which is

known to play a role in tissue morphogenesis, cell proliferation and apoptosis.
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ApoER2 is more highly expressed in cortical and hippocampal neurons while
VLDLR expression is more prominent in the Purkinje cells of the cerebellum
(Trommsdorff et al., 1999). This difference in cellular expression could explain the
differences observed in mice lacking ApoER2 vs VLDLR, as ApoER2 knockout mice
have more severe defects in forebrain structures whereas VLDLR knockout mice have
greater defects in the cerebellum.

With regards to cellular localization, ApoER2 was found to be strictly restricted
to lipid rafts (Riddell et al., 2001). VLDLR, on the other hand, is not localized to lipid
rafts and it was found that Reelin binding does not translocate VLDLR to lipid rafts
(Mayer et al., 2006). The extracellular domain of mature ApoER2, which contains the O-
linked sugar domain, is responsible for ApoER2 localization to lipid rafts/caveolae (Duit
et al., 2010). Glycosylation, which forms the O-linked sugar domain, is the signal which
directs ApoER?2 to lipid rafts. The VLDLR variant that is expressed in the embryonic
mouse brain lacks exon 16, which is the region that codes for the O-linked sugar domain
(Mayer et al., 2006). Thus, the extracellular domains of both receptors are responsible for
their distinct localization. Both receptors internalize Reelin using clathrin-coated vesicles,
but it was found that localization of ApoER2 to lipid rafts negatively affects its Reelin
endocytosis rate (Duit et al., 2010). VLDLR internalizes Reelin much more efficiently
than ApoER?2 but it was found that once ApoER2 loses its association with the rafts, the
endocytosis rate increases dramatically.

In the presence of Reelin, ApoER?2 levels drop significantly, while there is no
major change in VLDLR levels (Mayer et al., 2006). ApoER2 predominantly undergoes

degradation upon Reelin stimulation, while most VLDLR is recycled back to the plasma
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membrane (Hong et al., 2010). ApoER2, located in lipid rafts, undergoes endocytosis via
a clathrin-mediated process (Cuitino et al., 2005), albeit slower than VLDLR.
Subsequently, ApoER2 and VLDLR degradation can occur via lysosomes (Li et al.,
2001; Duit et al., 2010). It was actually found that the intracellular tails of both ApoER2
and VLDLR become ubiquitinated upon induction of E3 ubiquitin-ligase-inducible
degrader of the low density lipoprotein receptor (Idol) expression, resulting in the
degradation of these receptors (Hong et al., 2010). This was shown in vitro, in
glioblastoma cells, as well as in vivo in mice.

It should be noted that Reelin binding to receptors alone is not sufficient for
downstream signaling of Reelin (Utsunomiya-tate et al., 2000; Kubo et al., 2002).
Receptor clustering with Reelin binding is required to induce Dab1 phosphorylation and
it may be that Reelin binding to its receptors as a homodimer or as a multimeric complex
results in receptor clustering (Strasser et al., 2004). However, receptor clustering alone is
not sufficient to get the full effect of Reelin, as the Reeler phenotype is not rescued upon
induction of receptor clustering in the absence of Reelin binding (Jossin et al., 2004).
This suggests that other unknown molecular events at the receptor level are needed to
obtain the full effect of Reelin. Reelin can also act as both an attractant and a repellant for
neurons (Frotscher, 1998; Zhao et al., 2004). It is possible that the role of Reelin is
determined by which Reelin receptor is activated, since its two receptors seem to have
distinct functions and localizations. In cases where both receptors are expressed on the
same neurons, differences in receptor binding affinities to Reelin or brain substructure

localization may ultimately determine the cellular response.
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Both ApoER2 and VLDLR have other ligands that they bind and import,
including ApoE lipid complexes, urokinase-type plasminogen activator (uPA)-PAI-1
complex, thrombospondin I, lipoprotein lipase, and serine-protease-protease inhibitor
complexes (Cooper and Howell, 1999). Recently, clusterin (Apolipoprotein J) was also
reported to be a ligand for both of these receptors (Leeb et al., 2014). It was shown that
upon clusterin binding, as a dimer or trimer like Reelin, it leads to receptor clustering and
internalization. It induces Dab1 phosphorylation as well and seems to play a role in
neurogenesis of these cells at the SVZ. Thrombospondin also binds to these receptors,

and causes receptor clustering and Dab1 phosphorylation (Blake et al., 2008)

VI. Downstream effectors of Reelin

DAB-1

When Reelin binds to either ApoEr2 or VLDLR, tyrosine phosphorylation of Dabl, an
adaptor protein, occurs. The Dab1 gene was first identified due to similarities between
the naturally occuring Scrambler, Yotari, and Reeler mutant mice, and the observation
that an engineered Dab1 knockout mouse also exhibited a phenotype similar to the Reeler
mouse. Collectively, these findings suggested that Dabl is involved downstream of
Reelin (Goldowitz et al., 1997; Howell et al., 1997c; Sheldon et al., 1997; Ware et al.,
1997). Further studies demonstrated that molecular signaling downstream of Reelin is

critically dependent on phosphorylation of Dab1 (Jossin et al., 2004).
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During cortical development, most cortical neurons express Dabl (Abadesco et
al., 2014). In adults, Dab1 expression seems to be limited to pyramidal neurons in cortex
layers 11, III, and V. It is also expressed in Purkinje cells, sympathetic preganglionic
neurons, basal forebrain neurons, spinal cord motor neurons (SMNs), neurogranin-
positive Golgi cells in the cerebellum, and in small neurons in the DCN. Oligodendrocyte
progenitor cells also express Dabl1 (Siebert and Osterhout, 2011).

Dabl contains a phosphotyrosine binding domain (PTB) and has five potential
tyrosine phosphorylation sites: tyrosine residues 185, 198, 200, 220, and 232 (Howell et
al., 2000b) (Figure 4). Tyrosine residues 198, 220, and 232 are phosphorylated in
response to Reelin (Keshvara et al., 2001; Ballif et al., 2004). It was found that members
of the Src family of nonreceptor tyrosine kinases (STKs) mediate Dab1 tyrosine
phosphorylation (Howell et al., 1997a; Arnaud et al., 2003a; Jossin et al., 2003a). Fyn
seems to be the predominant STK that is responsible for Dab1 phosphorylation
downstream of Reelin. When Fyn levels are reduced however, Src, another STK,
becomes important, indicating redundancy in their functions. Embryonic mice brains with
a double Fyn and Src knockouts exhibit similar phenotypes to Dab1 deficient or
Scrambler mice of the same age (Kuo et al., 2005). It was also found that embryonic
brain slices exhibited Reeler-like malformations in the presence of PP2, a Src family
kinase inhibitor (Jossin et al., 2003b). Receptor clustering, induced by Reelin binding,
leads to the activation of STKs and as a result, tyrosine phosphorylation of Dab1
(Strasser et al., 2004). It should be noted that serine/threonine phosphorylation of Dabl
seems to be necessary for tyrosine phosphorylation to occur (Arnaud et al., 2003b). These

Src family kinases, mainly Fyn, can be further activated via autophosphorylation of a
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critical residue (Arnaud et al., 2003a; Bock and Herz, 2003). In addition to
phosphorylating Dab1, Fyn has been shown to increase surface levels of ApoER2 and
also phosphorylate ApoER2 (Burrell et al., 2014).

When Reelin or both receptors are absent, Dabl accumulates in a
hypophosphorylated form, suggesting that Dab1l phosphorylation is needed for
downstream Reelin signaling and that Dab]1 is degraded upon Reelin stimulation
(Keshvara et al., 2001). Indeed, STK activation leads to Dab1 tyrosine phosphorlyation
and then subsequent degradation of Dab1 through an association with Cbl, a ubiquitin-
protein isopeptide ligase (Suetsugu et al., 2004). It was also demonstrated that
phosphorylation of Tyrosine 185 and 198 of Dabl downstream of Reelin signaling leads
to polyubiquitination of Dabl by Cullin 5, an E3 ubiquitin ligase component (Feng et al.,
2007). Cullin 5 forms a complex with the SH2 domain containing SOCS (suppressors of
cytokine signaling) proteins, which binds to phosphorylated Dab1 and leads to Dab1
polyubquitination and degradation. Therefore, in the absence of Reelin, Dabl1 levels are
upregulated. Further, in double knockouts of ApoER2 and VLDLR, Dabl would be
hypophosphorylated, confirming the importance of tyrosine phosphorylation of Dabl in
ubiquitination and degradation (Trommsdorff et al., 1999).

It should be noted that phosphorylation of Dab1 does not occur exclusively
downstream of Reelin. Binding of other ligands to Reelin receptors can also lead to Dab1
phosphorylation. For instance, binding of activated Protein C (APC) on monocytic-like
U937 cells to ApoER2 leads to Dab1 phosphorylation on Tyr 220 (Yang et al., 2009).
Clusterin binding to ApoER2 or VLDLR on neurons also leads to Reelin-like signaling

(Leeb et al., 2014). However, even though Dabl can be phosphorylated via other
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molecular pathways, Reelin-induced Dab1 phosphorylation is required for proper
neuronal migration (Howell et al., 2000a).

In the absence of Reelin, neuronal Dab1 associates with immature Reelin
receptors (Morimura et al., 2005). Immature receptors are those that lack glycosylation
and are located in the cytoplasm rather at the cell membrane, whereas mature receptors
are those that are found at the cell membrane. When Reelin binds to its receptors, Dabl is
recruited to mature receptors at the plasma membrane, and binds to the intracellular tail
of these receptors. The phosphotyrosine binding (PTB) domain on Dabl interacts with
the NPXY motif on the cytoplasmic side of the Reelin receptors (NFDNPXY sequence
motif) (Howell et al., 1999). This PTB domain is absolutely required for Reelin
signaling. In mice with an altered PTB domain on ApoER2, and in the absence of
VLDLR, a Reeler—type phenotype occurred (Beffert et al., 2006).

Proteins with PTB regions, including Dabl, help regulate intracellular trafficking
of the receptors that they associate with after ligand binding (Mishra et al., 2002). Dabl
may be involved in trafficking of Reelin receptors, based on the finding that in COS-7
cells, Dab1 prevents endocytosis of Reelin receptors, making more of these receptors
available at the cell surface to bind Reelin (Morimura et al., 2005). In Dab1 deficient
mice, the density of Reelin receptors on the cell surface are decreased, further supporting
a role for Dabl in receptor trafficking. By increasing the levels of Dab1 through
transfection, Reelin receptors localized to the plasma membrane. Dab1 may increase the
surface expression of Reelin receptors by preventing endocytosis and/or by directly
translocating the receptors to the plasma membrane. Although in the absence of Reelin,

Dabl1 does not strongly interact with mature glycosylated Reelin receptors, it does
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interact with the immature Reelin receptors. It may be that Dab1 associates with
immature receptors, brings them to the plasma membrane but does not remain bound to
them unless Reelin is present.

Internalization of Reelin after binding to a receptor was shown to occur after
tyrosine phosphorylation of Dab (Morimura et al., 2005). The internalization of Reelin in
neurons was halted in the presence of PP2, an inhibitor of STKSs, suggesting that STK
activation is required for Dabl-dependent internalization of Reelin. It has also been
reported that Dab1 dissociates from the Reelin-containing vesicles after Reelin
stimulation and internalization. It was speculated that this might be due tyrosine
phosphorylation causing Dabl degradation or due to a reduction in the affinity between
Dabl and Reelin receptors caused by Dabl phosphorylation, or the low pH in
endosomes. The exact molecular mechanism is not fully understood at present.

Dab1 phosphorylation has been implicated in the ability of neurons to detach
from radial glial fibers in the cerebral cortex, based on the observation that in scrambler
mice, neurons tended to stay attached to radial glial fibers whereas normal neurons would
detach (Sanada et al., 2004). Phosphorylation of the specific tyrosine residues 220 and
232 of Dabl seem to be important for neuronal detachment. One model proposed that
Dabl phosphorylation (Y220 and 232) actually leads to the regulation of alpha3 integrin,
which in turn helps control the adhesive properties of migrating neurons. It was shown
that Reelin binds to the alpha3betal receptor and that this interaction helps neurons
detach from radial glial cells (Dulabon et al., 2000). However, binding of Reelin to the
alpha3betal receptor did not lead to Dab1 phosphorylation, so the exact molecular

mechanism remains unknown.
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The CRK pathway

Downstream of Reelin binding and Dab-1 phosphorylation is the involvement of
Crk, an adaptor protein, which is linked to an increase in the levels of N-cadherin at the
plasma membrane (Jossin and Cooper, 2011) (Figure 5). After Reelin binds to a receptor,
Crk can interact with phosphorylated Y220 and 232 on Dab1 and this in turn leads to
tyrosine phosphorylation of C3G, a Ras family guanine nucleotide exchange factor. This
ultimately leading to the activation of Rapl GTPase (Ballif et al., 2004; Chen et al., 2004;
Huang et al., 2004; Park and Curran, 2008; Feng and Cooper, 2009) (Fig. 4). Rap1 can
activate other GTPases, including RalA, RalB, Ras1 and Cdc42. In multipolar neurons,
Rap1l was found to increase the level of N-cadherin at the plasma membrane (Jossin and
Cooper, 2011).

When projection neurons first originate at the ventricular zone, they are
multipolar, as they extend and retract multiple projections and move in random
directions. At this point, they use somal translocation to migrate (Tabata and Nakajima,
2003; Bielas et al., 2004; Noctor et al., 2004). Rapl GTPase activation via Reelin
signaling, specifically in the intermediate zone, resulted in increased levels of N-cadherin
at the plasma membrane of multipolar neurons that helped orient the migration of these
cells towards the cortical plate (Jossin and Cooper, 2011). This was shown to be
important for glia-independent somal translocation (Franco et al., 2011). Further, C3G
deficient neurons fail to leave the multipolar state and migrate away from the preplate
(Voss et al., 2008), indicating that the Dab1-Crk-C3G-Rap1-N-cadherin pathway is

important for early migration via somal translocation of multipolar neurons.
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The P13K-Akt pathway

Another pathway downstream of Reelin is the PI3K-Akt pathway, which leads to
changes in microtubules and actin filaments (Figure 5). Dab1 phosphorylation of tyrosine
185 and 198, activates PI3K, phosphatidylinositol 3-kinase, which in turn activates Akt, a
serine/threonine kinase (Protein kinase B), via phosphorylation (Beffert et al., 2002) .
Phosphorylated Dabl1 interacts with a PI3K regulatory subunit to allow P13K activation
(Bock et al., 2003). Akt activation leads to inhibition of GSK-3Beta, glycogen synthase
kinase 3Beta, which along with CdkS$, is responsible for phosphorylation of tau (Beffert
et al., 2002) (Figure 5). However, in another study, it was found that the overall effect of
Reelin signaling on GSK-3 was an increase in its activity (Gonzalez-Billault et al., 2005).
When Reelin activity leads to an increase in GSK-3 activity, it results in phosphorylation
of MAP1B, a neuron specific microtubule-associated protein that is involved in
regulating the stability between microtubules and actin filaments. Inactivation of GSK-3
via overexpression of Wnt7b leads to a decrease in MAP1B phosphorylation and
abnormal positioning of cortical neurons, as they did not migrate out to cortical plate
from the SVZ (Viti et al., 2003). It should be noted that GSK-3 has two isoforms: alpha
and beta (Cohen and Frame, 2001). It is conceivable that the difference in the results of
the two contradicting studies above can be accounted for by the presence of these two
isoforms.

Additional evidence supporting a role of the P13K-Akt pathway in neuronal
migration is the observation that the absence of P13K activity leads to an impairment in

cortical plate formation (Bock et al., 2003). Reelin signaling, via PI3K, may also regulate

19



n-cofilin activity, an actin-depolarizing protein that promotes the disassembly of F-actin
(Chai et al., 2009). It was found that Reelin induces phosphorylation of serine3 of n-
cofilin in a PI3K dependent manner. PI3K activates LIMK1 (LIM kinase 1), a
serine/threonine kinase, which then phosphorylates n-cofilin. This phosphorylation event
prevents n-cofilin from depolymerizing F-actin and as a result, leads to the stabilization
of the cytoskeleton. PI3K, downstream of Reelin and Dab1, also activates Rho GTPase
cdc42, which is known to be involved in growth cone motility and filopodia formation in
cortical neurons (Leemhuis et al., 2010).

Through the Dab1-PI3K-Akt pathway (Figure 5), Reelin also leads to the
activation of the mTor (mammalian target of rapamycin) — S6K1 (S6 Kinase 1) and this
is thought to play a role in regulating the growth and branching of dendrites in
hippocampal neurons (Jossin and Goffinet, 2007a). mTor phosphorylates Akt, to further
increase its activity, but only P13K and Akt seem to be involved in proper cortical plate
formation, making it likely that there are other binding partners responsible for this

effect.

The Nckbeta and N-WASP pathways

Activation of molecules involved in cytoskeleton remodeling are also
downstream of Reelin-Dabl activation. Nckbeta was shown to bind to phosphorylated
Dabl, on Y220 or Y232, Reelin regulated sites, via its SH2 domain (Pramatarova et al.,
2003) (Figure 5). Dabl1 has also been shown to associate with N-WASP (neuronal

Wiskott-Aldrich syndrome protein)(Suetsugu et al., 2004). The PTB domain on Dabl
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binds to N-WASP and in doing so, through the Arp 2/3 complex, induces actin
polymerization in vitro. LIS1 (PAFAH1B1), a microtubule associated protein, is also
thought to be downstream of Dabl in the Reelin signaling pathway (Assadi et al., 2003)
(Figure 5). Loss of function mutations in the gene PAFAH1BI1 leads to lissencephaly, a
human neuronal migration disorder which results in a “smooth brain” with less
convoluted gyri (Moon and Wynshaw-Boris, 2013). It was found that upon Reelin
signaling, phosphorylated Dabl interacts with LIS1. LIS1 is thought to play a role in
cytoplasmic dynein regulation to allow somal translocation (Tsai et al., 2007).
Cytoskeleton rearrangements overall are important for proper neuronal migration and
defects in the regulation of microtubule and actin filament remodeling prevents proper
cortical lamination of neurons. Reelin may play a role in regulating many of the

components involved in cytoskeletal rearrangement.

VII. Additional functions of Reelin

Reelin expression in post-natal and adult brain

Both postnatally and in the adult mouse, the majority of Reelin expression
originates from GABAergc interneurons in the cerebral cortex and olfactory bulb
(Alcantara et al., 1998). Granule cells in the cerebellum, which express Reelin during
embryonic development, continue to do so postnatally (Miyata et al., 1996; Alcantara et
al., 1998; Jensen et al., 2002). It was demonstrated that in the postnatal hippocampus,

Reelin is necessary for the formation of proper layer-specific and topographic
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connections as well as for the maturation of single fibers and the synaptogenesis by
entorhinal afferents (Borrell et al., 1999). More detailed studies have demonstrated that
the lack of Reelin in the Reeler mouse results in delayed apical dendrite growth of the
dentate granule neurons in the post-natal forebrain (Niu et al., 2004). Just like during
neuronal migration in the pre-natal brain, Reelin binding and Dab1- VLDLR/ApoER2
interactions (Niu et al., 2004) as well as signaling cascades involving the Src kinases,
Crks, PI3K, and Akt (Jossin and Goffinet, 2007b; Matsuki et al., 2008b) may control the
rate of dendrite outgrowth in the immature hippocampal neurons. Dendrite growth in
hippocampal neurons stems from enhancement of F-actin stability, by elevating
immediate-early gene mRNA levels (Stritt and Knoll, 2010). Interestingly, it was
demonstrated in vivo that Reelin can orchestrate selective pruning of dendrites in the
cortical layer II and III pyramidal neurons, a process in which the participation of the
serotonin 5-HT3 receptor is implicated (Chameau et al., 2009).

Further, it was demonstrated using cultured hippocampal neurons that Reelin
controls the shift in subunit composition of the NMDA receptors during post-natal brain
maturation (Sinagra et al., 2005). During maturation, the contributions of the NR1/NR2B
receptors to the whole-cell mediated NMDA currents decrease, as there are fewer of these
receptors present at the synapse over time. This depletion at the synapse is accompanied
by a concomitant increase in Reelin expression in neuronal somata and Reelin secretion.
Experimental modulation of Reelin levels further demonstrated the important role of the
Reelin protein in post-natal brain maturation (Sinagra et al., 2005). This process is
currently referred to as the “NR2B-NR2A developmental switch” and necessitated the

presence of the ApoER2 splice variant which contains the region coded by exon 19 and
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which is known to be more actively produced during periods of activity (Beffert et al.,
2005). Further, using the same neuronal culture model and single particle tracking (Groc
et al., 2007), it was demonstrated that in the presence of Reelin, the NR1/NR2B receptors
move faster through the cell membrane, while their mobility is greatly reduced upon
Reelin depletion. In the absence of Reelin, there is a failure to decrease the NR1/NR2B
receptor population during the maturation process. Further, there is evidence that, at least
in the adult rat hippocampus using the fear conditioning paradigm, memory formation is
associated with demethylation and transcriptional activation of the Reelin gene (Miller
and Sweatt, 2007).

Oligodendroglia can also serve as a source of Reelin in the postnatal brain.
Reelin, the receptor VLDLR and Dabl are expressed in oligodendroglial cells, from the
progenitor cell to the mature oligodendrocyte (Siebert and Osterhout, 2011). Moreover,
both progenitors and mature oligodendrocytes were found to secrete Reelin. Ablation of
oligodendrocytes in the brain results in a reduction in Reelin levels, further suggesting
that these cells are a source of Reelin in the adult (Collin et al., 2007). However, a
specific role for oligodendroglial derived Reelin has yet to be been identified.

At least one post-natal neuronal migration process is Reelin-independent, while
still involving the ApoER2/VLDLR-DABI intracelluar signaling pathway (Blake et al.,
2008). Namely, the migration of neuronal precursors from the subventricular zone to the
olfactory bulb is orchestrated by thrombospondin-1 rather than Reelin, where
thrombospondin-1 was shown to serve as a ligand for ApoER2 and VLDLR and induces

Dabl phosphorylation.
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Schwann cells

An increase in Reelin levels is observed after injury, specifically in Schwann
cells of peripheral nerves, which was demonstrated in a sciatic nerve crush injury in mice
(Panteri et al., 2006). In the absence of injury, the same study found that Schwann cell-
derived Reelin is, just like in the brain, down-regulated with age. Further, they
demonstrated that Reelin is associated with a modest decrease in the caliber of
myelinated axons and the number of myelinated axons per unit area. The authors
proposed that this may be accomplished when Reelin initiates a signaling cascade by
binding to the cadherin-related neuronal receptor, protocadherin, which is known to be
expressed in developing axons. Similar to other tissues, the signaling cascade is likely
mediated by Fyn-tyrosine kinase and results in the stimulation of Cyclin-dependent
kinase 5 (Cdk5), which in turn phosphorylates high- and middle-molecular-weight

neurofilaments. This last step is paramount for the control of axon diameter.

The eye

Reelin expression has also been detected in the mouse eye at P7, within retinal
ganglion cells, amacrine cells, and a subset of bipolar cells (Rice et al., 2001). In the
same study, Dabl has been detected in type AIl amacrine cells and at the border between
the inner plexiform layer and the ganglion cell layer and possibly in bipolar cells. While
the expression of Reelin showed little change until adulthood, Dabl became restricted to

only the type AIl amacrine cells. Further, the study found that the expression of Dabl,
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which is detectable in type AIl amacrine cells of the wild type mouse retina, is 5- to 10-
fold higher in the Reeler mouse retina. The fact that a similar 5- to 10-fold increase in
Dabl expression has been observed in the Reeler mouse forebrain and cerebellum, as
compared to wild type (Rice et al., 1998) suggests that the Reelin-Dab1 pathway is likely
active in the retina. While there was no significant disruption in the laminated structure of
the retina in mice lacking either Reelin or Dab1, there was a significant decrease in rod
bipolar cells and an associated attenuation in the electroretinogram (ERG) responses in
these mutant retinas (Rice et al., 2001). This functional deficit hinted at the importance of
the Reelin-Dab1 pathway for the proper organization of synaptic connections in the
retina. Further research supported this idea by demonstrating the expression of Reelin’s
receptor, ApoER2, in the post-natal retina, specifically in type AIl amacrine cells (Trotter
etal., 2011). Mice deficient in ApoER2 featured morphologic disruptions in their rod
bipolar cells, disarranged dendritic development in type AIl amacrine cells, as well as
abnormal rod-driven ERG responses. Although the expression of VLDLR, the other
Reelin receptor, was not studied in this paper, ERGs of VLDLR knockout mice
demonstrated reductions in the oscillatory potentials and delayed synaptic response
intervals.

Corneal endothelial cells in adult mice have also been shown to produce Reelin
(Pulido et al., 2007). Both the corneal endothelial cells and retinal ganglion cells were
capable of upregulating their Reelin expression at the lesion site after an injury consisting
of corneal epithelium debridement or full-thickness retinal laceration in mice,
respectively. Again, it was speculated that the upregulation is likely associated with an

attempt at tissue repair via process akin to the way of how Reelin orchestrates stem cell
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migration in adult neural tissues (Kim et al., 2002). A possible Reelin-assisted homing of
implanted stem cells was observed in experiments where stems cells are implanted

following induced injury in the brain or retina (Qu et al., 2001; Dong et al., 2003).

VIII. Reelin and human disease

Over the last two decades a number of similarities, on the structural, behavioral,
and biochemical levels, have been identified between human patients with
neurodevelopmental or neurodegenerative disorders and animals lacking the Reelin
protein or other proteins from the Reelin-driven signaling cascades. Prominent examples
include psychotic conditions, autism, Alzheimer’s disease, lissencephaly, and temporal

lobe epilepsy.

Schizophrenia and psychosis

Schizophrenia is a relatively common mental disorder where the affected
individual misunderstands reality to the extent that they start behaving erratically and can
become harmful to themselves as well as to the people around them. While the origin of
this condition has been deemed multifactorial, with many environmental and genetic
factors playing a role (Owen et al., 2016), one hypothesis claims that schizophrenia
develops as a result of neurodevelopmental errors, such as abnormal cerebral lamination,
which occur during the first half of human gestation (Akbarian et al., 1993). Interestingly,

it was shown in post-mortem studies that in the brains of patients with schizophrenia, as
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well as in those of patients with bipolar disorder with psychosis, the Reelin protein is
50% downregulated, likely due to abnormal DNA methylation of the RELN gene
promoter (Impagnatiello et al., 1998; Guidotti et al., 2000; Lakatosova and Ostatnikova,
2012). A similar 50% reduction in Reelin mRNA and protein expression was observed in
the brains of heterozygous Reeler mice (Tueting et al., 1999), but initially it was believed
that these animals are phenotypically normal as that they do not exhibit ataxia or layer
defects in any brain region (D’ Arcangelo et al., 1995). Later studies demonstrated that the
Reeler heterozygous mice do exhibit behavioral traits such as neophobia, which are
consistent with human psychosis (Tueting et al., 1999; Qiu et al., 2006). The behavioral
abnormalities became apparent in the mouse at developmental stage that is equivalent to
late adolescence/early adulthood in humans, which coincides with the time when the
incidence of psychosis in humans peaks (Lewis, 1997). Further, there was a decrease in
pre-pulse inhibition of startle in the heterozygous Reeler mice (Tueting et al., 1999): a
finding that had been associated with human psychotic disorders (Karper et al., 1996).
There was an abnormal accumulation of neurons positive for Nicotinamide adenine
dinucleotide phosphate-diaphorase (NADPH-d) in the subcortical white matter of
heterozygous Reeler mice, which was interpreted as a sign for aberrant cell migration
during embryonic development, where the cells fail to reach their cortical plate
destination and instead remain in the subplate (Tueting et al., 1999). This finding is
similar to the abnormal NADPH-d expression distribution in cortical as compared to
subcortical cells in the prefrontal cortex of human patients with schizophrenia (Akbarian
et al., 1996). Subtle anatomical abnormalities in the heterozygous mice are hypothesized

to account for functional connectivity problems. These include delayed growth of
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dendritic processes in hippocampal neurons (Niu et al., 2004), and a reduction in the
density of synaptic contacts in the frontal lobe (Liu et al., 2001) and prefrontal cortex
(Iafrati et al., 2014). Defects in dendritic spine density were also found in the
hippocampus of heterozygous Reeler and Dab1 knockout mice, accompanied by altered
molecular composition of the synaptosomes (Niu et al., 2008). Reelin treatment rescued
spine density defects of Reeler organotypic hippocampal slices in a manner that was
dependent on all core components of the signaling pathway, namely, the lipoprotein
receptors ApoER2 and VLDLR, SFKs and Dab1 (Niu et al., 2008). Taken together, the
various similarities between the heterozygous Reeler mouse and human psychosis led to
the former being considered as a reasonable animal model for the human conditions and
hint at the possibility that Reelin haplo-insufficiency might be a causative factor in the

development of psychosis in humans (Costa et al., 2002).

Autism

Autism is another debilitating condition resulting in communication deficits,
repetitive behavior, and often mental retardation, where the symptoms become apparent
during early childhood. Autism is currently suspected to have underlying
neurodevelopmental causes, where abnormal cell migration and apoptosis in the brain
play important roles in the pathogenesis (Fatemi et al., 2001). Structural studies of
patients with autism have revealed abnormalities similar to the ones described in the
Reeler mouse (Casanova et al., 2002; Fatemi et al., 2012). Further evidence for the

possible involvement of Reelin in autism stems from association studies, which
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demonstrated linkage between certain RELN gene polymorphisms and the development
of the disease in humans (Persico et al., 2001; Zhang et al., 2002). However, this is
controversial, because a number of studies failed to find any polymorphism linkages
(Krebs et al., 2002; Bonora et al., 2003; Devlin et al., 2004; Li et al., 2004). This
discrepancy may pose the question as to the accurateness and appropriateness of this
approach for evaluating the role of a single molecule such as Reelin in autism.

More definitive evidence for the role of Reelin and the components of its signaling
cascades came from post-mortem studies of patients with autism and control individuals
matched for gender, age, and post-mortem period (Fatemi et al., 2005). This study
demonstrated significant decreases in the Reelin protein, Reelin mRNA, and Dabl
mRNA at the frontal and cerebellar areas, while VLDLR mRNA was increased in autistic
brains as compared to the controls. In addition, there is a decrease in pre-pulse inhibition
of startle in heterozygous Reeler mice (Tueting et al., 1999), a finding which has been
associated with neurodevelopmental disorders in humans, including autistic patients
diagnosed with Asperger’s syndrome (McAlonan et al., 2002). Clearly much more
research would be necessary to fully understand the role of Reelin in the development of
autistic traits in humans and the Reeler mouse mutants may prove useful as animal

models in this pursuit.

Alzheimer’s disease

Alzheimer’s disease is a debilitating neurodegenerative disorder leading to

memory loss, disorientation, mood instability, and eventually loss of the ability to carry
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out the basic daily routines of life. It constitutes the most common cause of senile
dementia and is a quickly growing economic and social burden world-wide (Ballard et
al., 2011). While the pathogenesis of Alzheimer’s disease continues to be a dynamic area
of research, it is widely agreed that all the associated genetic, environmental and other
putative causative factors eventually lead to the formation of plaques and tangles in the
human brain. The most studied hypotheses of pathogenesis are based on specific genetic
defects such as the inheritance of the isoform €4 of the ApoER receptor (Strittmatter et
al., 1993), the decrease in production of the neurotransmitter acetylcholine (Francis et al.,
1999), the deposition of the AP amyloid protein in the brain (Hardy and Allsop, 1991),
and the abnormal hyperphosphorylation of the tau protein. The increased phosphorylation
of tau enables it to interact with other proteins in the brain to form neurofibrillary tangles
inside nerve cell bodies (Igbal et al., 2010).

Examination of normal wild type mice and non-human primates revealed that as
the animals aged, Reelin ‘plaque-like’ aggregates started to form in the hippocampus and
that the process was associated with the loss of the Reelin-expressing neurons (Matsuki et
al., 2008a; Doehner et al., 2010). These studies also provided evidence for the co-
localization of the Reelin-aggregates with non-fibrillary amyloid plaques, which gave
birth to the hypothesis that the Reelin aggregates may be precursors to the senile plaques
observed in Alzheimer’s disease.

Targeted genetic analyses carried out in the USA, Italy, and Greece, which
including several hundred patients with Alzheimer’s disease and healthy controls,
demonstrated that certain polymorphisms of the RELN gene are associated with

Alzheimer’s disease (Seripa et al., 2008; Antoniades et al., 2011; Kramer et al., 2011).
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However, the data from human subjects is controversial. For instance, some post-mortem
studies demonstrated that the density of the Reelin-producing Cajal-Retzius cells is lower
in patients with Alzheimer’s disease and that their arborization is reduced, as compared to
healthy controls (Baloyannis, 2005). Similarly, post-mortem studies in human subjects
with pre-clinical stage of Alzheimer’s disease showed reduced Reelin expression in the
frontal cortex, with unchanged levels of the Reelin receptors VLDLR and ApoER2 or the
adaptor protein Dabl (Herring et al., 2012), with similar depletion of Reelin in the
hippocampus prior to the development of AP plaques observed in a mouse model of the
disease. However, analysis of human subjects with confirmed Alzheimer’s disease
claimed to have found an increased expression of the Reelin 180 kDa fragment in the
CSF and in the frontal cortex, as compared to controls, without significant changes in
Reelin levels in the cerebellum or the plasma (Botella-Lopez et al., 2006).

On the molecular level, a few possible mechanisms have been explored that may
identify a potential role for Reelin in Alzheimer’s disease pathogenesis. A direct link
between Reelin and amyloid precursor protein stems from experiments using cultured
primary neurons, where Reelin was shown to enhance the intracellular interaction
between Dabl and amyloid precursor protein, as well as between Dabl and ApoER?2.
This resulted in the enhanced processing of the amyloid precursor protein and a reduction
in the production of the toxic AP (Hoe et al., 2006). Another proposed mechanism
involves the Tau kinase GSK3[3, which is a component of signaling cascades downstream
of Reelin. Experiments in mice and in neuronal cell culture in vitro showed that Reelin
binding to its receptors downregulates the activity of the GSK3p kinase, and that defects

in this signaling cascade result in the hyperphosphorylation of Tau, a well-known major
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contributor to the pathogenesis of Alzheimer’s disease (Hiesberger et al., 1999; Ohkubo
et al., 2003; Beffert et al., 2004).

The influence of the Reelin protein on cholesterol homeostasis is another avenue
actively investigated in the Alzheimer’s field because a misbalance can affect both the
production and the trafficking of the A proteins (Simons et al., 1998) and is believed to
speed up synaptic loss in the brain and increase the chance for the development of
dementia (Raber et al., 1998; Weeber et al., 2002). In addition to binding Reelin, the
ApoE receptors can also bind to the various ApoE isoforms, including the €4 isoform
which is a well-documented risk-factor for the development of sporadic Alzheimer’s
disease (Corder et al., 1993; Schmechel et al., 1993). And indeed, cell culture
experiments demonstrated that the addition of recombinant ApoE &4 reduced Reelin
binding by over 50% (D’ Arcangelo et al., 1999b). The ensuing decrease in Reelin-
dependent intracellular signaling is expected to disturb the cholesterol homeostasis and
thus predispose to the development of Alzheimer’s disease.

Finally, the effect of abnormally high levels of the A} protein on Reelin’s
expression and post-translational modification was studied in post-mortem patients with
Down syndrome, in whom Alzheimer’s disease commonly develops in the fourth decade
of life (Botella-Lopez et al., 2010). In this study, the expression of the 420kDa and the
310kDa Reelin fragments was elevated in the cortices of fetal Down Syndrome patients
when compared with normal controls, in addition to an elevated levels of A proteins. An
analysis of the post-translational glycosylation pattern of Reelin in Down Syndrome
patients, as well as the Tg2576 mouse model for Alzheimer’s disease revealed major

differences from the controls. The same aberrant glycosylation of Reelin has also been

32



reported to occur in adults with Alzheimer’s disease (Botella-Lopez et al., 2006). This
has been interpreted by the authors as a reflection of the influence of amyloid proteins on
the post-translational modification of Reelin, which in turn may impact the disease

progression.

Lissencephaly

Lissencephaly, which literally means “smooth brain”, is a rare but devastating
brain disorder where a developmental defect in early-to-mid gestation leads to abnormal
neuronal migration, with the end result being the absence of sulci and gyri (Dobyns,
1987). Affected individuals suffer from developmental delay, failure to thrive, muscle
tone abnormalities (spasticity or hypotonia), seizures, among other multiple problems.
While lissencephaly can be caused by viral infections and insufficient blood supply to the
fetus, there are also a number of genetic defects that can lead to this pathology. The latter
include mutations in the RELN gene (Hong et al., 2000). The phenotypic traits of
lissencephaly including cerebellar hypoplasia, hypotonia, congenital lymphedema,
cerebellar hypoplasia, myopia, nystagmus, and generalized seizures were first described
in the children of consanguineous parents in two unrelated families (Hourihane et al.,
1993; Hong et al., 2000). Two distinct mutations in the RELN gene were identified in the
affected individuals of the two families (Hong et al., 2000). Based on the genotype of the
parents and other siblings where available, an autosomal recessive nature of these
mutations was established (Hong et al., 2000). The defect interfered with the proper

splicing of the RELN gene, which in turn led to drastic decreases in the Reelin protein
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expression. Further, a homozygous carrier of a chromosomal inversion that affected the
RELN gene was reported to have no detectable Reelin protein in their serum and to
feature lissencephaly and cerebellar hypoplasia, while the heterozygous family members

were neurologically normal (Chang et al., 2007).

Temporal lobe epilepsy

Since many epileptic disorders have been associated with aberrant neuronal
migration (Palmini et al., 1991) , the role of Reelin in the pathogenesis of seizures has
recently become a focus of interest. It has been noted that in the common seizure
disorder, temporal lobe epilepsy, there is a defect in the granule cell migration referred to
as granule cell dispersion (GCD) (Houser, 1990). GCD in humans is similar to the
aberrant granule cell migration pattern seen in the Reeler mouse (Rakic and Caviness Jr.,
1995). This similarity prompted a study which demonstrated a correlation between the
decrease in Reelin mRNA expression by hippocampal Cajal-Retzius cells with the extent
of granule cell migration defects in the dentate gyri of human patients suffering from
temporal lobe epilepsy (Haas et al., 2002). Additional studies demonstrated that that
blocking the function of Reelin in mice can induce GCD even in the absence of
neurogenesis via displacement of mature neurons. Moreover GCD can be prevented in a
mouse model for mesial temporal lobe epilepsy via infusion with exogenous Reelin (Haas
and Frotscher, 2010). The first attempt to define the relative contribution of Reelin
mutations to the development of temporal lobe epilepsy as compared to other known

genetic risk factors was published only recently (Dazzo et al., 2015). This study consisted
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of a genetic analysis of 40 unrelated Italian families which suffered from lateral temporal
epilepsy which has been associated with mutations in the LGI1 gene in about 50% of
patients. The research revealed that while 12 families (30%) carried a mutation in LGI1,
there were also 7 families (17.5%) who did not carry any LGI1 mutations but instead
carried mutations in Reelin. While further investigations will be required to better
understand the role and scope of Reelin as related to epilepsy, the currently available data
suggests a new avenue for the development of anti-epileptic therapies for patients who

carry Reelin mutations.

IX. Thesis Research

It is evident that Reelin has an important role in organizing the neurons of the
cerebral cortex during development. The Reelin protein is a critical guidance molecule
for proper positioning of neurons in cortical layers, and is involved with the maintenance
of neuronal connections even into the adult, which has important implication for brain
function. In its absence, there are devastating complications in the brain; moreover,
Reelin deficits have been implicated in a number of human conditions with brain
dysfunction.

Mpyelin is essential for rapid nerve impulse conduction in the CNS. The cells that
form myelin, oligodendroglial progenitor cells (OPC) are generated in the subventricular
zone, and these cells will migrate at later times during brain development, once the

neuronal layers are established. Their destination is the white matter tracts, where these
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progenitor cells differentiate and form myelin sheaths. The extracellular signals that
coordinate their migration and differentiation are not well understood.

Oligodendroglial cells secrete Reelin, the neuronal guidance molecule and also
express a receptor for Reelin, VLDLR, as well as critical components of the intracellular
signaling cascade including the Dab-1 adaptor protein. This novel discovery suggests that
oligodendroglia may actually respond to Reelin; being that Reelin can modulate neuronal
migration, it may also influence OPC migration. In this thesis, | examined this hypothesis
in a series of in vitro and in vivo experiments. Concomitant with these studies, I also
identified elements of the intracellular signaling pathways linked with Reelin in these
cells. The results indicate that while Reelin can influence oligodendroglial migration, the
activation of the Reelin signaling pathway by other molecules may be more important in

the coordinating the migration of OPCs to white matter tracts.
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Figure 1. Inside-out pattern of Reeler brain vs normal
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Figure 1. Inside-out pattern of Reeler brain vs normal cortex.

During the formation of the normal brain, newly generated neurons migrate out from the
ventricular zone past older neurons to form the cortical layers. In Reeler brains however,
newly generated neurons fail to migrate past the older neurons and rather accumulate
underneath, creating an inside-out pattern of neuronal layers at the cortex. Reproduced

from Cooper, 2008.
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Figure 2. Reelin protein structure and fragments
generated upon processing
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Figure 2. Reelin protein structure and fragments generated upon processing.

The Reelin protein is composed of several function regions, including a N-terminal
adjacent to a F-spondin-like region and the CR-50 epitope that is thought to be required
for homodimer formation. The structure consists of 8 Reelin repeats and a C-terminal
with highly charged amino acids. Upon cleavage, Reelin generates 3 fragment: N-RR2,

RR3-RR6 and RR&-C.
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Figure 3. The structure of the Reelin receptors:
ApoER2 and VLDLR
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Figure 3. The structure of the Reelin receptors: ApoER2 and VLDLR.

The structures of ApoER2 and VLDLR, transmembrane receptors, are very similar. Both
contain an N-terminal ligand binding domain and a cytoplasmic domain with an Npxy
motif. The gene sequence at the O-linked sugar domain is the most dissimilar region in
the ApoER2 and VLDLR receptors and is it also the region that is responsible for

localizing ApoER?2 to lipid rafts (Duit et al., 2010; Reddy et al., 2011).
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Figure 4. Dabl protein structure
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Figure 4. Dab1 protein structure.

Dabl, the adaptor protein downstream of Reelin, contains a phosphotyrosine binding
domain (PTB) and has an internal tyrosine rich region adjacent to a serine/threonine rich
region. Dab]1 has five potential tyrosine phosphorylation sites: Y185, 198, 200, 220 and
232.Y198, Y220 and Y232 have been reported to be phosphorylated in response to
Reelin. Phosphorylation of specific tyrosines is associated with activation of several

different signal transduction pathways.
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Figure 5. Signaling components downstream of Reelin-
Dabl interactions
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Figure 5. Signaling components downstream of Reelin-Dab1 interactions.

Reelin binding to its receptors induces Dab1 phosphorylation, which activates several
downstream pathways. Dab1 phosphorylation at Y220 and Y232 leads to Crk pathway
activation, leading to tyrosine phosphorylation of C3G and the activation of Rap1
GTPase, which results in increased levels of N-cadherin at the plasma membrane. Dab1
phosphorylation of Y185 and Y198 activates the P13K pathway, which in turn activates
Akt. Akt regulates GSK-3Beta which phosphorylates tau. P13K also activates LIMK 1
which then phosphorylates n-cofilin, preventing depolymerization of F-actin. P13K can
also activate Rho GTPase cdc42, which is known to be involved in growth cone motility
and filopodia formation. NckB has been shown to interact with Dab1 phosphorylated on
Y220 or Y232. This interaction may lead to actin remodeling. Dab1 also interacts with N-
WASP, possibly contributing to actin polymerization. Downstream of Dabl is thought to
be Lis1, a microtubule associated protein implicated in lissencephaly, involved in somal

translocation.
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Chapter 2: Reelin signaling in oligodendrocyte

progenitor cell migration
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I. Introduction

Oligodendrocytes are the myelin forming cells of the central nervous system
(CNS). During the development of the brain, these cells are the last to develop; prenatally
neurons are generated first, followed by astrocytes (Altman and Bayer, 1984).
Myelination occurs postnatally and may continue for several years after birth in most
vertebrates (Skoff et al., 1976). Oligodendrocyte precursor cells (OPCs) are generated
from neuroepithelium cells early in development, but ultimately migrate postnatally to
the appropriate areas in the cortex and spinal cord and differentiate into mature
oligodendrocytes and myelinate axons.

Oligodendrocyte precursors arise from specific areas of the neural tube (Warf et
al., 1991; Ono et al., 1995; Timsit et al., 1995). They are present in ventral regions of the
spinal cord during early embryogenesis at certain developmental stages, and also more
rostral, in defined areas of the ventricular and subventricular zones (Warf et al., 1991;
Ono et al., 1995, 1997a). The expression of the oligodendrocyte lineage genes, Oligl and
Olig2, encoding basic-helix-loop-helix (bHLH) transcription factors, is required to
generate oligodendroglia (Lu et al., 2000; Zhou et al., 2000). Cells that express both
Olig2 and the transcription factor Nkx2.2 develop into oligodendrocytes (Zhou et al.,
2001). Oligl is required for later development of oligodendrocytes and remyelination
after injury (Lu et al., 2002).

Once these early progenitor cells are committed to the oligodendrocyte lineage,
they migrate to their appropriate location in the brain and spinal cord where they begin to

differentiate (Figure 1; Miller, 2002). Migration is thought to be regulated partially by
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axonal signals, as well as cell surface components such as adhesion molecules and
integrins (Payne and Lemmon, 1993; Wang et al., 1994; Kiernan et al., 1996; Ono et al.,
1997b; Garcion et al., 2001). PDGF acts as a chemoattractant for OPCs, stimulating
migration, while netrin and semaphorin-3a act as chemorepellants for OPCs (Armstrong
et al., 1990, 1991; Sugimoto et al., 2001). FGF signaling is required for normal OPC
migration, as cells that do not respond to FGF cannot migrate to putative white matter
tracts (Osterhout et al., 1997). Extracellular matrix proteins can also influence migration.
Specifically, laminin, fibronectin, and merosin can promote OPC migration in vitro
(Frost, Kiernan, Faissner, & ffrench-Constant, 1996). However, despite all this work, the
precise signals and corresponding signaling pathways that coordinate OPC migration are
still not well understood.

Oligodendrocyte progenitor cells (OPCs) were found to secrete Reelin, a well-
known extracellular glycoprotein protein involved in neuronal migration. Reelin
modulates the migration of neurons during development, which ensures the proper
formation of cortical neuronal layers. OPCs also express critical components of the
Reelin signaling pathway, specifically the adaptor protein Dabl and receptor VLDLR
(Figure 2; (Siebert and Osterhout, 2011)). Expression of these signaling components was
seen at all stages of OPC differentiation, ranging from the progenitor cell stage to mature
myelinating oligodendrocytes, and Reelin was found to be secreted at all stages of
oligodendrocyte differentiation (Siebert and Osterhout, 2011).

Since OPCs produce Reelin and also express a receptor for Reelin and the adaptor
protein Dabl, it was hypothesized that OPCs might respond to Reelin, possibly in an

autocrine manner. Being that Reelin is a critical regulator of neuronal migration, it was
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hypothesized that Reelin might also regulate OPC migration. This thesis examines the
effects of Reelin on OPC migration, and characterizes the role of the Reelin signaling

pathway components in OPC migration.

I1. Materials and Methods

All procedures involving the use of animals were approved by the Upstate
Medical University Committee for the Humane use of Animals, under the direction of the
Department of Laboratory Animal Resources, following the guidelines set for by the

AAALAC

Cell Culture

Primary OPCs were isolated from neonatal Sprague Dawley rats (P1-P2) as
previously described (Osterhout et al., 1997). In summary, the cortex was dissociated,
and mechanically triturated to generate mixed glial cell cultures. After 7-10 days in
culture, OPCs were isolated by a mitotic shake off, followed by differential plating to
remove contaminating microglia. OPCs were plated on poly D-lysine coated tissue
culture dishes or glass coverslips and maintained in defined media with specific mitogens
(PDGF, 10 ng/ml and FGF 20 ng/ml) to prevent differentiation. OPC differentiation was

initiated by culturing OPCs in serum free defined media without mitogens.

Cell Migration assays
OPCs were plated onto polylysine coated dishes in a mix of L15 media with

HEPES, which is an air buffered media to maintain viable cells outside of a tissue culture
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incubator. The cells were placed into a temperature controlled chamber set at 37°C on a
Zeiss Axio microscope. Live cells were imaged by time lapse over the course of one
hour. The effects of various factors such as PDGF, Reelin (concentrated from B104
conditioned media), blocking antibody CR-50 (MBL International, Woburn, MA), and a
control antibody: anti-Tubulin (Promega, Madison, WI) were studied by adding these
agents to sister cultures at the start of the one hour monitoring time. The imaging time
was limited to one hour to maintain maximum viability of the cells.

B104 conditioned media contains a significant amount of Reelin (Siebert and
Osterhout 2011). Being that B104 cells are neural in origin, it was used as a source of
Reelin for these assays. Growth factors were removed during the concentration process
by using Amicon Ultra-4 Centrifugal Filter Unit (100 MWCO) (Millipore, Darmstadt,
Germany).

Cell body movement was measured by obtaining the largest distance between two cell
edges at 0 min and at 1 hour. The difference between these two lengths was used as a
measure of the degree of cell body migration. Process outgrowth was measured in a
similar manner. The largest distance between two processes tips was determined at both 0
min and at 1 hr. The difference between these two lengths was determined and used to
measure process outgrowth. OPCs isolated from at least 4 different dissections were

analyzed for these cell migration assays.

Statistical analysis

Significant changes in the measurements in the cell body migration and process

outgrowth assays were detected using the Student’s t tests, comparing the changes in
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measurements after the addition of each factor and the control measurements. The cell
assay was replicated 3 times (n=3) using cells collected from at least 4 different

dissections.

Western Blotting

Cell Lysate Collection: Cell culture dishes were rinsed twice with ice cold PBS
to remove culture media, and lysed with ice cold lysis buffer (10 mM Tris, pH 7.2, 150
mM NaCl, 1 mM EDTA, 1% Triton, 1% Deoxycholate, 0.1%SDS) with protease
inhibitors (Leupeptin, Levamisol, NaF, NaVO4, and PMSF) added immediately prior to
cell lysis. Oligodendroglial cell cultures were harvested on ice at various time points
during differentiation.
OPC conditioned media was collected during regular media changes every two days

and concentrated using the Amicon Ultra-4 Centrifugal Filter Unit.

Protein assays: Protein concentrations were quantified using the Micro BCA

Protein Assay Reagent Kit (Pierce, Rockford, IL) per the manufacturer’s instructions.

Immunoprecipitation: Dabl was immunoprecipitated from cell lysate (100ug
starting amount of protein) shaking overnight at 4° C, using 300ug of anti-Dabl
antibody (Rockland, Gilbertsville, PA). Fyn was immunoprecipitated using 300ug of
anti-Fyn antibody (FYN 3) (Santa Cruz Biotech, Santa Cruz, CA). Both were incubated

with Protein-A agarose beads (Santa Cruz Biotech, Santa Cruz, CA). After incubation,
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beads were pelleted by centrifugation, rinsed twice with buffer, and reducing sample
buffer was added to beads to release any attached proteins. The amount of antibody and
cell lysates were optimized to remove all Dab 1 and Fyn from the cell cytoplasm ( data

not shown and Siebert and Osterhout, 2011)

Western blotting: Samples were run on a pre-cast gradient, 3-8%, Tris-Acetate
NuPAGE gel (Invitrogen), then transferred onto a PVDF membrane. Membranes were
blocked overnight in 5% nonfat dry milk in TBS containing 0.1% Tween-20 and were
then probed for Reelin (clone 142) (1:1000, Millipore, Darmstadt, Germany), Fyn
(1:1000; Santa Cruz Biotech, Santa Cruz, CA), Dab1 (1:1000, Rockland, Gilbertsville,
PA), 4G10 platinum anti-phosphotyrosine antibody (1:1000, Millipore, Darmstadt,
Germany), Cdk5 (1:1000, Santa Cruz Biotech, Santa Cruz, CA), and Src (1:1000, Santa
Cruz Biotech, Santa Cruz, CA). Primary antibodies were diluted in blocking solution and
incubated overnight at 4°C. Primary antibodies were detected with an ECF Western
Blotting kit (GE Health Care, UK) or an ECL Plus Western Blotting Detection System
(GE Healthcare, UK) following the manufacturers protocols. Membranes were then

scanned on a STORM 840 or Biorad Chemidoc Imaging system.

Animals
Reeler -/- mice and Scrambler -/- mice used in this study were bred from adult
Reeler +/- mice and adult Scrambler +/- mice (a gift from Dr. Eric Olson). Fyn -/- mice

brain tissue sections were a generous gift from Yue Feng, Emory University.
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Genotyping

Animal Tail Digestion: (Method adapted from Jackson Laboratory’s Protocols)
Incubated 2mm of mice tails in 200ul of PBND buffer (50mM KCI1, 10 mM Tris-HCL,
2.5 mM MgCl2, 0.1 mg/ml Gelatin, 0.45% v/v IGEPAL and 0.45% v/v Tween 20)
containing 100 ug/ml Proteinase K at 55 degrees C overnight. Samples were heated at 95

degrees C for 5 min to inactivate the Proteinase K.

PCR: Reaction mixture for PCR was created using the ReadyMix Taq PCR
reaction mix (Sigma) with the addition of primers provided by the laboratory of Dr. Eric
Olson. For Reeler genotyping, JBXFwdl (GTCCTCACTCGCCCTTT), JBXRev1 (wt)
(CAGGAATGAAGCAGACTCTC) and JBXRev2 (mut) (TCACGGACAAACTGCTCT)
primers were used. For Scrambler genotyping, DAMIT31 fwd
(ACGAGTTGTCCTCTGATCAACA), DAMIT31 REV
(AGCCAGAGCAAACACCAACT), DRMIT331 fwd (CCTAACCCTCCCCACACC)

AND D4MIT331 rev (AAAGATCTGGATTCAAATCCTCC) primers were used.

Immunohistochemical Procedures

Mice older than P7 were perfused with saline solution followed by 4%
paraformaldehyde, and the brains were removed. Mice younger than P7 were sacrificed,
the brains removed and drop fixed directly into 4% paraformaldehyde. The tissue was
postfixed and incubated in sucrose for several days prior to cryosection. Immediately

prior to sectioning, they were embedded in OCT compound (Sakura Finetek, Torrance,
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CA) and frozen on dry ice. Frozen sagittal sections (18um) were mounted on glass slides

(Superfrost Plus Microscope slides, Fisher Scientific, Pittsburgh, PA).

Olig2 immunohistochemistry: Sections were rehydrated in PBS, and
permeabilized by steaming in 0.01M citric acid buffer (pH 6.0) for 20 minutes. They
were blocked in antibody media (3% FBS and 3% BSA in HBSS) for 1 hr. Sections were
incubated overnight at 4°C in anti-Olig2 primary antibody (1:200; Millipore, Darmstadt,
Germany) diluted in antibody media (3% FBS and 3% BSA in HBSS). Primary antibody
binding was detected using a goat anti-rabbit biotinylated secondary antibody (1:1000;
Vector Labs, Burlingame, CA) diluted in 1xPBS, the VECTASTAIN Elite ABC Kit
(Standard) (Vector Labs, Burlingame, CA) and the Dab Peroxidase Substrate kit (Vector

Labs, Burlingame, CA).

H & E stain: After sections were probed for Olig2, they were submerged in
hematoxylin for 3 min and then fast dipped in three changes of DI H20 . They were then
placed in tap water for 5 min and then fast dipped in acidified EtOH . Then sections were
placed in tap water and then in DI H20 for 2 min. Sections were placed into aqueous
eosin for 30 sec and then in 95% ethanol, 100% ethanol, and xylene. Slides were

mounted in Permount mounting media ( Fisher Scientific).

Ki67 immunohistochemistry: Sections were rehydrated in PBS, and

permeabilized by steaming in 0.01M citric acid buffer (pH 6.0) for 20 minutes. They

were blocked in antibody media (3% FBS and 3% BSA in HBSS) for 1 hr. Sections were
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incubated overnight at 4°C in anti-Ki67 primary antibody ((SP6) (1:200, Thermo
Scientific, Waltham, MA) diluted in antibody media (3% FBS and 3% BSA in HBSS).
Primary antibody binding was detected using a goat anti-rabbit biotinylated secondary
antibody (1:1000; Vector Labs, Burlingame, CA) diluted in 1xPBS, the VECTASTAIN
Elite ABC Kit (Standard) (Vector Labs, Burlingame, CA) and the Dab Peroxidase

Substrate kit (Vector Labs, Burlingame, CA).

I11. Results

In vitro studies of the effect of Reelin on OPCs

The discovery that OPCs can secrete Reelin and that these cells also express the
Reelin receptor VLDLR and downstream component Dab1 are novel and suggested that
OPCs may actually respond to Reelin. A series of experiments were designed to test this
hypothesis. All in vitro experiments were conducted using primary OPCs isolated from
neonatal rat brains (Figure 1). OPCs were maintained in serum free defined media with
growth factors to prevent differentiation.

To evaluate migration, purified OPC cells were trypsinized, and plated in small
concentrated drops on polylysine coated dishes. These cells were maintained in L-15 with
Hepes buffer to maintain proper pH outside of the tissue culture incubator for the
duration of the experiments. This plating technique generates many OPCs in cell

aggregates. Cells found in clusters tend to rapidly migrate outwards and disperse. Time
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lapse imaging was performed over the course of one hour to record this migration while
the cells were incubated at 37°C in the Zeiss temperature controlled chamber. Individual
groups of cells were imaged under several experimental conditions to assess the effect of
Reelin and other factors on cell body migration (Figure 3A). PDGF was utilized as a
positive control, as this growth factor has documented effects on oligodendrocyte
migration (Frost et al., 2009). Concentrated B104 conditioned media was used as a source
of Reelin to evealuate any effects Reelin may have on these cells (Figure 3B). It should
be noted that B104 conditioned media also contains growth factors, such as PDGF and
FGF. To minimize any effects due to growth factors, B104 conditioned media was
concentrated using the Amicon Ultra-4 Centrifugal Filter Unit, a centrifugal device with a
100 MWCO (molecular weight cut off) to obtain media with minimal levels of growth
factors. Western blotting analysis confirmed that growth factor levels in the concentrated
B104 conditioned media were at a minimum (data not shown). Concentrated B104
conditioned media was used to stimulate the cells with Reelin (10 ug), and cell activity
was recorded for an hour. The amount of Reelin added to the cells was estimated by
comparing to a known quantity of BSA run on Western blots. The Reelin band size was
matched to an equivalent band on a western that displayed a gradient of BSA quantities
(data no shown).

Stimulation of OPCs with Reelin resulted in a significant increase in cell body
migration from control conditions (L-15 and Hepes with no additions) (Figure 3C). The
distance between two cells furthest from each other at 0 min and at 1 hour were
determined, and the difference between these two measurements was used to estimate

cell body migration. Since OPCs already secrete Reelin (Figure 2C), it was hypothesized
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that any additional Reelin added might present with only a slight increase in activity. To
further characterize any potential role of Reelin in stimulating OPC migration, 100 ng of
CR-50, a Reelin antibody that interferes with its function (Utsunomiya-tate et al., 2000)
was added to newly plated cells. The addition of CR-50 was intended to block any
potential Reelin signaling from secreted Reelin during the duration of the experiment. A
significant decrease in cell body migration compared to control conditions was noted
upon the addition of 100 ng CR-50 and 200 ng of CR-50 (Figure 3C). This suggests that
perhaps OPCs do respond to the Reelin they are producing, given the lower cell motility
observed with CR50 as compared to control. The assay was repeated with a control
antibody, anti-Tubulin. The addition of this control antibody to the cell culture did not
result in a decrease in cell motility, suggesting that the effect seen with the addition of
CR-50 is due to the disruption of Reelin signaling (Figure 3C).

A second analysis was performed to evaluate the effect of Reelin on process
outgrowth. Typically after plating, OPCs will both migrate away from cell clusters and
extend processes at the same time. The cells will ultimately disperse so individual cells
with processes can be observed throughout the dish (Figure 5). The early phases of
process extension were evaluated to determine whether Reelin influences process
outgrowth (Figure 4A). Again, PDGF was utilized as a positive control in this analysis
(Figure 4B). Concentrated B104 conditioned media was used as a source of Reelin and
stimulation with 10 ug of Reelin resulted in a significant increase in process outgrowth
compared to control conditions. The distances between the processes tips furthest away
from each other at 0 min and at 1 hour were determined and the difference between these

two measurements was used to determine the extent of process outgrowth. The addition
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of 100ng of CR-50 resulted in a very slight decrease in the extent of process outgrowth
when comparing to control conditions. An increase in CR-50 dose to 200ng did not
further decrease the degree of process outgrowth (Figure 4B).

In an attempt to determine whether OPCs are influenced by Reelin once they have
dispersed, purified OPC cells were incubated in L-15 and Hepes Buffer, Reelin-free
media, and cells were recorded for a period of 30 minutes. Minimal changes in cell
motility and process extension were detected during this time (Figure 5A). Concentrated
B104 conditioned media (approximately 10 ug of Reelin) was then added to the cell
culture at 30 minutes and cell activity was recorded for an additional 45 minutes (Figure
5A). After addition of concentrated B104 conditioned media, no changes in cell activity
were noted. Process outgrowth and cell body motility remained comparable to control
conditions. It is possible that OPCs secrete Reelin during the duration of the experiment,
which is at the maximal level that the cells can respond to, and that the addition of
exogenous Reelin may not exert any effect.

Since the secretion of Reelin could not be controlled in this experiment, CR-50
was used to interrupt Reelin binding to the cellular receptor. OPC cultures in L-15 and
Hepes were recorded for 30 min at which point CR-50 (1 ug) was added and cell activity
was recorded for another 45 min. No significant changes in cell body motility were
detected and there were minimal changes in process outgrowth (Figure 5B). To ensure
that all Reelin present in the dish was being bound by CR-50, up to 3 ug of CR-50 was
added to the cell culture (data not shown) and CR-50 was immunoprecipitated from the
cell culture media to test whether it was binding all of the available Reelin. Reelin levels

in the culture after CR-50 immunoprecipitation were undetectable (data not shown). Still,
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no significant changes were detected, even at longer recording times (up to 5 hours).
OPCs were incubated in CR-50 overnight, but even then, no significant changes in cell
motility were detected. Collectively, these findings suggest that after the initial dispersal
of cell bodies and initial process outgrowth, Reelin has a minimal effect on cell

movement.

In vivo studies of the effect of Reelin on OPCs

The previous in vitro data suggest that Reelin may have a role in oligodendrocyte
progenitor cell migration. To determine if there is any effect of diminished Reelin activity
on OPCs in vivo, Reeler -/- brain sections were probed for Olig2. Olig2 is a transcription
factor in the oligodendroglial cell lineage and is expressed in all stages of
oligodendroglia, from the early oligodendrocyte progenitor cells to mature myelinating
oligodendrocytes (Zhou et al., 2001; Lu et al., 2002). In Wild-type mice (P7) brain
sections, Olig2 positive cells were dispersed throughout the brain parenchyma, with a
small band visbile in the subventricular zone (Figure 6A). Olig2 cells in Reeler -/- (P7)
brain sections were distributed in a similar pattern, despite abnormal cortical organization
(Figure 6B). To determine whether Reelin exerts any effect on OPCs at a later
developmental stage, Olig2 positive cells were examined in P21 mouse brains, with
similar findings (Figure 6C, D). Oligodendroglia were dispersed throughout the
parenchyma of brains of Reeler +/- and Reeler -/- mice, again indicating no abnormalities
in OPC migration. To verify that oligodendrocytes could differentiate in Reeler -/- mice,

CNPase levels were measured in whole brain lysates from both W7 and Reeler -/- mice.
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The results indicated that oligodendrocytes do express equal levels of CNPase, a protein
upregulated early in differentiation, which suggests that OPCs do differentiate even in the

absence of Reelin (data not shown).

Dabl plays a role in OPC migration

Olig2 positive cells were also examined in the Scrambler -/- mouse, which is a
mouse strain deficient in the adaptor protein, Dab1. Surprisingly, a significant
accumulation of Olig2 positive cells was observed near the SVZ in the Scrambler -/-
(P21) mouse brain when compared to W7 (P21) (Figure 7A,B). Such an accumulation
suggests these Olig2 positive cells are either proliferating excessively, or are unable to
migrate outward to their appropriate locations, suggesting that Dab1 may be important
for either OPC migration and/or OPC proliferation. To distinguish between the two
biological effects, brain sections were probed for Ki67, a marker for cell proliferation.
Scrambler +/- (P21) mouse brain tissue, used as the control, demonstrated dispersed
numbers of Ki67 positive cells around the SVZ, as well as normal levels of Olig2 positive
cells dispersed through the brain (Figure 8 A,C). Scrambler -/- (P21) also demonstrated a
similar number of KI67 positive cells around the SVZ with no accumulation, despite the
significant accumulation of Olig2 positive cells in and around the SVZ (Figure 8B, D).
These results strongly suggest that the accumulation of Olig2 positive cells is due to a
defect in OPC migration rather than being due to excessive OPC proliferation. These data

lead to the conclusion that Dabl, an adaptor protein that is well known for its
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involvement in Reelin dependent neuronal migration, plays a role in OPC migration as

well.

Dabl forms complexes with proteins implicated in OPC migration

The observations in the Scrambler -/- mice suggests that Dabl may be important
for OPC migration. Many other proteins have been implicated in OPC migration,
including Fyn, a Src family kinase and Cyclin dependent kinase 5 (Cdk5) (Miyamoto et
al., 2008; Liu et al., 2012) (Figure 9). Dabl is known to interact with Fyn downstream of
Reelin in neurons and this interaction is critical for Reelin dependent neuronal migration
(Bock and Herz, 2003). Reelin binding to its receptor, either VLDLR or ApoER2 leads to
the phosphorylation of Dabl by Fyn (Arnaud et al., 2003a). In OPCs, Fyn has been
implicated to play a role in cell migration, but the exact molecular mechanisms are still
not clear (Miyamoto et al., 2008; Liu et al., 2012). Fyn activation is an important initial
step in oligodendroglial differentiation and myelination. The morphological
differentiation of OPCs into mature oligodendrocytes is controlled by Fyn activation
(Osterhout et al., 1999), and reduction in myelination is observed in Fyn -/- mice
(Sperber et al., 2001).

To determine whether Dab1l complexes with Fyn in OPCs, immunoprecipitation
studies were conducted from primary OPCs harvested the day after plating or at various
times after initiating differentiation. OPC lysates were immunoprecipitated with anti-
Dabl, and immunoblotted with an anti-Fyn antibody. An association between Fyn and

Dabl was clearly demonstrated which is present in both undifferentiated OPCs, as well as
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differentiated (Day 7) oligodendrocytes (Figure 10). Thus, Dabl forms a complex with
Fyn naturally in oligodendrocytes at all stages and it is possible that this interaction may
be important for OPC migration.

If the Dabl and Fyn interaction is important for OPC migration, it was
hypothesized that Fyn -/- mice would also show an accumulation of Olig2 positive cells,
similar to the Scrambler -/- mice brain tissue. Using Olig2 to identify oligodendroglia, an
examination of the SVZ and areas around the ventricles of Fyn -/- (P7) mice brain tissue
demonstrated an increase in the number of OPCs (Figure 11A), although clearly not to
the same extent as was seen in Scrambler -/- brain. Densities of Olig2 positive cells
surrounding in the SVZ and ventricles were measured for various mouse mutants at P21,
including the Fyn -/- mice (Figure 11B). This analysis demonstrated that Reeler -/- mice
brains demonstrate a slight increase in Olig2 positive cells surrounding the ventricles
while the Scrambler -/- mice brains, display a significantly higher number of Olig2
positive cells in the same region. A slight increase in Olig2 positive cells around the
ventricular area in Fyn -/- mice supports the hypothesis that Fyn is also important for
OPC migration.

If Fyn/Dab-1 interactions were important for migration, it might be expected that
the failure to migrate in Fyn deficient mice would be comparable to Scrambler -/-.
However, the accumulation of OLig2 positive cells near the SVZ was mild comparatively
(Figure 11A and data not shown). However, it may be that Src, another Src family
tyrosine kinase family member, partially compensates for the loss of Fyn in Fyn -/- and
for this reason, Olig2 positive cells do not fail to migrate as was seen in Scrambler -/-

brain. It was found that in the absence of Fyn, Src protein levels are slightly increased in
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the brain (Figure 11C). To verify that Src could potentially substitute for Fyn in animals
lacking Fyn, we looked for a Src/Dabl1 interaction in OPCs. Immunoprecipitation studies
revealed an association between Dabl and Src in both Day 3 OPC lysate as well as Day 7
OPC lysate (Figure 11 D). This finding suggests that Src might be compensating for the
lack of Fyn in the Fyn deficient mice, and thus the migratory defect is not as severe.

The observation that there is no obvious migratory defect of OPCs in Reeler -/-
mice, and a significant defect in Scrambler -/- mice was seen suggests that when the
Fyn/Dabl interaction is intact, OPC migration occurs normally. In the absence of Dab-1,
migration from the SVZ appears to be significantly reduced. However, there is no Reelin
in the Reeler-/- mice; this suggests there could be another signal that stimulates Fyn/Dab1
interaction. PDGF is a well known chemoattractant for OPC and will stimulate OPC
migration (Frost et al., 2009) (Figure 9). It is possible that the migration and Fyn/Dab-1
interactions are being stimulated by PDGF. To test the hypothesis that Dabl could be
acting downstream of PDGF signaling, OPCs were stimulated with PDGF in vitro, and
the cells were harvested for biochemical analysis. Immunoprecipitation of Dab-1 ,
followed by probing for tyrosine phosphorylation showed an increase in the levels of
Dabl phosphorylation after PDGF stimulation (Figure 12A). Dab 1 levels remain
constant after PDGF stimulation, as evidenced by examining Dab1 protein levels in the
cell lysate . PDGF stimulation significantly increased Dab1 phosphorylation in these
cells, demonstrating that PDGF signaling may involve Dabl activation.

Downstream of PDGF stimulation, both Fyn and CdkS5 are phosphorylated, and
implicated in the signaling pathway that regulates PDGF stimulated cell migration. Like

Fyn, CdkS5 has also been implicated in both neuronal and OPC migration (Keshvara et al.,
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2002; Miyamoto et al., 2008). Cdk5 was found to phosphorylate neuronal Dab1
independent of Reelin at Serine 491 (Keshvara et al., 2002) and within OPCs, CdkS5 acts
downstream of PDGF and Fyn to induce PDGF-dependent migration (Miyamoto et al.,
2008) (Figure 9). Since CdkS5 is known to act downstream of PDGF stimulation
(Miyamoto et al., 2008), we considered the possibility that PDGF stimulation influences
potential interactions between Dabl and CdkS5 in oligodendroglial cells. Specifically,
OPC lysates (Day 0) obtained from control cell culture conditions and OPC lysates from
cells stimulated with PDGF for 2 minutes were tested for Dab1/CdkS5 interactions (Figure
12B). Dab1 interacts with Cdk5 under both control conditions and upon stimulation with
PDGF. Dabl interactions are mildly increased upon stimulation with PDGF, however
further quantitative studies would need to be completed to verify this.

Since Dabl can associate with both Fyn and CdkS5 in OPCs, it was thought that
the three proteins may function together as a complex. To help resolve this,
immunoprecipitation studies were used to determine whether Fyn associates with Cdk5
(Figure 13A). Indeed, an interaction between Fyn and Cdk5 was found in both OPC
lysates and in PDGF stimulated OPC cell lysates. There may even be an increase in Fyn-
CdkS interactions upon PDGF stimulation, but further quantitation studies are needed to
verify this. However, in differentiating oligodendrocytes, the interaction between Fyn and
CdkS5 is lost (Figure 13B). Day 4 OPCs do not demonstrate a strong association between
Fyn and CdkS5. These cells are non-migratory cells, so this result suggests that Fyn/Dab-
1/Cdk 5 interactions may actually be important for OPC migration. It should be noted
however, that Dabl does still interact with Cdk5 under similar conditions of

differentiation (Figure 13C). The function of this interaction is unknown.
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IV. Discussion

In vitro studies, specifically the cell migration assays, indicated that Reelin may
have a stimulatory role in OPC migration. Cell body migration was significantly
increased upon stimulation with Reelin (concentrated B104 conditioned media) and a
significant increase in process outgrowth was observed when comparing to control
conditions. B104 conditioned media contains growth factors, although the concentration
process removed known growth factors, there may be undetectable levels of growth
factors or unidentified growth factors remaining in the media and are the reason behind
the observed effects. However, the fact that the addition of CR-50 decreases both cell
body migration and process outgrowth suggests that Reelin does exert a stimulatory
effect on early cell migration, similar to migration from the SVZ in the developing brain.
However, once cells are dispersed, neither the addition of Reelin or CR-50 exert any
effect on OPCs, indicating that any role that Reelin plays would be in only early
migration events.

Conversely, in vivo data does not clearly support the in vitro results. OPC
migration in Reeler -/- brains appears to be normal, despite the irregularities in brain
layer formation. Interestingly however, OPC migration is defective in the absence of
Dabl. OPCs accumulate at the SVZ in Scrambler -/- mice, indicating that Dabl may be a
key player in OPC migration. Dabl was found to interact with Fyn in OPCs as well as
CdkS. It is interesting that differentiated cells lose the Fyn-CdkS5 association while Dabl

continues to interact with CdkS5. This possibly indicates that the role of Fyn-CdkS5
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interaction is specifically related to just OPC migration while Dab1 may interact with
CdkS at later stages for other purposes.

Cells stimulated with PDGF demonstrated an increase in tyrosine
phosphorylation of Dabl. Both Fyn and CdkS5 have been demonstrated to phosphorylate
Dabl (Keshvara et al., 2002; Arnaud et al., 2003a). These results hint at the idea that
PDGF may cause the formation of a Dab1-Fyn-Cdk5 complex, which triggers OPC
migration (Figure 14). The fact that Reeler -/- brains appear to be normal may be because
PDGEF stimulates the activation of Dab-1/Fyn and Cdk$5, allowing normal OPC migration.
Reelin could be involved in OPC migration, leading to a similar complex formation, but

PDGF may be more important.

V. Conclusions and Future Directions

Overall it seems that the interaction between Dabl, Fyn, and Cdk5 may be
important for proper OPC migration. Serial staining of Scrambler -/-, Fyn -/-, CdkS5 -/-,
and Reeler -/- with Olig2 over various developmental stages would be an excellent way
to determine if and when defects seen with OPC migration begin. Also, the use of Dabl
siRNAs can help confirm the role of Dabl in OPC migration. It would be very interesting
to conduct a VLDLR siRNA study as well, to help determine a specific role for Reelin in
OPC migration

Further studies are needed to determine whether PDGF leads to an increase in
interactions between Fyn and Cdk5 as well as between Dab1 and CdkS. PDGF does

appear to cause an increase in Dab1 tyrosine phosphorylation, but it remains to be
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clarified whether Fyn or CdkS5 is actually responsible for this phosphorylation event.
Moreover, events downstream of the proposed complex formation need to be elucidated
to help determine the exact mechanism behind oligodendrocyte migration. For instance,
downstream of PDGF, CdkS5 has been shown to phosphorylate WAVE-2, a protein that
stimulates Arp2/3 to allow actin reorganization (Takenawa and Miki, 2001; Miyamoto et
al., 2008). It would be interesting to determine whether Dab]1 activity is important
upstream of WAVE-2 phosphorylation. Oligodendrocytes from mouse brain are difficult
to isolate in sufficient numbers for biochemical studies, thus these studies would have to
be done with rat cells.

It would also be very interesting to determine whether Dabl is involved in the
process of myelination at all. Fyn has an important role in myelin formation hence it
would be worthwhile to determine whether an interaction between Fyn and Dabl is
important for this event. Another important question to answer is whether
oligodendrocytes are a source of Reelin necessary for neuronal migration. Are neurons
dependent on oligodendrocytes as a source of Reelin later in development, possibly in
adulthood if not early on? Overall, it can be said that much work is needed to identify

and characterize the proecise role of Reelin and Dab1 in OPC migration.
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Figure 1. Characterization of primary oligodendrocyte
progenitor cells in culture
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Figure 1. Characterization of primary oligodendrocyte progenitor cells in culture.

Oligodendrocyte progenitor cells are easily isolated from neonatal rat brains and these
cells were used for all cell experiments performed in this thesis. (A) Oligodendrocyte
progenitor cells can undergo a characteristic program of differentiation in culture under
the proper culture conditions. They progress from a simple bipolar cell, which is the
migratory phenotype, to a complex cell with multiple processes that eventually mature
into the myelinating phenotype. (B) Phase contrast image of oligodendrocyte progenitor
cells purified from mixed glial cultures demonstrates simple bipolar cells. (C)
Oligodendrocyte progenitors express the PDGFa receptor (green fluorescence), a known
marker for early progenitors. As they differentiate, they extend multiple complex
processes (D), and ultimately large membrane sheets over the surface of the culture dish

(E). Both express the ganglioside O1, marker of differentiating oligodendroglia.
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Figure 2. OPCs express Reelin and components of the
Reelin signaling pathway
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Figure 2. OPCs express Reelin and components of the Reelin signaling pathway.

(A) Western blotting of whole cell lysates demonstrated that OPCs express Reelin, Dabl,
and VLDLR at all stages of differentiation. (B) Reelin is secreted by OPCs. Western
blotting analysis of conditioned media from OPC cell cultures (24 hour incubation)
resulted in higher levels of Reelin when compared to Reelin levels in whole cell lysates.
(C) Oligodendrocytes secrete Reelin into the media at all stages of differentiation.
Conditioned OPC culture media (48 hour incubation) was used for these westerns. These

results reproduced from Siebert and Osterhout, 2011.
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Figure 3. Reelin has a stimulatory effect on
oligodendrocyte cell body migration
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Figure 3. Reelin has a slight stimulatory effect on oligodendrocyte cell body

migration.

(A) Oligodendrocyte progenitors cells, when plated in a small cluster, will migrate and
disperse over the dish. This initial migration was visible and measurable over the course
of 1 hour and used to evaluate the effects of various factors including Reelin, on
migration. (B) The source of Reelin utilized in this assay was that secreted by B104 cells,
a neural cell line. (C) To quantitate migration, the maximum distances between the two
furthest cell bodies were measured at 0 min and 1 hour and their difference was used as a
measure of cell body migration. PDGF stimulation lead to an increase in cell body
migration compared to control conditions (no additions). To evaluate the effects of Reelin
in vitro, 15ul of concentrated B104 (10ug of Reelin), was added to the media. After 1
hour of incubation, measurements demonstrated a significant increase in cell body
migration as compared to control conditions. Since oligodendrocyte progenitor cells
secrete Reelin, the blocking antibody CR-50 (100ng and 200ng) was tested in these
cultures. Measurements indicated that the addition of CR-50 causes a decrease in cell
body migration, suggesting that the normal secretion of Reelin may have an autocrine
effect on oligodendrocyte progenitor cells. Addition of a control antibody, goat—anti-
mouse Tubulin, had no effect. Data shown are mean +/- SEM for each group (n=3 for

each group).
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Figure 4. Reelin stimulates process outgrowth during
cell dispersion
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Figure 4. Reelin stimulates process outgrowth during cell dispersion.

(A) Oligodendrocyte progenitor cells also extend processes as they migrate and disperse
through the culture dish. Process outgrowth was visible over the course of 1 hour and
measureable in these assays. (B) To quantitate process outgrowth, the maximum
distances between the two cell process tips at 0 min and 1 hour were measured for each
of the various conditions. PDGF stimulation lead to an increase in process outgrowth
compared to control conditions (no additions). Concentrated B104 (15 ul; 10ug of
Reelin), was utilized as the source of Reelin. Both PDGF and added Reelin stimulated
process outgrowth after 1 hour. Since oligodendrocyte progenitor cells can secrete
Reelin, CR-50, a Reelin blocking antibody, was tested in these assays. The addition of
CR50 causes a slight decrease in process outgrowth, as compared to control. Data shown

are mean +/- SEM for each group (n=3 for each group).

108



Figure 5. After cell bodies disperse, Reelin has no
effect on process extension or cell motility
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Figure 5. After cell bodies disperse, Reelin has no effect on process extension or cell

motility.

(A) Once dispersed, oligodendrocyte progenitor cells can migrate along the tissue culture
dish, extending lamellopodia and filopodia as they move. Time-lapse movies were taken
of dispersed cells, recording movements and process elongation, and branching events
live. After the addition of Reelin, from B104 conditioned media, there were no changes
in the movement of cells or process outgrowth. (B) Since OPCs secrete Reelin, it was
hypothesized that additional Reelin to the media may not have an effect, because the
endogenous Reelin secreted may be at maximal levels to produce biological effects. To
block any endogenous Reelin signaling, CR-50 was added to the media after recording
the cells for 30 min in a control setting. The addition of CR-50, even at high
concentrations (1 ug), had no effect. Multiple cells (minimum of 4 cells) were evaluated

under time lapse per condition; cells were isolated from at least 3 different dissections.
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Figure 6. Oligodendrocyte progenitor cell migration
appears normal in Reeler -/- brain
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Figure 6'. Oligodendrocyte progenitor cell migration appears normal in Reeler -/-

mutants.

Oligodendrocyte progenitor cells express the transcription factor Olig2, which was used
to identify these cells in sections of mouse brain. (A) Olig2 staining of WT P7 mouse
brain show numerous Olig2 cells scattered throughout the brain (n=3). (B) Olig2 staining
of Reeler -/- P7 mouse brain tissue also shows numerous Olig2 positive cells scattered
throughout the brain parenchyma, even though there is no Reelin expression in these
mice (n=3). At later stages of development, Olig2 cell dispersion in both Reeler +/- (C)
and Reeler -/- mouse brain (D) are similar, showing numerous Olig2 positive cells
scattered thoughout the brain. This observation suggests that OPCs seem to migrate

normally, although Reelin is absent (n=6).

' = Data collected by Sana Ahmad Din
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Figure 7. Oligodendrocyte progenitor cells do not
readily migrate from the subventricular zone in
Scrambler -/- mice
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Figure 7°. Oligodendrocyte progenitor cells do not readily migrate from the

subventricular zone in Scrambler -/- mice.

Scrambler mice do not express the adaptor protein Dab1, which is critical for Reelin
signaling. (A) Olig2 positive cells in WT mice at p21 can be observed in a thin layer in
the subventricular zone (SVZ), and dispersed through the brain parenchyma, migrating to
putative white matter tracts such as the corpus callosum (CC). (B) Olig2 staining of the
Scrambler -/- mouse brain at P21 demonstrated an accumulation of Olig2 positive cells
(*) at the SVZ compared to WT mouse brain tissue. Abbreviations: SVZ subventricular
zone, CC corpus callosum, Hi Hippocampus. These sections were subjected to H&E

staining to visualize brain structures. (n = 6 for each group).

* = Data collected by Sana Ahmad Din
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Figure 8. The accumulation of oligodendrocyte
progenitor cells is not due to increased proliferation
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Figure 8. The accumulation of oligodendrocyte progenitor cells is not due to

increased proliferation.

Oligodendrocyte progenitor cells disperse normally in the heterozygote (A) but not in the
mice lacking Dabl. (B) To determine whether the accumulation of Olig2 positive cells in
the SVZ of Scrambler -/- mice was due to a defect in proliferation, brain sections were
probed for Ki67, a cell proliferation marker. (C) KI67 staining in Scrambler +/-, which
shows normal Olig2 positive cells migration, also shows numerous Ki67 positive cells in
and around the SVZ. (D) Ki67 positive cells in the Scrambler -/- brain do not show the
same accumulation as was seen for Olig2 positive cells, suggesting that that the
accumulation of Olig2 positive cells seen in Scrambler -/- is due to a defect in cell

migration. (n=6 for each group)
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Figure 9. Common intracellular signaling components
between neuronal and oligodendrocyte migration
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Figure 9. Common intracellular signaling components may regulate both neuronal

and oligodendrocyte migration.

(A) Downstream of Reelin binding to one of its receptors, VLDLR or ApoER2, Fyn and
Dabl are critical molecular signals that regulate Reelin dependent neuronal migration
(Arnaud, 2003). Dabl1 is phosphorylated downstream of Reelin. Further, Cdk5, which
independent of Reelin, also phosphorylates Dab1 (Keshvara, 2002) to influence neuronal
migration. (B) In oligodendrocyte progenitor cells, PDGF has a critical role in regulating
migration. PDGF binding to its receptor, PDGFRa, leads to Fyn phosphorylation and
subsequent Cdk5 phosphorylation (Miyamoto, 2008). Much further downstream of both
neuronal and oligodendrocyte signaling pathways are changes to actin polymerization. It
should be noted, however, that these figures do not illustrate the complete signaling
pathways for neuronal or oligodendrocyte migration, rather just a small aspect that

involves Dabl.
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Figure 10. Dab1l interacts with Fyn in oligodendrocyte
progenitor cells
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Figure 10. Dab1 interacts with Fyn in oligodendrocyte progenitor cells.

An immunoprecipitation study demonstrates that Dab1 interacts with Fyn in
oligodendrocytes at both the progenitor cell state and even once the cells have
differentiated (day 7). Equal amount of protein (100 ug) and antibodies were used for

each IP; conditions were optimized as described in the methods.
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Figure 11. Fyn deficient mice show a mild migration
defect, which may be due to Dab1-Src interactions in
the absence of Fyn
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Figure 11. Fyn deficient mice show a mild migration defect, which may be due to

Dab1-Src interactions in the absence of Fyn.

(A) Fyn -/- brain shows a slight increase in Olig2 positive cells in and around the
subventricular zone, even at P7 (n=3). (B) The density of Olig2 positive cells in the
subventricular zone was quantitated at P21 in several mouse mutants. There is a slight
increase in Olig2 positive cell density in Reelin and Fyn deficient mice, but it is much
higher in Scrambler mice, reflecting the accumulation in the SVZ. (C)’ In the absence of
Fyn, Src levels are increased in the brain (20 ug of Fyn-/- mouse brain lysate in each
lane). Src can interact with Dab1 (D), albeit not to the same extent as Fyn (Figure 9B).
This may explain why the same accumulation of Olig2 positive cells is not observed in
Fyn deficient mice. Equal amount of protein (100 ug) and antibodies were used for each

IP, and conditions were optimized as described in the methods..

? = Data from previous work completed by Dr. Donna Osterhout
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Figure 12. PDGF stimulation of oligodendrocyte
progenitor cells results in phosphorylation of Dab1l
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Figure 12. PDGF stimulation of oligodendrocyte progenitor cells results in

phosphorylation of Dabl.

(A) PDGEF stimulation of oligodendrocytes can increase Dabl tyrosine phosphorylation.
Dabl was immunoprecipitated and tyrosine phosphorylation was detected using the 4G10
antibody. (B) An association between Dabl and CdkS5 in OPC lysates was demonstrated
both with and without PDGF stimulation, although it may be slightly higher after
treatment with PDGF. An equal amount of protein (100 ug) and antibody was used for

every IP.
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Figure 13. Fyn interacts with CDK5 in oligodendrocyte
progenitor cells

A. IP: Fyn  Western: Cdk5
Day 0 OPC PDGF stimulated
lysate Day 0 OPC lysate
30 kDa
I

B. IP: Fyn  Western: Cdk5

Fyn IP:
Day 4 OPC lysate ~ Day 4 OPC lysate

A
38 kDa
C. IP: Dabl Western: Cdk5
Day 4 OPC
lysate
30 kDa :

125



Figure 13. Fyn interacts with CDKS in oligodendrocyte progenitor cells.

(A) Immunoprecipitation demonstrates that Fyn interacts with Cdk5 in OPCs in the
absence and presence of PDGF stimulation. The interaction appears increased after
treatment with PDGF. (B) In differentiating oligodendrocytes, which are not migrating
(day 4 OPCs), Fyn association with CDKS5 decreases dramatically. (C) Despite the
reduction in Fyn association with CdkS5 in differentiating OPCs, Dab1 continues to
interact with CdkS5 in differentiating OPCs (day 4). An equal amount of protein (100 ug)

and antibody was used for every IP.
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Figure 14. Summary: Fyn-Dab1-Cdk5 interactions may
be important for oligodendrocyte cell migration and
this is stimulated by PDGF
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Figure 14. Summary: Fyn-Dab1-CdkS interactions may be important for

oligodendrocyte cell migration and this is stimulated by PDGF.

Based on the data collected, it is proposed that downstream of PDGF, Dabl forms a

complex with Fyn and CdkS5 and that this complex is important for OPC migration.
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