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Abstract of the Dissertation

Helping to Start and Stop Myelination: Csk has Dual Regulatory Functions

during Oligodendrocyte Development

by
Iva Dimitrova Tzvetanova
Doctor of Philosophy
in
Molecular and Cellular Pharmacology
Stony Brook University
2010

The ability of oligodendrocyte progenitors (OPCs) to generate sufficient numbers of myelinating
oligodendrocytes is critical both for developmental myelination and for repair following
demyelination. The timing and location of gliogenesis are tightly controlled but the molecular
mechanisms that underlie this control are poorly understood. Here | report that the C-terminal
Src Kinase (Csk) acts as a molecular switch for Src Family Kinase activity in oligodendrocytes,
with distinct and opposing roles for Csk in early versus late stages of development. Early in
development Csk is critical for the appropriate onset of oligodendrocyte progenitor
differentiation. Csk suppresses OPC proliferation such that Csk depletion in OPCs in vitro and in
vivo led to proliferation under conditions that normally promoted cell cycle exit.
Hyperproliferation of Csk-deficient OPCs resulted in delayed oligodendrocyte maturation
accompanied by delayed myelination onset, while survival of newly-formed oligodendrocytes
was increased. These data suggest that, during myelination onset, Csk is a pro-differentiation
factor that promotes timely OPC cell cycle exit. Adult Csk null mice, however, developed
hypermyelination, suggesting that Csk also contributes to myelination arrest. Thus, Csk deletion
caused increased levels of myelin basic protein as well as increased myelination in the cortex,
cerebellum and spinal cord, although there was no change in the number of mature
oligodendrocytes. Further analysis of myelin ultrastructure using transmission electron
microscopy revealed increased numbers of myelin wraps such that the g-ratio was significantly
decreased. To address a putative role for Csk during myelin repair | evaluated the response of
Csk null mice to cuprizone-induced demyelination. Preliminary analyses reveal that during
remyelination Csk mutant animals exhibit increased numbers of OPCs and mature
oligodendrocytes, increased myelin content, and lower g-ratio as well as decreased axonal
degeneration. |, therefore, propose that Csk is a novel regulator of oligodendrocyte development
with two distinct roles: generating appropriate numbers of oligodendrocytes at the onset of
myelination, and terminating wrapping during myelination.



Dedicated to Christos Nardis for his endless love and support.



Table of Contents

T A 0 S U X
LiSt Of ADDIeVIALIONS. .. ... e Xii
ACKNOWIEAZEMENLS. ...\ttt e e XV
Chapter 1: Introduction to Oligodendrocyte Biology and Myelination................................ 1

Myelin is Necessary for Efficient Neuronal Communication................c.ceviivieiiiiniinnnn.. 1

Oligodendrocyte Function is Necessary for Normal Brain Development and Function.........3

Oligodendrocytes: The Myelin Forming Cellsinthe CNS.................c, 6
Lineage Specification of Oligodendrocyte Progenitor Cells.................ccoovveiiiine. 7
Oligodendrocyte Progenitor Cell Proliferation..................oooiiiiiiiiiiiiiieenes 12
Oligodendrocyte Differentiation..............c.cooeuiiniiiiiii e 14

Extracellular Regulators of Oligodendrocyte Differentiation........................ 15
Cell-Intrinsic Regulators of Oligodendrocyte Differentiation........................ 19
Newly-Formed Oligodendrocyte Survival ..., 20
MYEIINALION. . ... e 22
Axonal Diameter and Electrical Activity Stimulate Myelination.................... 23
Axo-Glial Interactions Regulate Myelination...................cccoviiiiiiiiiin, 25

Oligodendrocyte-Intrinsic Signals that Promote Myelin Wrapping

and Myelnation..........eiiuii i e 28

Chapter 2: Introduction to the Role of Src Family Kinases and their Regulators during
Oligodendroglial Development and CNS Myelination .............coooiiiiiiiiiiiiiiiee, 30
Src Family Kinase Expression and Activity in Oligodendroglia................................. 30
The Src Family Kinase Fyn is Necessary for Myelination.................cccovvviiiiiieinnn. 31



Fyn Activity is Necessary for Oligodendroglial Differentiation.................................. 33

The Src Family Kinase Lyn and Oligodendrocyte Development.......................ocoeneal. 37
Regulation of Src Family Kinase Activity — Lessons from Lymphocyte and
CaANCEr BIOIOQY . ... et 39
Chapter 3: C-Terminal Src Kinase Inhibits Fyn Activity in Oligodendrocytes...................... 43
RALIONAIE. ... 43
RESUIES. ..o 45
Fyn Activity and Inhibition are Developmentally Regulated in Oligodendrocytes........ 45
Csk is Expressed within Cells of the Oligodendrocyte Lineage in vitro and in vivo....... 49
Csk and the adaptor protein Cbp associate in oligodendroglia......................c.ooeei 52
Csk and Cbp are found in oligodendroglial lipid rafts.......................oonl . 53
Csk negatively regulates Fyn activity in Oligodendrocytes in Vitro..........c.c.cccccveeveinenenn. 56
DISCUSSION . . .. ettt e e e e e e e e e e e e 60
Fyn Activity is Regulated During Oligodendroglial Differentiation in vitro................... 61
C-terminal Src kinase (Csk) and its Binding Partner, Cbp, Negatively
Regulate Oligodendroglial Fyn....... .o 62
Chapter 4: Csk Promotes Cell Cycle Exit of Oligodendroglial Progenitor Cells.................... 64
RALIONAIE. .. ... 64
RESUIES. ..o 65
Csk Promotes Oligodendrocyte Progenitor Cell Cycle EXit in vitro......................... 65
Csk Promotes Oligodendrocyte Progenitor Cell Cycle Exit invivo.......................... 71
DISCUSSION . ... ettt 76
Csk Promotes Timely Cell Cycle Exit of Oligodendrocyte Progenitor Cells............... 77
Chapter 5: Csk Loss-of-Function Leads to Delayed Oligodendrocyte Differentiation............. 81
RALIONAIE. .. ... 81
RESUIES. ..o, 82

Vi



Csk Regulates Oligodendroglial Differentiation in vitro....................coooiiiiinn 82

Csk Regulates Oligodendroglial Differentiation in Vivo....................cooooiiiiiiinn, 86
DISCUSSTON . ... e et 92
Chapter 6: Csk Loss-of-Function Promotes Oligodendrocyte Survival............................... 95
RAIONAIE. ... s 95
RESUIES . .ttt 96
Csk Promotes Apoptosis in Newly-Formed Oligodendrocytes in vitro...................... 96
Csk Promotes Mature Oligodendrocyte ApoptoSiS INVIVO...........cevviiviniiniinininnnnn, 99
DISCUSSION. ...ttt e e e e e ettt 102
Chapter 7: Csk Promotes Termination of Myelin Wrapping............cccooevviiiiniiriineenannn. 104
RALIONAIE. ... 104
RESUIES. ..o 105
Oligodendrocyte-Specific Csk Null Mice are Hypomyelinated within the  Corpus
CallosuM At P21, .. 105
Loss of Csk Causes Regional Differences in MBP Protein Levels......................... 109

Loss of Csk Leads to Increased Myelination in the Cerebellum and Spinal Cord

AL P 2. 112
Adult Oligodendrocyte-Specific Csk Null Mice are Hypermyelinated in the CNS...... 115
D o0 [0 F PO 121

AL P 2L, e 123

Loss of Csk Causes Regional Differences in MBP Protein Levels at P14 and P21...... 124

Loss of Csk Leads to Progressive Hypermyelination inthe CNS........................... 126
Oligodendroglial Cell Numbers Normalize in Adult Csk Mutant Animals................ 129
Chapter 8: Loss of Csk Promotes Remyelination in the Corpus Callosum......................... 131
010 [0 Tod 1 o] 1 P 131

Vii



RESUIES . . .t 134
Oligodendrocyte-Specific Csk Null Mice can be Demyelinated by Cuprizone........... 134

Loss of Csk Promotes Mature Oligodendrocyte Survival in the Presence of
(G110 1 4011 SRR 138

Loss of Csk Promotes Remyelination Following Cuprizone-Induced Demyelination...138

More Oligodendroglia are Present during Remyelination within
Oligodendrocyte-Specific Csk Null Corpus Callosa.............coooiviiiiiiiiiinnnn, 142

Loss of Oligodendroglial Csk promotes neuronal survival during remyelination.........142
DISCUSSION . .. ettt e e e e e e e et e 143
Oligodendrocyte-Specific Csk Null Mice can be Demyelinated by Cuprizone........... 144
Loss of Csk Promotes Remyelination following Cuprizone-Induced Demyelination....145

Loss of Csk Promotes the Generation of Sufficient Numbers of

Myelinating OligodendroCYLeS. ... ....ouvieiii e 146
Chapter 9: General Methods. ... ..o e 148
ANIMALS. L 148
Cell CUIUTE. . e e e 148
TrANSTECTION. .ot e e 149
PrOtEIN ANAIYSIS. .. ettt 150
IMMUNOPIECIPITALION. ... .ot 151
Viral particle prodUuCLiON. ... ... 152
Stereotactic viral injections in neonatal rats..................oooiiiiii i 152
IMMUNOCYTOCNEMISIIY . ...\t 153
IN Vitro proliferation @SSayS. .......c.ouviniirii it e 153
IN VIVO Proliferation @SSAY ........cviriii it e 154
Reverse transcriptase polymerase chain reaction (RT-PCR).............ccoviiiiiiiiiiiiiinnns 155
SUMVIVAL @SSAYS. . ..ottt e e e e e e e e e 155

viii



Electon microscopy and morphometric analysis.............cooviiiiiiiiiiiiiiii e, 156

ANTIDOAIES ..., 157
REAGENES. ...ttt 157
Chapter 10: Conclusions and FUture DIreCtioNnS. ..........coviiiriiriiiiiiie e 158
C-Terminal Src Kinase Inhibits Fyn Activity in Oligodendrocytes...................c..e.... 161
Csk Promotes Cell Cycle Exit of Oligodendroglial Progenitor Cells............................ 164
Csk Loss-of-Function Leads to Delayed Oligodendrocyte Differentiation..................... 166
Csk Loss-of-Function Promotes Oligodendrocyte Survival................ccoooiiiiiiiiiiinnn, 167
Csk Promotes Termination of Myelin Wrapping ...........ccoiiiiiiiiiiiiiiiececeeeeeen 168
Loss of Csk Promotes Remyelination in the Corpus Callosum....................ooviiin.n, 169
BIDlIOgrapNY ... 171



List of Figures

Figure 1. Schematic representation of oligodendrocyte development................................. 6
Figure 2. Origins of OPCs in the developing rodent brain...................coocoiiiiiiiiiiienen.. 9
Figure 3. Model for SFK activity regulation...................cooiiiiiiiii 39
Figure 4. Fyn activity is developmentally regulated in oligodendroglia............................ 47
Figure 5. Csk and Cbp are expressed in oligodendroglia.................cocoiiiiiiiiiiiiin .. 50
Figure 6. Csk and Cbp reside in GM1-containing lipid rafts in oligodendroglia................... 54
Figure 7. Csk and Cbp negatively regulate oligodendroglial Fyn.........................l. 57
Figure 8. Csk promotes cell cycle exit of oligodendrocyte progenitors in vitro..................... 68
Figure 9. Csk promotes cell cycle exit of oligodendrocyte progenitor cells in vivo................ 72

Figure 10. Csk depletion using short hairpin RNA promotes oligodendrocyte progenitor

Cell proliferation INVIVO. ... ..o e e 74
Figure 11. Csk regulates oligodendroglial differentiation in vitro......................ccooeiine, 83
Figure 12. Csk regulates oligodendroglial differentiation in vivo......................ooeinenie. 87

Figure 13. Csk depletion using short hairpin RNA results in delayed

oligodendroglial differentiation iN VIVO.............c.ooiiiiiiii e 89
Figure 14. Csk promotes oligodendroglial apoptosis iINVItro.............ocovviviiiiiiiiiinieenn.n. 97
Figure 15. Csk promotes oligodendroglial apoptosis iN VIVO............ccooiiiiiiniiininininenn, 100

Figure 16. Loss of Csk leads to hypomyelination in the corpus callosum at postnatal day 21...107

Figure 17. Genetic deletion of Csk in oligodendroglia leads to regional differences in
myelin basic Protein (MBP). ... ..o e 110

Figure 18. Loss of Csk leads to hypermyelination in the cerebellum and spinal cord at
POSENALAl QAY 2. ... ot e 113

Figure 19. Loss of Csk leads to hypermyelination in the adult cerebellum and spinal cord......116



Figure 20. Loss of Csk leads to hypermyelination in the adult corpus callosum.................. 119

Figure 21. Cuprizone-induced demyelination in adult oligodendrocyte-specific Csk null and
Wl By P MG, .o e e 135

Figure 22. Loss of Csk leads to enhanced remyelination following
cuprizone-induced demyelination. ... .. ..ot 140

Figure 23: Model for Csk function during oligodendrocyte development and myelination......159

xi



BrdU
Chbp
CC3
Cdk
Chk
CGT
CNP
CNS
CNTF
Csk
CTB
DCC
DIG
EAE
ECM
FGF
GalC
GEM
hnRNP A2

IGF1

List of Abreviations

bromo-D-uridine

Csk binding protein

cleaved caspase 3

cyclin-dependent kinase

Csk-homologous kinase

UDP-galactose:ceramide galactosyltransferase

2°, 3’- cyclic nucleotide 3’- phosphodiesterase
central nervous system

ciliary neurotrophic growth factor

C-terminal Src Kinase

cholera toxin subunit B

Deleted in Colorectal Cancer

detergent-insoluble glycosphingolipid-enriched membrane microdomains
experimental allergic encephalomyelitis
extracellular matrix

fibroblast growth factor

galactosylceramide

glycosphingolipid-enriched membrane microdomain
heterogeneous nuclear ribonucleoprotein A2

inslulin-like growth factor

xii



IRS-1
LIF
LINGO1
Lm2
MAG
MAL
MBP
MOBP
MOG
MS
NCAM
NGF
OPC

PAG

PDGF
PDGFRa
PDL
pHisH3
PLP
PMD
PNS

PSA-NCAM

QKI

insulin receptor substrate 1

leukemia inhibitory factor

LRR and Ig domain containing, Nogo-receptor interacting protein
laminin2

myelin-associated glycoprotein

myelin and lymphocyte protein

myelin basic protein

myelin-associated oligodendrocyte basic protein
myelin oligodendrocyte glycoprotein

multiple sclerosis

neuronal associated adhesion molecule

nerve growth factor

oligodendrocyte progenitor cell

phosphoprotein associated with glycosphingolipid-enriched membrane
microdomains

platelet-derived growth factor

platelet-derived growth factor a-receptor
poly-D-lysine

phosphorylated histone H3

proteolipid protein

Palizaeus-Merzbacher disease

peripheral nervous system

polysialylated form of neural cell adhesion molecule

Quaking homolog, KH domain RNA binding protein

Xiii



SFK Src family kinase

SH domain  Src homology domain

SHH sonic hedgehog
shRNA short hairpin RNA
SIRNA small interfering RNA
SMO smoothened

TUNEL Terminal Transferase dUTP Nick End Labeling
WASP Wiskott-Aldrich syndrome protein
WAVE2 WASP family verprolin-homologous protein 2

WT wild type

Xiv



Acknowledgements

I would like to thank my advisor, Dr Holly Colognato, for her guidance over the past few years. |
would also like to thank the members of my thesis committee, Dr Joel Levine, Dr Deborah
Brown, Dr Nancy Reich and Dr Styliani-Anna Tsirka, for their valuable suggestions. In addition,
I would like to thank the members of the Colognato lab for their helpful advice and discussion,
and especially Freyja K McClenahan for her invaluable help with some challenging experiments.
Furthermore, | would like to thank my collaborators; Dr Klaus-Armin Nave, Dr Christian
Schmedt, Dr Masato Okada, and Drs John and Sabine Linquist for their generous gifts of
transgenic animals, constructs, and reagents; Dr Kevin Czaplinski, Dr Markus Seeliger, and Dr
Howard Crawford for technical assistance; Sue Van Horn of the Stony Brook Central
Microscopy Imaging Center facility for TEM sample preparation, and Dr Wiebke Mobius for

helpful advice on TEM.



Chapter 1:

Introduction to Oligodendrocyte Biology and Myelination

Myelin is Necessary for Efficient Neuronal Communication

Myelination is the ensheathment of axons with a multilayered myelin membrane, which
is produced by oligodendrocytes in the central nervous system (CNS) and Schwann cells in the
periphery. This process starts late in embryonic development and peaks in the first years of life,
and to date, it is best known for its role in permitting saltatory conduction of nerve impulses.
Myelin is a necessity of evolution that serves to maximize the efficiency and velocity of action
potentials along an axon and is present in complex organisms ranging from fish to primates and
humans. The necessity for normal myelin is illustrated by the fact that when myelin is
compromised, neurological deficits ensue. Human myelinopathies range from inherited
leukodystrophies, some of which are characterized by insufficient myelination during
development, to demyelinating diseases that are characterized by damage of normal myelin
followed by inefficient repair or remyelination (reviewed in%). In this document I will focus on
CNS myelination both during development and following demyelination, as well the cells that

myelinate the CNS, the oligodendrocytes.

Action potentials represent the principal mode of communication between neurons. Since
they allow for the transmission of signals over long distances, action potentials are critical for

modulating the behavior of complex organisms. During evolution organisms not only became



larger and more complex, but also encountered harsher and more dangerous environments that
necessitated split-second life and death decisions. Thus, a requirement for faster conduction
emerged, with action potential speed becoming a limiting factor towards permitting these more
complex behaviors. To maximize the velocity of communication, longer and thicker axons
evolved. Although increased axonal thickness leads to an initial increase in conduction velocity,
it is eventually accompanied by increased resistance, which in turn, is inhibitory to current flow.

Because of its unique composition, i.e. high lipid, but low water content, myelin allows for the
electrical insulation of axons, counteracts the decrease in current caused by increased resistance,

and ensures that action potentials are propagated in an efficient manner?.

Myelin is an extension of the oligodendrocyte or Schwann cell membrane that is enriched
in specialized lipids and proteins. Because of its increased lipid content, myelin has a high
degree of resistance that insulates axons. As a result significant membrane depolarization does
not occur within myelin-covered axonal segments termed internodes, but instead is confined to
nodes of Ranvier. First described by Ranvier in late 19" century, these myelin-free axonal
segments located in between the internodes that are enriched in sodium channels and other
components of the machinery necessary to generate axon potentials. Axon potentials, therefore,
not only arise within myelin-free axonal segments, but can be more efficiently propagated along
myelinated axons as they jump from one node of Ranvier to another in a process called saltatory

conduction. (reviewed by %)



Oligodendrocyte Function is Necessary for Normal Brain Development and

Function

The importance of myelination for normal brain development and function is illustrated
by diseases where myelin is compromised. Loss of myelin, or failure to generate myelin in the
first place, disrupts the efficiency and speed of conduction and ultimately leads to loss of
function and neuronal death, which in turn leads to cognitive impairment. Hypomyelination in
humans can be due to environmental insult or inherited mutations. Neonatal ischemic injury,
which occurs primarily in children born before 32 weeks of gestation, results in widespread
death of oligodendrocyte progenitor cells (OPCs) leading to delayed myelination, and, in turn,
neurological dysfunction and seizures. The degree of hypomyelination depends on the severity of
the insult and the extent of OPC death. However, even if myelin eventually appears normal by
margnetic resonance imaging (MRI), neurological dysfunction may still persist, suggesting that it

is not only important to myelinate but to myelinate at the right time.>®

Inherited leukodystrophies are a wide variety of white matter diseases characterized by
failure to generate normal myelin and hypomyelination, and/or failure to adequately maintain
myelin stability and demyelination. One of the best characterized leukodystrophies is Palizaeus-
Merzbacher disease (PMD), which is caused by mutations and duplications of the myelin-
associated, proteolipid protein (PLP)®. Interestingly, disease onset can be caused by loss of PLP
production, as well as by overexpression of mutant forms of PLP, which cause unfolded protein
response and oligodendrocyte toxicity. Because of the severe oligodendrocyte death associated
with PMD, normal numbers of myelinating oligodendrocytes are not generated, leading to

hypomyelination.”® Since PLP is an integral myelin membrane protein necessary for myelin



stability, loss of functional PLP also results in early onset dysmyelination and demyelination™.
Hypomyelination, dysmyelination and demyelination associated with PMD all lead to axonal
dysfunction and neurodegeneration, thus once again illustrating the importance of myelin for

normal brain development and function. (reviewed in **)

1213 or due to a

Myelin damage can also occur in adulthood as part of the aging process
general CNS insult such as stroke™*. The most common demyelinating disease, however, is
multiple sclerosis (MS). MS is an acquired autoimmune, demyelinating disease that can be
identified by the presence of multifocal white matter lesions visualized by MRI.
Histopathologically, MS can be identified through the presence of both white and grey matter
lesions associated with demyelination, oligodendrocyte death, and reactive gliosis™. Although
myelin damage and oligodendrocyte death represent the initial insult of MS, the associated
progressive axonal loss is thought to be the cause for persistent neurological dysfunction. There
are two forms of MS, relapsing-remitting characterized by recurring episodes of myelin insult
and neurological deficits followed by episodes of remyelination and functional recovery, and,
primary progressive, in which remyelination is inefficient from the start and is accompanied by
progressive myelin and axonal loss. However, as irreversible axonal loss increases, relapsing-
remitting MS can enter a progressive phase of the disease, thus illustrating the inefficiency of
remyelination and the importance of myelin for neuronal survival and function (reviewed by **
%) Interestingly, substantial myelin abnormalities have also been reported schizophrenia®®, as

well as in several neurodegenerative disorders, such as Alzheimer’s disease™®.



Although the neuronal pathology associated with demyelinating diseases illustrates the
importance of myelination for axonal survival, oligodendrocytes can regulate neuronal survival
independent of myelination as well. Axonal pathologies in the form of axon swellings are
associated with normally-myelinated transgenic animals that lack genes encoding for either one
of two oligodendrocyte-specific proteins, proteolipid protein (PLP)? or 2°, 3°- cyclic nucleotide
3°- phosphodiesterase (CNP)?!. Both PLP1” and CNP1"" mice initially are myelinated normally,
but with age, develop axonal swellings that lead to progressive axonal degeneration®>?!. On the
other hand, axonal swellings are absent in shiverer mice that lack myelin basic protein (MBP)
and are completely devoid of myelin®®, suggesting that axonal swellings do not depend on
hypomyelination itself, but on the lack of, or aberrant, trophic support from dysfunctional,
PLP1” or CNP1” oligodendrocytes. A possible mechanism for oligodendrocyte-mediated
trophic support of axons can be provided by peroxisomes, which are ubiquitous organelles
associated with lipid metabolism and elimination of reactive oxygen species. Mice lacking the
essential peroxisome biosynthesis factor peroxin5 (Pex5™), and thereby lacking oligodendroglial
peroxisomes, also exhibit axonal swellings in adult CNS white matter tracts®®. In addition,
peroxisomal dysfunction is thought to be the causative defect associated with X-linked
adrenoleukodystrophy, an inherited CNS myelinopathy affecting human males (reviewed in %).
Taken together, these findings suggest that oligodendrocytes may be necessary for myelination-
independent trophic support of axons, which may be mediated through the elimination of axonal
reactive oxygen species by oligodendroglial peroxisomes. Since CNS myelinopathies can result
from loss of oligodendrocyte progenitors, oligodendrocytes, or myelin, to effectively treat
disease we need to expand our understanding of the formation of CNS myelin and the biology of

the cells that form myelin, the oligodendrocytes.



Oligodendrocytes: The Myelin Forming Cells in the CNS

Oligodendrocyte development proceeds through stages that include lineage specification,
progenitor pool expansion, differentiation to newly-formed or premyelinating oligodendrocytes,
and maturation to form myelinating oligodendrocytes. Each of these steps can be identified by

the unique cell morphology, as well as by the expression of stage-specific markers (Figure 1).
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Figure 1: Schematic representation of oligodendrocyté development. Individual steps
in oligodendrocyte development can be identified by the markers shown in red. (rigure adapted

from %)

Failure to complete any of the aforementioned lineage stages results in incomplete myelination
or remyelination, and therefore, disease. For example, in children that have undergone neonatal
hypoxia, oligodendrocyte progenitor cells (OPCs) die in large numbers leading to delayed
differentiation and myelination. Even if myelination is eventually completed and gives rise to
normal-appearing white matter by MRI, the initial delay may still lead to axonal dysfunction and
cognitive deficits®®. In addition, numerous reports have identified the presence of OPCs and
newly-formed oligodendrocytes within  MS plaques®®; however, incomplete or absent

differentiation of these cells leads to inefficient remyelination, axonal death, and symptomatic
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onset. In view of these observations, an important goal is to identify molecules that regulate the

transition points between different stages of the oligodendroglial lineage.

Lineage Specification of Oligodendrocyte Progenitor Cells

Oligodendrocytes arise from a pool of pluripotent neuroepithelial cells residing primarily
in the ventricular zone of the embryonic neural tube. The classical view of oligodendrogenesis is
that it takes place during late embryonic and early postnatal development, following sequential
waves of neurogenesis and astrogliogenesis. As in many scientific fields, the study of
oligodendrocyte specification has been under both intense investigation and fierce conflict. Here

I will focus on the main findings that have sparked this debate over the years.

The conflict within the scientific community arises from the fact that oligodendrogenesis
occurs in a diverse spatiotemporal manner within the subventricular zones of the developing
spinal cord and brain. Following lineage specification, oligodendrocyte progenitors populate
both myelinated white matter tracts and non-myelinated grey matter regions. It is therefore
reasonable to predict that oligodendrogenesis takes place throughout multiple regions of the
CNS. This view is supported by the finding that oligodendrocytes can arise from radial glial
cells?®®, which are similarly present in the entire CNS. Both dorsal and ventral sources for
oligodendrocytes were also identified using a LacZ reporter mouse where LacZ was expressed
under the promoter of the oligodendrocyte-specific gene proteolipid protein (PLP)??’. Further
support of the hypothesis that oligodendroglia arise from multiple CNS regions was lent by the

observation that cultured glial-specific precursors were able to give rise to oligodendrocytes and



astrocytes regardless of which embryonic spinal cord region they were initially isolated from* .

However, the numerous limitations of these studies, together with the identification of the highly
oligodendrogenic pMN domain within the ventral embryonic spinal cord, have brought forth the
idea that oligodendrogenesis is restricted to the ventral regions of the neural tube.

Fate mapping experiments using a series of transgenic reporter lines have helped resolve
his debate and have consolidated the two opposing views of oligodendrogenesis into a unified
hypothesis. These studies have found that while the majority of oligodendrocytes are born within
the ventral regions of the embryonic CNS, some oligodendrocytes originate from dorsal regions
as well. Support of this hypothesis is given by the finding that Nkx6.1 and Nkx6.2 double mutant
mice lack ventrally-derived OPCs, but still possess OPCs in the dorsal spinal cord®33,
Importantly, Nkx 6.1 and Nkx6.2 double mutants lack expression of all Nkx6 homeodomain
transcription factors and can therefore be designated as Nkx6 null. Nkx6 expression is confined
within the p3, pMN, p2 and pl domains of the ventral spinal cord (Figure 2A). Loss of Nkx6,
therefore, signifies the loss of these ventral domains and thus ventral oligodendrocyte
production. The dorsal OPCs present in Nkx6 null mice are exclusively of dorsal origin as they
coexpress the dorsal transcription factor Pax7 (paired box gene 7).32 Interestingly, Pax7 also
colabels a subset of OPCs in wild type mice that are generated around embryonic day 15 (E15).
The number of Pax7 positive OPCs is increased in Nkx6 null mice, suggesting that ventrally-
derived OPCs, which originate earlier (E12.5), may outcompete their dorsally-derived
counterparts for pro-survival and pro-proliferation factors.® Dorsally-derived OPCs not only
originate later in development, but also contribute to, at most, 10-15% of cells of the
oligodendrocyte lineage?*. In addition, OPCs that originate in the dorsal column were observed

in Cre recombinase-dependent reporter lines under control of embryonic transcription factor



promoters including those for Msx3 (homeobox, msh-like) and Dbx-1 (developing brain
homeobox 1)%. These findings suggest that within the embryonic spinal cord, most but not all,

OPCs arise from ventral regions.

Embrya
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BN Cortex
I LGE

N MGE
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Figure 2: Origins of OPCs in the developing rodent forebrain. The septum, cortex, lateral
ganglionic eminence (LGE), medial ganglionic eminence (MGE), and anterior entopendunclular
area are represented. (Figure modified from %)

Within the embryonic forebrain oligodendrogenesis proceeds in a manner similar to that
observed in the spinal cord. Again fate mapping experiments have shown that
oligodendrogenesis begins within ventral regions and is followed by a contribution from dorsal
regions. Forebrain oligodendrocytes born before E18 arise from the medial ganglionic eminence
(MGE), the anterior entopenduncular area (AEP) and the preoptic area. After E18, OPCs are
specified within the lateral and caudal ganglionic eminances (LGE and CGE) and, finally, within
the postnatal cortex.** (Figure 2) Interestingly, unlike spinal cord OPCs, ventrally-derived (MGE
and AEP) forebrain OPCs die out and disappear by birth®*, suggesting the existence of active

remodeling within the CNS. In the postnatal cortex, OPCs arise from neural progenitors that lie



within the postnatal ventricular zone and line the tips of the lateral ventricles. Since the postnatal
ventricular zone is derived from the LGE and the lateral cortex, and not from ventral regions
(MGE and AEP)*™"  postnatal gliogenesis may contribute to the loss of ventrally-derived OPCs
in the brain®. These findings raise the question of whether there are distinct roles for the distinct

populations of oligodendrocytes.

Lineage specification is governed by a variety of transcription factors and morphogens.
The characterization of a series of animal models has led to the discovery of the transcription
factor Olig2 as not only necessary, but also sufficient, for oligodendrogenesis®***!. Olig2 is
expressed throughout the oligodendrocyte lineage, and mice lacking this transcription factor fail
to generate oligodendroglia®®**#2. It should be noted that oligodendrocytes in the ventral spinal
cord arise from the same region as motor neurons, the pMN domain, and in addition to their
failure of oligodendrogenesis, Olig2” animals also exhibit impaired motor neuron specification.
On the other hand, ectopic expression of Olig2 induces expression of the transcription factor

Sox10, which in turn causes production of oligodendrocytes at the expense of neurons****,

Oligodendrocyte specification is regulated by a series of morphogens that elicit their
effects through the activation of the transcription factors described above. Gradient morphogen
expression provides dorso-ventral and anterior-posterior patterning of the developing neural
tube. The ventrally derived morphogen Sonic Hedgehog (SHH) is necessary and sufficient to
induce expression of the Olig2 gene®, which is absolutely necessary for oligodendrogenesis.
SHH also activates the expression of Nkx6, which is necessary for ventral oligodendrocyte

specification. Although important for oligodendrogenesis****, SHH signaling is not necessary for
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this process. Since SHH is expressed along the ventral floorplate, it is therefore virtually absent
in the dorsal spinal column. Similarly, there is no SHH expression within the cortex. It is
therefore reasonable to suggest that due to its absence, SHH cannot initiate signaling events
within these regions, and therefore, cannot regulate dorsal oligodendrogenesis. This hypothesis is
supported by a number of studies where SHH signaling is ablated or inhibited. SHH initiates a
signaling cascade by activating the smoothened (Smo) receptor, which in turn can be inhibited
by cyclopamine. Smoothened null blastocysts generated from Smo™ embryonic stem cells can
give rise to oligodendrocytes in culture®!, while dorsally-derived oligodendrocytes can still be
generated in the presence of cyclopamine®®*®. Taken together, these observations suggest that,
although SHH signaling is necessary for ventral oligodendrogenesis, oligodendrocyte
specification in the dorsal neural tube, as well as within the postnatal cortex, occurs in a SHH-
independent manner. On the other hand, exogenous stimulation with fibroblast growth factor
(FGF) in cyclopamine-treated cultured cells can induce SHH-independent oligodendrogenesis®.
Since FGF is also present in the dorsal neural tube, these findings suggest that FGF may be

necessary for dorsal oligodendrogenesis.

Interestingly, despite their diverse spatiotemporal origin, all oligodendrocytes seem to
possess similar developmental and morphological characteristics. And, there is no compelling
evidence for the existence of functionally distinct oligodendrocytes. Moreover, if OPCs arising
from any region are ablated, they are eventually replaced by OPCs that have migrated in from
other regions®. This finding not only demonstrates the redundancy of the system, but also the

importance of OPC proliferation.
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Oligodendrocyte Progenitor Cell Proliferation

In the late 1980s in vitro clonal density experiments gave rise to the hypothesis that OPC
proliferation is controlled by purely cell autonomous mechanisms. The observation that OPCs
dissociated from the brain develop in vitro on the same timeline as they would in vivo supports
this hypothesis.> In addition, OPCs grown in the presence of saturating levels of platelet derived
growth factor (PDGF) and thyroid hormone divide 6-8 times prior to cell cycle arrest and
differentiation, while daughter cells grown in isolation, exit the cell cycle after an equivalent

number of divisions®>*

, suggesting that OPCs may be able to “count” the number of cell
divisions they undergo . Interestingly, although OPCs grown at 33°C divide slower, they
differentiate at the same time as OPCs grown at 37°C, suggesting that OPCs not only count the
cell divisions they undergo but that they also “count” time®®. Taken together, these findings

suggest that OPCs must possess a cell intrinsic mechanism, referred to as “the timer”>°, that

limits the number of cell divisions and/or the time spent within the cell cycle.

Proliferation of oligodendrocyte progenitors is controlled by both extrinsic and intrinsic
factors. An important cell extrinsic regulator of the OPC “timer” is the growth factor PDGF,
which in the CNS is produced and secreted by astrocytes and neuronal cell bodies®®. Addition of
saturating levels of exogenous PDGF to cultured OPCs leads to proliferation in the absence of
differentiation, while PDGF withdrawal triggers cell cycle arrest in vitro®®. In vivo, loss of
PDGF leads to premature OPC cell cycle exit™, while overexpression of PDGF in neurons is
accompanied by significant oligodendrocyte progenitor pool expansion®®. PDGF promotes OPC

proliferation by activating the PDGF a receptor (PDGFaR), which in turn leads to a rise in
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cytosolic Ca®* levels® and expression of early oligodendrocyte genes®°. In the absence of

ligand, PDGFa. receptors are downregulated, leading to cell cycle exit and differentiation®”.

Although it is the best characterized OPC mitogen, PDGF is not the only growth factor capable
of promoting OPC proliferation. Exogenous stimulation of cultured OPCs with either fibroblast
growth factor 2 (FGF2)®, insulin-like growth factor 1 (IGF1)*!, neuregulin®, or neurotrophin 3
(NT3)%, can also promote OPC proliferation. Furthermore, mice lacking the ciliary neurotrophic
factor (CNTF) have reduced numbers of proliferating OPCs, suggesting that CNTF may be
necessary for OPC proliferation in vivo®. In addition to their autonomous functions,
combinations of growth factors can have additive effects on OPC proliferation. For example,
IGF1, neuregulinl, NT3 and FGF2 have all been shown to potentiate PDGF-induced

proliferation in vitro®®>%’

, While synergistic effects were also observed in cultured OPCs upon
co-administration of FGF2 with either IGF1%", or nerve growth factor (NGF)®. Interestingly,
treatment of OPCs with FGF2 was able to stimulate PDGFoR expression®, suggesting that
FGF2 signaling can potentiate the response of OPCs to exogenous PDGF stimulation. On the
other hand, PDGF-induced proliferation can be inhibited by transforming growth factor

(TGEB) in vitro®®. Taken together, these findings suggest that in the developing brain OPCs

integrate signals from a variety of exogenous factors to mount a single response, proliferation.

Intracellularly, eukaryotic cell proliferation is controlled by the activity of cyclin-
dependent kinases (Cdks), which are cyclically controlled to trigger the transition between the
different stages of the cell cycle. Cdk activity is modulated by factors such as cyclins and cyclin-

dependent inhibitors. To acquire full activity Cdks associate with cyclins, which not only
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phosphorylate to activate the Cdks, but also recruit them to their ligands. The cyclin-Cdk
complex is therefore critical for cell cycle progression and therefore proliferation. To ensure that
cells do not enter particular cell cycle stages prematurely, and therefore interfere with the
efficiency of proliferation, a system of checkpoints has been developed. Cyclin-dependent Cdk
inhibitors disrupt cyclin-Cdk complex assembly and activity, and are therefore sufficient for cell
cycle arrest. There are two classes of cyclin-dependent Cdk inhibitors; the Cip/Kip family
including p21°*, p27X" and P57 and the Ink4 family consisting of p16™“? p15™4
p18"“c and p19"™*d. (reviewed in®) Overexpression of p27" " promotes OPC cell cycle exit
even in the presence of the mitogen PDGF, while loss of p27""* causes hyperproliferation in the
absence of mitogen stimulation. In addition, protein levels and, p27¥" expression is induced
when OPCs are cultured at 33°C, a condition that promotes cell cycle arrest after fewer cell
divisions®. Since the intracellular timer runs faster at a lower temperature, this observation
further highlights the importance of p27<"™ as an effector of the cell intrinsic mechanism that
controls OPC proliferation. Interestingly, even though p27Kipl levels progressively increase in the
presence of PDGF this increase is not sufficient to induce cell cycle exit in the absence of thyroid

hormone®. In addition to p27""*, other Cdk inhibitors that have been identified as important cell

7K|p2 70 8Ink4c 71.

intrinsic factors that control OPCs proliferation include p5 and pl

Oligodendrocyte Differentiation

Differentiation of OPCs to early oligodendrocytes involves several steps: cell cycle exit,
process outgrowth and branching, and survival during a wave of apoptosis that eliminates many
newly-formed oligodendrocytes. Then, upon expression of myelin-specific lipids and proteins

newly-formed oligodendrocytes transition to mature oligodendrocytes and differentiation is
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completed. This complex process is regulated by extracellular cues such as growth factors and
extracellular matrix (ECM) molecules, as well as oligodendrocyte-intrinsic factors such as

transcription factors, kinases and even Cdk inhibitors.

Extracellular Regulators of Oligodendrocyte Differentiation

One of the first described extracellular regulators of oligodendroglial differentiation is the
thyroid hormone. As described above, oligodendrocyte progenitors grown in the presence of
saturating levels of exogenous PDGF fail to differentiate®®>’. But, if 8 days later, these same
cells are also treated with thyroid hormone they differentiate within 4 days®’. These findings
suggest that thyroid hormone is sufficient to stop proliferation and initiate differentiation even in
the presence of mitogen stimulation in vitro. In addition, thyroid hormone treatment of
dissociated brain cells results in increased numbers of differentiated oligodendrocytes,
suggesting that the thyroid hormone can promote differentiation in the absence of mitogen

stimulation as well®*

. Furthermore, thyroid hormone treatment can induce myelin gene
expression in oligodendrocytes in vitro’?. On the other hand, OPCs can differentiate into newly-
formed oligodendrocytes within 1-2 days in the absence of thyroid hormone and PDGF

treatment™® 374

, suggesting that, in the absence of mitogen stimulation, thyroid hormone is not
necessary for differentiation. Thyroid hormone is, therefore, an extracellular factor that can

promote oligodendroglial differentiation in vitro, although it is not required.

Examination of animals with increased or decreased thyroid gland function and therefore
altered thyroid hormone levels revealed that thyroid hormone also promotes oligodendrocyte
differentiation and myelination in vivo™ 8. Hypothyroid rodents are hypomyelinated and have
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fewer mature oligodendrocytes in the optic nerve at postnatal day 7 (P7)®. In addition, mice
lacking thyroid receptor expression exhibit increased OPC proliferation, leading to delayed OPC-
to-oligodendrocyte transition, delayed oligodendroglial differentiation and hypomyelination in
the optic nerve”. On the other hand, oligodendrocyte differentiation and myelination were
accelerated in hyperthyroid mice”’. Taken together these findings identify thyroid hormone as an
extracellular signal that promotes differentiation even in the presence of mitogen stimulation in

Vivo.

There are two thyroid hormone receptor isoforms expressed within oligodendroglia; the o
isoform (TRa) and the B1 isoform (TRP1). While TRa levels remain constant throughout
development, TRB1 levels increase as sensitivity to thyroid hormone increases, suggesting that
the pro-differentiation effects of this hormone may be mediated through TRB1. Interestingly, at
33°C, when the “timer” runs faster, TRB1 levels increase with similar kinetics to those
previously described for the cell cycle inhibitor p27<"*. OPCs cultured at 33°C exit the cell cycle
faster than, and differentiate after fewer divisions than OPCs cultured at 37°C.> It is therefore
likely that at lower temperatures proliferating OPCs become primed for differentiation by
increasing their sensitivity to thyroid hormone. Thus, although not required for differentiation,
thyroid hormone signaling coordinates the initiation of differentiation in oligodendrocyte

progenitors.

Oligodendrocyte differentiation can also be regulated through activation of the Notch
signaling pathway. While oligodendrocytes express the Notchl receptor, the Notch ligands

Deltal and Jaggedl are expressed by neurons and astrocytes. Activation of Notchl by either
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ligand is inhibitory to oligodendrocyte differentiation.?®®" Exogenous addition of the soluble
ligand Deltal inhibited differentiation in vitro®. A similar result was observed when OPCs were
plated on a monolayer of cells expressing the transmembrane Notchl ligand, Jagged1®. OPC
proliferation was not affected in either experiment suggesting that Notchl activation regulates
differentiation specifically?®. Since Deltal is a secreted ligand, while Jaggedl is membrane-
associated, these findings suggest that oligodendrocyte differentiation can be regulated by both
paracrine and juxtaparacirine mechanisms. The role of Notch signaling in inhibiting
differentiation is further supported in vivo through the examination of Notchl conditional
knockout animals. Genetic ablation of Notchl within the oligodendrocyte lineage, using Cre
recombinase driven by the CNP promoter, resulted in premature oligodendrocyte differentiation,
as well as ectopic differentiation within the CNS grey matter®. Precocious oligodendrocyte
differentiation was also observed in mice where Notchl was specifically deleted in Oligl-
expressing cells®®. Furthermore, loss of Notch1 led to enhanced differentiation, which resulted in
improved remyelination after lysolecithin-induced demyelination. The authors of the latter study
also reported that the enhanced differentiation was at the expense of proliferation, thus for the
first time, making the connection between Notchl signaling and OPC proliferation.?* Taken
together these findings suggest that the Deltal/Jaggedl-Notch signaling axis is not only
inhibitory to oligodendrocyte differentiation, but is also responsible for the spatial and temporal
control of oligodendrocyte differentiation. Interestingly, a number of recent studies have reported
that when in a complex with the axonal adhesion molecule F3 contactin, oligodendroglial Notch
activation could also promote oligodendroglial differentiation.®®® These latter findings provide
an additional example of the importance of axon-oligodendroglial interactions in regulating

oligodendrocyte development and myelination.
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Components of the extracellular matrix (ECM) are also thought to regulate
oligodendrocyte differentiation. For instance, the ECM component laminin has been shown to
act as a molecular signaling switch to the growth factor neuregulin during oligodendrocyte

survival®’

. Laminin is a secreted glycoprotein whose three subunits (o, B, and y) are products of
unique genes that assemble to form a cruciform structure (reviewed by 2%). Although laminin
expression in the brain appears to be transient, its importance for myelination was uncovered by
mutations in laminin a2 (a subunit of laminin2) that cause congenital muscular dystrophies
accompanied by brain hypomyelination. Myelination is also impaired in laminin a2-deficient
(dy/dy)® and laminin o2 knockout (Jenne Relucio unpublished observations) mice. The
hypomyelination defects observed in these mouse models were due to delayed oligodendrocyte
differentiation (¥ and Jenne Relucio — unpublished observations) suggesting that laminin is
necessary for timely oligodendrocyte differentiation in vivo. Furthermore, OPC proliferation is
increased in the corpus callosum of the laminin a2 knockout animals, revealing a role for
laminin2 in promoting OPC cell cycle exit in vivo (Jenne Relucio — unpublished observations).

In vitro laminin2 promotes newly-formed oligodendrocyte survival®

, as well as oligodendrocyte
differentiation and myelin sheet formation®. The role of laminin in differentiation and
myelination suggests that downstream effectors of laminin may prove to be good targets for
myelination-promoting therapies. In addition to laminins, other ECM molecules such as

fibronectin®, have been implicated in promoting oligodendroglial development, however, neither

of these has been shown to regulate myelination in vivo.
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Cell-Intrinsic Regulators of Oligodendrocyte Differentiation

Laminin2 signaling is mediated in oligodendrocytes through activation of agp; integrin®
and/or dystroglycan®. Dystroglycan is necessary for oligodendrocyte differentiation and
myelination in vitro as it promotes oligodendrocyte differentiation, myelin membrane formation
and expression mature oligodendrocyte markers in cultured oligodendroglia, as well as myelin
segment formation in oligodendrocyte-neuron co-cultures®’. Studies using cultured
oligodendrocytes have also suggested that the intracellular domain of B; integrin is necessary for
laminin2-induced oligodendroglial process outgrowth and myelin sheet formation®**. The role
of integrin signaling in oligodendrocyte differentiation and myelination in vivo, however, is
controversial. Oligodendrocyte-specific deletion of f; integrin (CNP-cre-mediated 1 deletion)
resulted in a small increase of oligodendrocyte apoptosis in the cerebellum, but led to no
myelination abnormalities™. On the other hand, decreased myelination, but normal
oligodendroglial differentiation, was observed within the spinal cord of mice lacking B; integrin
expression in oligodendroglia (NG2-cre-mediated B; deletion), as well as in all neural progeny,
i.e. neurons, astrocytes and oligodendroglia (Nestin-cre-mediated P; deletion)®. In
oligodendroglia, integrin activation by fibronectin and laminin2 is mediated by the activation of
Src family kinases (SFKs). The role of these intracellular signaling molecules in

oligodendrocytes development will be discussed in detail in Chapter 2.

Since oligodendrocytes have to proliferate before they differentiate, factors, such as Cdk
inhibitors, that promote cell cycle exit can therefore stimulate differentiation. Although the
importance of p27""* in promoting OPC cell cycle exit has been discussed in detail above, it is

not the only Cdk inhibitor necessary for proper oligodendroglial development. Unlike p27<,
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the role of p21°" is specific to oligodendrocyte differentiation. Surprisingly, proliferation is not
affected in p21” OPCs; they exit the cell cycle in a timely manner. However, p21” exhibit a
delay in differentiation, which in vivo results in a delay in cerebellar myelination® .
Interestingly, thyroid hormone, a pro-differentiation factor described above, promotes p53-
mediated p21 transcription and therefore p21 expression®. The Cdk inhibitor p21 may therefore

serve as a cell-intrinsic effector of thyroid hormone to promote oligodendrocyte differentiation

independent of proliferation.

Newly-Formed Oligodendrocyte Survival

For efficient myelination to occur, oligodendrocytes need to be generated in sufficient
numbers. However, as many as 50% of newly-formed oligodendrocytes, at least in the
developing rat optic nerve, undergo a wave of programmed cell death®, suggesting that
oligodendroglial apoptosis may be part of the developmental program of oligodendrogenesis.
Furthermore, optic nerve transection, which resulted in neuronal apoptosis, also led to
oligodendroglial apoptosis'®, while overexpression of the anti-apoptotic protein Bcl-2 (B cell
lymphoma 2) in retinal gangion neurons, which increased neuronal survival and the axonal
numbers, resulted in a proportional increase in the number of oligodendroglia®®. These
observations have led to the hypothesis that axonal signals are necessary to provide trophic
support for oligodendrocyte survival, and that by secreting trophic factors, axons may regulate
oligodendrocyte numbers. Interestingly, although overexpression of PDGF in transgenic animals
led to OPC hyperproliferation and increased numbers of OPCs, upon differentiation, the numbers

of mature oligodendrocytes normalized to those observed in wild type animals®®, further
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suggesting the necessity for axonal-derived trophic support of oligodendroglial survival. A

number of extracellular factors have been identified to promote oligodendrocyte survival.

In addition to promoting OPC proliferation as described above, growth factors increase
oligodendroglial cell numbers by providing trophic support for, and thereby stimulating the
survival of OPCs and newly-formed oligodendrocytes. Growth factors such as NGF®, NT3%,
IGF1'%, and neuregulinl, have been shown to promote newly-formed oligodendrocyte survival
in vitro. Although newly-formed oligodendrocyte survival was ultimately normalized in
transgenic animals overexpressing PDGF, PDGF has been shown to promote oligodendroglial
survival in vitro'® and in vivo>®®. In addition, overexpression of neuregulinl in rat optic nerves
decreased apoptosis, resulting in increased numbers of mature oligodendrocytes'®, suggesting
that neuregulinl promotes oligodendroglial survival in vivo as well. While all of the
aforementioned growth factors stimulate survival, they do so by stimulating different
oligodendroglial signaling pathways. IGF1 and neuregulinl promote survival by promoting Akt
phosphorylation and activity®®"1%% on the other hand, NGF and NT3 elicit their trophic
effects through phosphorylation and activation of the MAP kinase pathway®®. How can the same

sets of growth factors regulate both OPC survival and proliferation?

In addition to growth factors, extracellular matrix components can also promote
oligodendroglial survival. Studies in cultured oligodendrocytes have shown that the extracellular
matrix molecules fibronectin and laminin2 can promote survival of OPCs and newly-formed
oligodendrocytes respectively®”*%®  Although oligodendroglial survival is unaffected in adult

laminin2-deficient mice®, mature oligodendrocyte survival is impaired in mice completely
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lacking laminin2 expression (laminin a2 knockout mice, Jenne Relucio - unpublished
observations). Increased apoptosis of mature, MBP-positive oligodendrocytes were also
observed in animals lacking the o integrin receptor®’, suggesting that the pro-survival effects of
laminin2 treatment may be mediated, at least in part, by integrin signaling. Upon examination of
cultured, wild type oligodendrocytes, the authors of this study further suggested that integrin
signaling may be necessary to enhance neuregulinl-induced survival by switching neuregulinl
signaling from a dependence on the PI3K/Akt pathway to the MAPK pathway®’. Interestingly,
depletion of dystroglycan, the second laminin2 receptor in oligodendrocytes, did not affect
laminin2-mediated survival of newly-formed oligodendrocytes in vitro, suggesting that the pro-
survival effects of laminin2 are mediated exclusively by integrin signaling in oligodendroglia®.
Taken together, these findings suggest that trophic factors present in the extracellular milieu are
necessary to promote oligodendroglial survival and thereby the generation of sufficient numbers
of oligodendrocytes. These findings further suggest that axon-oligodendroglial contact may
switch growth factor signaling from promoting oligodendroglial proliferation to promoting

survival and differentiation.

Myelination

As described previously, myelin is not only necessary for the efficiency and velocity of
nerve communication, but for neuronal survival and integrity as well. Since both mature and
myelinating oligodendrocytes express myelin proteins and lipids, the only difference between the
two stages of the lineage is that myelinating oligodendrocytes wrap their processes around an

axon. What are the cues that prompt a mature oligodendrocyte to myelinate an axon? In both the
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CNS and the PNS, some axons are myelinated while others are not. It is therefore reasonable to

suggest that the axons themselves can regulate myelination.

Axonal Diameter and Electrical Activity Stimulate Myelination

Within myelinated regions of the nervous system, axons differ, not only by their
myelination status, but also by their diameter. Examination using transmission electron
microscopy reveals that the axons that are myelinated generally have a larger diameter than the
ones that are not. Although the precise axon sizes differ regionally within the CNS, axons with
diameters lower than 0.2um remain unmyelinated regardless of the region. These observations
lead to the question: could axon caliber dictate whether myelination takes place, or, does
myelination increase axon diameter? In 1989 Voyvodic et al. were able to increase the diameter
of sympathetic axons by increasing the size of their target. This increase was sufficient to induce
myelination in axons that should have otherwise remained unmyelinated'®. Although this
experiment was carried out in the PNS, it is generally accepted that large axon caliber promotes

myelination in the CNS as well.

In addition to size, the electrical activity of the axon promotes myelination''® suggesting
that neuronal differentiation may regulate myelination. The hypothesis that axonal electrical
activity is a pro-myelinating factor originated in 1980 with the observation that premature eye
opening, which stimulates activity, leads to accelerated myelination in the rabbit optic nerve.
This hypothesis was finally validated a decade later by Barres et. al., who showed that treatment
of rat optic nerves with tetradotoxin, which inhibits Na*-dependent electrical activity, leads to

impaired oligodendrocyte proliferation and myelination''°. Myelination is also impaired in the
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naturally occurring blind scape-mole rats**2

and in wild type mice that have been reared in the
dark. On the other hand, induction of neuronal firing with a-Scorpion toxin promotes
myelination'*®, suggesting that neuronal activity is not only necessary but also sufficient to
promote myelination.

114115 it is reasonable to

Since action potentials cause the release of ATP and adenosine
propose that these secreted molecules may communicate neuronal electrical activity to
oligodendrocytes, and thus, trigger myelination. Addition of adenosine binds to cultured

116 ATP can also

oligodendrocytes promoted cell cycle exit and differentiation and myelination
regulate oligodendrocyte behavior, but unlike adenosine it does so indirectly with the help of
astrocytes. ATP promotes astrocytic release of the leukemia inhibitory factor (LIF), which in
turn promotes oligodendrocyte differentiation and myelination in vitro'’. LIF is also necessary
for myelination in vivo as LIF” mice are hypomyelinated™®. Interestingly, in the PNS, where
astrocytes are absent, ATP is able to bind directly to P2 receptors in Schwann cells and therefore
promote differentiation and myelination''®. The role of astrocytes as mediators of axonal signals
in myelination reveals the existence of an ATP-dependent, tripartite signaling pathway of
myelination in the CNS. Interestingly astrocyte abnormalities can lead to impaired CNS
myelination. Examples of this are seen in GFAP™ mice (glial fibrillary protein) and in patients
that lack GFAP expression and therefore suffer from Alexander’s disease, an inherited

leukodystrophy'®®. These findings highlight the importance of axo-glial communication in

regulating myelination.

24



Axo-Glial Interactions Regulate Myelination

To promote myelination, axons need to communicate with oligodendrocytes either
directly or indirectly. Neuronally-expressed molecules, whether on the axonal surface or secreted
into the ECM, have been shown to both promote and inhibit myelination. The interaction
between nerve growth factor (NGF) and its receptor TrkA is an interesting example where both
secreted and associated neuronal signals regulate myelination. Addition of NGF to co-cultures of
oligodendrocytes and dorsal root ganglion neurons (DRG) in vitro inhibited myelination.
Interestingly, this effect was specific to TrkA-expressing neurons and was not observed in co-
cultures containing TrkB expressing neurons.*** These findings suggest that NGF-induced TrkA
activation modulates an axonal signal that controls myelination. A candidate for this axonal
signal is LINGO-1 (LRR and Ig domain containing, Nogo-receptor interacting protein), since
activation of TrkA induces the axonal expression of this cell surface associated protein'?,
Furthermore, LINGO-1 is inhibitory to myelination as treatment with either dominant negative
LINGO-1 lentivirus or LINGO-1 Fc increased the numbers of mature oligodendrocytes as well
as the number of myelinated segments in OPC-DRG co-cultures in vitro'?®. Since LINGO-1 is
expressed on both oligodendrocytes and neurons, and since oligodendrocyte differentiation was
also affected upon LINGO-1 downregulation, '# it is not clear whether LINGO-1 is a direct
effector of NGF-TrkA signaling in oligodendrocytes, and, whether LINGO-1 is indeed an

inhibitor of myelination and not only differentiation.

Since oligodendrocytes wrap around and therefore directly interact with axons, molecules
on the axonal surface are critical for myelination. An axon-associated signal that regulates

myelination is the neuronal cell adhesion protein PSA-NCAM (polysilyslated neural cell
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adhesion molecule). During neuronal development neural cell adhesion molecule (NCAM) is
polysialylated to form PSA-NCAM. This posttranslational modification inhibits homophilic
interactions between NCAMs, as well as for heterophilic interactions with heparin sulfate
proteoglycans such as the OPC marker NG2'?*. Studies performed on dissociated cerebellar
hemispheres in vitro showed that elimination of PSA-NCAM using blocking antibodies can
promote myelination. Although necessary for myelination, PSA-NCAM is not required for
oligodendrocyte differentiation, as the numbers of MBP positive cells remained the same in this
experiment'®. PSA-NCAM is therefore an axonal signal that is inhibitory to oligodendrocyte
myelination. PSA-NCAM expression decreases right before the onset of myelination'?
suggesting that this axonal adhesion molecule may regulate the proper timing of myelination and
that direct axo-glial contact may not be sufficient for myelination. Interestingly, PSA-NCAM is
re-expressed in MS lesions but not in lesions that remyelinate'?’ 2. These findings suggest that,
whether during development or disease, the absence of PSA-NCAM creates an environment

permissive to myelination.

The neuronal growth factor neuregulinl is both necessary and sufficient for PNS
myelination. However, the role of neuregulinl and its associated signaling is controversial in the
CNS. Early studies have shown that exogenous addition of soluble neuregulinl promotes OPC

proliferation and oligodendrocyte survival in vitro®'?°

, While overexpression of neuregulinl in
the developing rat optic nerve promotes OPC proliferation and newly-formed oligodendrocyte
survival in vivo'®. On the other hand, exogenous addition of soluble neuregulinl can both

promote™ and inhibit®® oligodendroglial differentiation in vitro. In terms of myelination,

however, the role of neuregulinl signaling is controversial. CNS hypomyelination phenotypes
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have been observed in the CNS of neuregulinl deficient mice*®, as well as in transgenic animals
overexpressing dominant-negative forms of the oligodendroglial neuregulini receptors ErbB2'*
and ErbB4**. However, using a variety of transgenic animal models Brinkmann et al. recently
reported that, although neuregulinl/ErbB signaling is necessary and sufficient for PNS
myelination, it may be dispensable for CNS myelination'*®. In support of previous findings that
neuregulinl type 111 promotes myelination in neuron-oligodendrocyte cocultures*®, Brinkmann
et al. found that overexpression of neuregulinl type IIl in neurons not only led to
hypermylination in the CNS, but to more efficient remyelination following lysolecithin-induced
demyelination as well. However, genetic ablation of neuronal neuregulinl type Ill, as well

genetic loss of oligodendrocyte ErbB receptors, had no effects on CNS myelin, suggesting that

neuregulinl/ErbB signaling may be dispensable for CNS myelination.**®

As previously described, IGF1 promotes proliferation'® and survival'®’ of OPCs, as well
as survival of newly-formed oligodendrocytes®™. IGF1” mice exhibit decreased numbers of
oligodendroglia in the corpus callosum and anterior commissure™®*, further illustrating the
necessity of this growth factor for generating sufficient numbers of oligodendrocytes. In view of
these observations, it is not surprising that this growth factor also promotes myelination.

Although IGF1 null mice are hypomyelinated in the CNS**

, the degree of hypomyelination
observed, is directly proportional to the extent of neuronal loss observed, suggesting that the
hypomyelination phenotype may be due to decreased neuronal survival, and not necessarily due
to loss of oligodendroglial myelination potential. IGF1 signaling in oligodendrocytes is inhibited

by IGF binding protein 1 (IGFBP), and overexpression of IGFBP1 in oligodendroglia in vivo,

results in hypomyelination'®, suggesting that IGF1 signaling within cells of the oligodendrocyte
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lineage may be necessary for myelination. On the other hand, overexpression of IGF1 in
transgenic animals results in hypermyelination in the presence of normal neuronal numbers*®*3¢
suggesting that IGF-1 is sufficient for myelination. Taken together these findings suggest that

IGF1 signaling in oligodendroglia is necessary and sufficient for myelination.

Yet another example of the axonal control of myelination is the regulation of PLP
localization. While PLP is primarily intracellular in mature oligodendrocytes grown in isolation,
in the presence of axons, PLP is redistributed to the myelin membrane, where it constitutes one
of the major components of myelin. PLP can be synthesized and trafficked to the plasma
membrane in mature oligodendrocytes in the absence of neurons*®’, however soon after,
membrane PLP is endocytosed and redistributed to late endosomal/lysosomal compartments™*®
3 However, in neuron-oligodendrocyte co-cultures, clathrin-dependent endocytosis of PLP is
decreased, while exocytosis is induced, resulting in the redistribution of PLP to the membrane

where it colocalizes with myelin components such as MBP.*°

Oligodendrocyte-Intrinsic Signals that Promote Myelin Wrapping and Myelination

As described previously, CNS myelination is the ensheathment of axons by spiral
extensions of the oligodendroglial plasma membrane. To adequately myelinate axons,
myelinating oligodendrocytes need to: 1) be generated in sufficient numbers, 2) be
morphologically complex, and, 3) have generated sufficient amounts of myelin lipids and
proteins. Although signals that promote the production of sufficient numbers of mature
oligodendrocytes are necessary for normal myelination, only one cell-intrinsic signaling pathway

sufficient to induce myelination has been identified thus far.
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The oligodendroglial phosphoinositide 3-kinase (PI3K)/Akt pathway is activated by
extracellular cues necessary for oligodendroglial development such as neuregulin1® and IGF-
11197 studies using cultured oligodendroglial cells have shown that growth factor-mediated
activation of the PI3K/Akt pathway is necessary to promote OPC proliferation'®, as well as

107141 and mature oligodendrocytes**? in vitro. Interestingly,

survival of both progenitor
overexpression of a constitutively active form of Akt, Akt-DD, under the influence of the
oligodendroglial-specific Plp promoter in transgenic mice (Plp-Akt-DD), did not result in
significant changes in oligodendroglial proliferation and survival, or oligodendroglial cell
numbers, but, surprisingly, caused severe CNS hypermyelination instead'*®. Subsequently,
Narayanan et al. identified that the pro-myelination effects of constitutively-active Akt
overexpression were mediated through activation of the mammalian target of rapamycin
(mTOR), and that rapamycin treatment of wild type animals resulted in a hypomyelination
phenotype, suggesting that mTOR activity is necessary for myelination**. While PI3K activity
results in production of phosphatidylinsoitol 3,4,5-trisphosphate (PIP3) and therefore activation
of Akt, PTEN (phosphatase and tensin homolog) activity leads to PIP3 dephosphorylation and
Akt inhibition. Loss of oligodendroglial PTEN results in hyperactivation of Akt and CNS
hypemyelination'®. Taken together these findings suggest that activation of AktmTOR

signaling in oligodendrocytes is sufficient to promote myelin wrapping and therefore

myelination.
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Chapter 2:

Introduction to the Role of Src Family Kinases and their
Regulators during Oligodendroglial Development and CNS

Myelination

Src Family Kinase Expression and Activity in Oligodendroglia

Src family kinases (SFKSs) are intrinsic effectors that regulate cellular functions including
proliferation, survival, process extension, migration and differentiation in a number of cell types.
Since oligodendrocyte development and myelination are dependent on all of the above cellular
processes, it is reasonable to predict that SFKs may similarly regulate oligodendrocyte

147 and Yes'*®, have

differentiation. Of the nine family members only four; Fyn'*®, Lyn**, Src
been detected within the oligodendrocyte lineage. While Fyn and Lyn are highly expressed, Src
is expressed only at low levels'®. On the other hand, following its initial identification'*, Yes
expression has not been confirmed by subsequent reports and is thought to be absent in
oligodendroglia. Fyn and Lyn expression increases with oligodendrocyte differentiation in

108,148

vitro , While low Src expression seems to be confined to day 1 and day 2 of differentiation,

when cultures consist primarily of newly-formed oligodendrocytes positive for

108

galactocerebroside (GalC)™". However, since SFKs are nonreceptor tyrosine kinases their

function depends on their activity level, and not just on their protein level. For instance,
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preparations of myelin membranes have shown that while both Fyn and Lyn are expressed and

149150 the activity of Fyn was higher than that of Lyn"®.

translocated within myelin membranes
Fyn activity furthermore peaks at the onset of myelination (P4-P10), suggesting that Fyn
activation is timed to influence the myelination process****®°. Taken together, these studies
conclude that SFKs are not only expressed in oligodendrocytes in vitro and in vivo, but that their
activity is developmentally regulated. It is therefore reasonable to suggest that not only do SFKs

play a role in oligodendrocyte development, but that mechanisms responsible for SFK activity

regulation must be similarly present in oligodendroglia.

The Src Family Kinase Fyn is Necessary for Myelination

The hypothesis that Fyn is essential for normal myelination was first proposed by
Umemori and colleagues who reported that genetic deletion of Fyn (Fyn™) results in a 40-50%
reduction in myelin within the brain and spinal cord*****!. Subsequent examination of Fyn™
brains revealed that both myelin thickness and the number of myelinated fibers were reduced*’.
Recently, severe hypomyelination has been also reported in mice lacking Fyn on a genetically
pure C57BL/6 background™. The hypomyelination phenotype in Fyn null mice was
accompanied by decreased protein levels of a number of myelin components including
MBP¥"14%152 and MAG™°. Furthermore, loss of Fyn led to reduced mRNA levels and therefore
expression of genes encoding myelin-associated proteins including MBP, PLP, myelin
oligodendrocyte glycoprotein (MOG), myelin and lymphocyte protein (MAL), myelin-associated
oligodendrocyte basic protein (MOBP) and the UDP-galactose:ceramide galactosyltransferase

(CGT)™. Similarly, hypomyelination was observed in transgenic mice, in which a kinase
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d

deficient form of Fyn is overexpressed in a Fyn null background™’, demonstrating the

importance of Fyn kinase activity in myelination.

Although the hypomyelination phenotype of Fyn” mice was accompanied with decreases

17149152 and mRNA™ levels of myelin components, it was not clear if these

in the protein
decreases were due to decreased oligodendrocyte differentiation or due to a direct role of Fyn in
the expression of these myelin components. Studies using cultured oligodendrocytes have
shown, however, that Fyn activity is necessary for the expression of at least one myelin
component, MBP. Independent studies have shown that in vitro Fyn is required to promote MBP
gene transcription’®!, as well as translation of MBP mRNA through phosphorylation of two
mRNA binding proteins, QKI (Quaking homolog, KH domain RNA binding protein)*** and
hnRNP-A2 (heterogeneous nuclear ribonucleoprotein A2)***. QKI is an mRNA binding protein
that preferentially binds to, and therefore, stabilizes exon-2 MBP mRNAs that give rise to the
21.5kD and 18kD MBP isoforms, which are preferentially depleted in Fyn"' animals.
Furthermore, in the CG4 oligodendrocyte cell line, Fyn promotes MBP mRNA stability and
translation when it phosphorylates the C-terminal residues of QKI to induce QKI-MBP mRNA
binding.™™ Unlike QKI, when hnRNP-A2 binds to MBP mRNA, it represses MBP mRNA
translation. Phosphorylation of hnRNP-A2 by Fyn results in release of MBP mRNA, thus
allowing MBP mRNA translation in vitro.™>> Taken together, these findings suggest that Fyn
participates in both transcriptional and post-transcriptional regulation of MBP protein
expression. Since MBP is necessary for intracellular membrane adhesion, and therefore myelin
stability, these observations further suggest that by promoting MBP protein expression, Fyn may

serve an important function in promoting myelin stability.
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Fyn Activity is Necessary for Oligodendroglial Differentiation

In addition to hypomyelination, Fyn™ mice also exhibit decreased numbers of
oligodendroglial cells (Olig2-positive), as well as decreased morphological differentiation of

individual mature oligodendrocytes™?

, suggesting that Fyn may also be necessary for
oligodendrocyte differentiation. Interestingly, defects in oligodendrocyte development have also
been observed in cultures of primary oligodendrocytes lacking either Fyn protein

expression*?1%

or Fyn activity, as well as in wild type oligodendrocytes treated with SFK
pharmacological inhibitors'*. Specifically, loss of Fyn resulted in decreased oligodendrocyte
differentiation, as the numbers of newly-formed (O4-positive and CNP-positive), as well as
mature, MBP-positive oligodendrocytes were reduced by 30-50% in cultured Fyn”

156

oligodendrocytes*®. In addition, cultured Fyn” oligodendrocytes were unresponsive when

stimulated with IGF1, which normally promotes oligodendrocyte differentiation and

morphological complexity®**’

, suggesting that Fyn acts as a downstream effector of IGF-1
signaling.”® In addition to IGF1, Fyn also acts downstream of the pro-differentiation, ECM
molecule laminin2. Studies from Colognato and colleagues using primary rat oligodendrocytes
treated with Fyn shRNA have shown that Fyn is necessary for laminin2-mediated newly-formed
oligodendrocyte survival, differentiation to mature oligodendrocytes, and laminin2-mediated
enhancement of myelin sheet formation'®®. Furthermore, treatment with the SFK inhibitor PP2
also decreased oligodendrocyte morphological complexity in wild type oligodendroglia,
suggesting that SFK activity is also necessary for oligodendrocyte differentiation in vitro**®. The
defects in morphological oligodendrocyte differentiation associated with Fyn loss-of-function

suggested that in addition to oligodendrocyte differentiation, Fyn activity may also promote

oligodendrocyte process outgrowth and branching.
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In order to differentiate and efficiently myelinate multiple internodes, cells of the
oligodendrocyte lineage need to extend multiple processes, often several micrometers away from
the cell body. Process outgrowth is therefore necessary for both oligodendrocyte differentiation
and myelination. Process outgrowth is dependent on cytoskeletal rearrangements and is
controlled by the Rho, Rac and Cdc42 GTPases. In oligodendrocytes, process outgrowth is
dependent on activation of Cdc42 and Rac'®® and inhibition of RhoA™. It is therefore

reasonable to suggest that molecules that modulate the activity of these GTPases, also regulate

158 159

process outgrowth. Fyn activity is necessary for fibronectin-dependent™ and independent
process extension in primary rat oligodendrocytes in vitro, and pharmacological inhibition of
Fyn was able to inhibit fibronectin-induced Rac and Cdc42 activation and process
outgrowth™®*>°. These findings suggest that Fyn is an intracellular effector of fibronectin, whose
activity is necessary for Rac and Cdc42 activation during oligodendroglial process remodeling.
In addition, Fyn also acts as a downstream effector of laminin2-mediated process outgrowth in
the CG4 oligodendrocyte cell line. In this study, Hoshina et al. found that Fyn activity was
increased when cells were plated on laminin2. This increase in Fyn activity led to
phosphorylation of focal adhesion kinase (FAK), and, in turn, activation of Rac and Cdc42 and
process outgrowth™®. Taken together, these studies suggest that Fyn may act as a downstream

integrator of laminin2 and fibronectin signaling to mediate activation of Rac and Cdc42 GTPases

and modulate process outgrowth.

Since oligodendrocyte process outgrowth is also dependent on the inhibition of Rho,
molecules such as the GTPase activating protein p190 Rho GAP that facilitate turnover of Rho-
bound GTP to GDP and thus inhibit Rho, should also promote process outgrowth.

Overexpression of a kinase-deficient mutant of Fyn decreased p190 Rho GAP phosphorylation.
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Reduced Fyn kinase activity therefore resulted in reduced turnover of Rho-bound GTP and
induced Rho activation, which in turn inhibited process outgrowth in primary rat
oligodendrocytes in vitro.*® These findings suggest that Fyn acts as an upstream inhibitor of Rho
GTPase activity, and is therefore, necessary for process extension of oligodendrocytes in vitro.
Furthermore, Fyn also promotes RhoA inhibition and subsequent process outgrowth downstream
of the Netrinl. Netrinl is an extracellular signal that binds and activates the DCC (Deleted in
Colorectal Cancer) receptor in oligodendrocytes. In mature oligodendrocytes in vitro, Netrinl
binding to DCC results in recruitment of Fyn to the intracellular domain of DCC, where active
Fyn is situated in close proximity to FAK. Activation and recruitment of Fyn to DCC promotes
phosphorylation of FAK, which in turn results in inhibition of RhoA, thereby promoting
cytoskeletal reorganization and process outgrowth. Interestingly, Netrinl did not induce process
outgrowth and branching in Fyn™ oligodendrocytes in vitro, suggesting that Fyn is an obligate
effector of Netrin1/DCC signaling in oligodendrocytes that is absolutely necessary for Netrinl-
mediated process outgrowth.'® Taken together, these findings suggest that Fyn activity is

necessary for process outgrowth that is also dependent on RhoA inhibition.

Fyn can promote process outgrowth in an activity-independent manner as well. The type
Il polyproline helix recognition domain (SH3) of Fyn does not directly modulate Fyn activity,
but instead participates in protein-protein interactions*®. In cultured oligodendrocytes, the SH3
domain of Fyn directly associates with the microtubule stabilizing protein Tau. This Fyn SH3-
Tau interaction is in turn necessary for Tau-mediated microtubule assembly and bundle
formaion.’® Thus, in addition to Fyn kinase activity, Fyn protein-protein interactions are

necessary to promote oligodendrocyte process outgrowth.
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In addition to newly-formed and mature oligodendrocytes, Fyn has been shown to
function in OPCs to promote PDGF-mediated migration. PDGF can induce OPC migration by
promoting Cdk5-mediated phosphorylation of the actin binding proteins WAVE2 and WASP.
Pharmacological inhibition of Fyn activity, as well as Fyn depletion using RNAI, inhibited
PDGF-dependent activation of Cdk5, demonstrating that Fyn is an important mediator of PDGF-
dependent OPC migration. In addition, saturating levels of exogenous PDGF were sufficient to
induce Fyn activation, suggesting that PDGF may serve as an extracellular regulator of Fyn
activity in oligodendrocyte progenitors. Interestingly, Fyn depletion or inhibition did not reduce
cell migration in the absence of exogenous PDGF, suggesting that Fyn is not necessary for

PDGF-independent migration.'®*

For proper myelination to occur, mature oligodendrocytes not only need to be generated
in sufficient numbers, but need to establish appropriate axon-oligodendrocyte interactions.
Although Fyn has never been studied directly in the context of axon-oligodendroglial
interactions, several independent studies suggest that oligodendrocyte Fyn may participate in
axon-oligodendroglial interactions. In 1994, Umemori et al. identified that within myelin
preparations Fyn associates with large MAG™*, a protein necessary for axon-oligodendrocyte
adhesion'®. By co-expressing MAG together with wild type or mutant Fyn constructs in COS
cells, the authors of this study also concluded that the SH2 and SH3 domains of Fyn were
necessary for MAG-Fyn association*®. Interestingly, crosslinking of large MAG induced
activation of Fyn, but not activation of Src or Lyn**°, suggesting that while Fyn activity may be
necessary to mediate MAG-induced axon-oligodendrocyte adhesion, Src and Lyn may be

dispensable to this process. In addition to MAG-mediated adhesion, axon-oligodendroglial
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interactions can be mediated through association between axonal adhesion molecules such as L1
and NCAM, and oligodendrocyte cell surface molecules including F3 and the 120kD NCAM
isoform. Fyn was found to be associated with axonal L1 and oligodendroglial F3 in cerebellar
lysates'®®, as well as with the 120kD NCAM isoform and F3 within DIG fractions of cultured
oligodendrocytes™, suggesting that Fyn may participate in L1/F3-mediated and NCAM/NCAM-
mediated axon-oligodendroglial adhesion. Furthermore, F3 crosslinking increased Fyn

activity™

, suggesting once again that Fyn activity may be stimulated by axon-oligodendroglial
contact. Recently, studies utilizing oligodendrocyte-neuron co-cultures have shown that axon-
oligodendroglial contact and subsequent myelination may be regulated by contactin, a receptor
for axonal L1. Interestingly, contactin associated with agp; integrin to enhance Fyn activity™’.
Taken together these observations suggest that Fyn may not only participate in axon-
oligodendroglial interactions, but that through its activation, Fyn may also mediate axon contact-

dependent oligodendrocyte survival and differentiation.

The Src Family Kinase Lyn and Oligodendrocyte Development

As described above, in addition to Fyn, the SFKs Lyn and Src are also expressed in

oligodendrocytes'®!*®1%°Src expression in cells of the oligodendrocyte lineage is low, and is

also limited to cells differentiated for 1-2 days in culture'®®

. On the other hand, Lyn is expressed
at high levels in both cultured oligodendrocytes and isolated myelin preparations®*°.
Interestingly, although Src is expressed in oligodendrocytes, to date no distinct function for this
protein has been reported in terms of oligodendrocyte development. Furthermore, although Fyn

dl47,149,151-152

null mice are hypomyelinate , mice lacking either Lyn or Src have no obvious white
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matter abnormalities*®’, suggesting that both Lyn and Src may be dispensable for
oligodendrocyte development and myelination. Although it may not be necessary in vivo, Lyn
regulates two important processes during oligodendrocyte development in vitro, namely OPC
proliferation'® and survival®’. Studies using primary rat oligodendrocytes have found that Lyn is
required for PDGF-induced OPC proliferation in cells plated on fibronectin, but not in cells
plated on either laminin2 or the control substrate poly-D-lysine (PDL). Interestingly, Lyn was
not required for OPC proliferation in the absence of PDGF stimulation, suggesting that Lyn may
not participate in the cell-intrinsic “timer” of proliferation in the absence of PDGF.® In cells
cultured on fibronectin in the presence of saturating amounts of PDGF, Lyn was also necessary
to suppress the activity of acid sphingomyelinase, an enzyme that catalyzes the hydrolysis of
sphingomyelin to ceramide. By limiting ceramide production and associated apoptosis, Lyn was
therefore required for fibronectin- and PDGF-mediated survival.** Recently, Lyn was also found
to promote survival downstream of human remyelination-promoting antibodies and
fibronectin/integrin a,B3 signaling™®. On the other hand, Lyn is not necessary for laminin2-
mediated oligodendrocyte survival, differentiation and myelin sheet formation in vitro'®.
Furthermore, in cultured oligodendrocytes, Lyn associates with PDGFaR and the fibronectin
receptor integrin ayBs but not with the laminin receptor, integrin asfs.'® It should be noted that
although Lyn null mice have no reported myelin phenotype, they do exhibit increased
demyelination and higher clinical scores during experimental autoimmune encephalomyelitis
(EAE), an experimental model for MS. However, the authors of this study suggested that the
increased clinical scores observed in Lyn” mice were as a result of the importance of Lyn in B
and T cell function, and not due to any role of this protein in oligodendrocyte biology and

remyelination.’® Taken together, these findings suggest that although it modulates OPC
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proliferation and survival downstream of PDGF and fibronectin, Lyn may be dispensable for

oligodendrocyte development in the absence of these two extracellular cues.

Regulation of Src Family Kinase Activity — Lessons from Lymphocyte and

Cancer Biology

The SFK family of
non-receptor tyrosine
kinases share common
domain structure, function
and regulation (Reviewed
n 1#217% Al SFKs contain

six conserved domains: a

Y
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Figure 3: Model for SFK activity regulation. Phosphorylation at Y529 (Y1)
by Csk or Chk leads to folding of the enzyme to an inactive conformation.
SFKs are activated after dephosphorylation at Y529 (Y1) and
autophosphorylation at Y418 (Y »). (Cartoon modified from ™)

tyrosine kinase domain (Src homology (SH) domain 1); a phosphotyrosine recognition domain

(SH2); a type 11 polyproline helix recognition domain (SH3); a membrane-targeting N-terminal

domain (SH4); and a short, flexible C-terminal tail. Two modifications in the SH4 domain,

myristoylation and farnesylation, target SFKs to glycosphingolipid-enriched membrane

microdomains (GEMs) also known as lipid rafts'®%. Fyn, for example, is myristoylated at glycine

2 and palmitoylated at cysteines 3 and

171-172
6 .

SFK activity is modulated largely by phosphorylation and dephosphorylation events at

two consensus tyrosine (Y) residues, Y418 and Y529. SFK kinase activity is inhibited when the
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negative regulatory tyrosine (Y529) is phosphorylated by either of two non-receptor tyrosine
kinases: C-terminal Src kinase (Csk)”® or Csk-homologous kinase (Chk)™. Csk or Chk
phosphorylation of the SFK negative regulatory Y529 creates a binding site for the SFK SH2
domain. This promotes SFK folding into a closed, inactive conformation that is stabilized by
phosphorylated Y529-to-SH2 domain, as well as, polyproline Il linker-to-SH3 domain
interactions. Conversely, SFKs are activated by displacement of the SH2 and SH3 domains from
their aforementioned binding partners. Dephosphorylation of the inhibitory Y528 by a variety of
tyrosine phosphatases causes the displacement of the SH2 domain, which triggers SFK unfolding
to restore partial kinase activity. However, full SFK activity is only attained upon
autophosphorylation of a conserved tyrosine in the catalytic SH1 domain (Y417) (Figure 3).
Finally, SFK activity can also be modulated by protein-protein interactions. For example,
binding of the membrane protein caveolin is inhibitory, while interaction of the adaptor protein

p130“"° with the SH3 domain results in SFK unfolding and activation (Reviewed in '™

). Since
Fyn enzymatic activity is critical for normal myelination'*’, an understanding of the regulatory
y y y Yy

processes that dictate Fyn activity will be important for understanding myelination.

Because full SFK activity is achieved upon autophosphorylation of the autocatalytic
Y418, the principle mode regulation of SFK activity is thought to be through phosphorylation of
the C-terminal Y529, which is mediated by either of two non-receptor tyrosine kinases, Csk or
Chk. However, Csk is considered to be the primary catalytic SFK inhibitor as it is expressed

ubiquitously* "

, While Chk expression is restricted predominantly to neuronal and hematopoietic
cells'™. Evidence of the functional importance of Csk comes from gene-knockout studies, where
Csk deletion leads to constitutive SFK activation'”®, early embryonic lethality (E9-E10), and
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severe neural tube defects™™. In contrast, deletion of Chk leads to no overt phenotypic

abnormalities' ™"’

Structurally, Csk is similar to its substrates, the SFKSs, as it contains an SH1, an SH2 and
an SH3 domain, but it lacks N-terminal fatty acid acylation sequence and thus, unlike SFKSs, is
localized predominantly in the cytosol'”. Interestingly, Csk exhibits remarkable substrate
specificity for SFKs, which depends on the tertiary structure of SFKs and is conferred by 1)
recognition of two consensus residues (glutamate 525 and glutamine 527) near the negative
regulatory Y528, 2) docking-based substrate recognition by the catalytic domain, and 3) a
transient, phosphorylation-dependent interaction between the SH2 domain of Csk and the
autocatalytic Y418. Furthermore, although Csk is structurally similar to the SFKSs as it contains
an SH1, an SH2 and an SH3 domain, it lacks N-terminal fatty acid acylation sequence and thus,

unlike SFKs, is localized predominantly in the cytosol*".

While Csk is cytosolic'’, its substrates, the SFKs, are tethered to the membrane and are

often associated with lipid rafts'’**217®

, indicating the necessity for spatial regulation of Csk. In
addition, all three Src homology domains of Csk, including the SH2 and the SH3, which
participate in protein-protein interactions, are required for Csk function and membrane
recruitment!’®. These observations suggest that adaptor proteins may be necessary to recruit Csk
to the membrane. The first adaptor protein identified to perform this function was Csk-binding

179

protein (Cbp)~", also called phosphoprotein associated with GEMs (PAG) (from hereon referred

to as Cbp)*®°, which was isolated independently from Csk- and SFK-enriched brain lysates'’® and
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from GEM fractions of leukocytes*®. Cbp-dependent recruitment of Csk to the membrane is
dependent of phosphorylation of a tyrosine in the cytoplasmic domain of Cbp (Y317).
Interestingly, SFKs can phosphorylate Cbp to facilitate Csk recruitment, thereby creating a
negative feedback loop mechanism of SFK activity regulation. Finally, dephosphorylation of
Cbp Y317 by the tyrosine phosphatases CD45 and SHP1 can disrupt Csk/Cbp association and
thus increase SFK activity.’® Subsequent studies have identified that insulin receptor substrate-1
(IRS-1)'*2, linker for activation of T cells (LAT), and paxillin'®®, can also recruit Csk to the
membrane, and therefore, regulate SFK activity. Although the presence of Csk in cultured
oligodendrocytes has previously been identified'**%**% the role of Csk in SFK regulation and

oligodendroglial development is unknown.

While the necessity for Fyn activity to promote normal myelination is established, the
regulatory elements that modulate oligodendrocyte Fyn activation are not known. Csk has been
characterized as a critical Fyn regulator in systems such as T lymphocyte activation'®, where
Fyn activity is also crucial. Although not studied to date, Csk represents a good candidate as a
Fyn-regulatory protein in the oligodendrocyte lineage. My work was designed to uncover the
mechanisms that regulate Fyn function during myelination and to test the hypothesis that Csk
regulates oligodendrocyte Fyn activity and is essential for oligodendrocyte development

and myelination.
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Chapter 3:

C-Terminal Src Kinase Inhibits Fyn Activity in

Oligodendrocytes

Rationale

Generating and maintaining normal oligodendrocyte numbers is essential for normal
brain development and function, since hypomyelinated regions and demyelinated regions of the
CNS lead to pathologies ranging from inherited leukodystrophies to multilple sclerosis. Thus
elucidating the regulatory mechanisms that govern oligodendrocyte development, and therefore,
myelination and remyelination is critical for the development of therapeutic strategies to combat
myelin-associated pathologies. As | have described previously, the importance of Fyn for

147,149,151-152

oligodendrocyte development and function is well established. Mice lacking Fyn or

147

Fyn activity"" are hypomyelinated in the CNS, suggesting that Fyn activity is necessary for

oligodendrocyte-mediated myelination. Fyn activity promotes both transcriptional**

and post-
transcriptional™>**> regulation of the myelin-associated protein MBP, suggesting that it may be
necessary for not only myelination, but for myelin stability as well. In addition to myelination,
Fyn activity is also necessary for proper oligodendrocyte development. Fyn” mice generated

recently on a pure C57BL/6 background, exhibit decreased oligodendroglial cell numbers even at

stages prior to myelination'®®, suggesting that Fyn may be necessary for normal
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oligodendrogenesis in vivo. Similarly, Fyn activity is necessary for proper oligodendrocyte

morphological differentiation in vitro, as it promotes process outgrowth and branching of newly-

158-159,161,163

formed oligodendrocytes , and myelin sheet formation in mature oligodendrocytes,

where it acts downstream of the pro-differentiation factor laminin2'®. Fyn activity is also

necessary for the generation of appropriate numbers of mature oligodendrocytes, as it promotes

|108,148

oligodendrocyte surviva and differentiation'®**°. Fyn activity is not only necessary for

myelination, but is also developmentally regulated within myelin preparations, such that it peaks

149-150

at the onset of myelination , suggesting that regulatory elements that modulate Fyn activity

and function must be present in oligodendrocytes. And, while Fyn tyrosine kinase activity is

147

essential for oligodendrocyte development and myelination™', the regulatory mechanisms that

are responsible for turning Fyn “on” and “off” in oligodendrocytes remain unknown.

All SFKs have two principle conformation states that are controlled by phosphorylation:
an open, catalytically-active form characterized by autophosphorylation, and a closed,
catalytically-inactive form following phosphorylation of the C-terminal tyrosine'®”. The balance
between these two conformations in some cell types has been found to be largely dictated by
phosphorylation of the C-terminal tyrosine, which can occur via C-terminal Src Kinase (Csk)
173188189 o1 jts homolog Csk homologous kinase (Chk)™. Unlike Chk*™, Csk is ubiquitously
expressed’’® and is thus proposed to be the principle SFK regulator. While genetic deletion of

5

Csk leads to constitutive SFK activation'” and severe neural tube defects leading to early

embryonic lethality (E9-E10)*°, genetic loss of Chk leads to no overt phenotypic
abnormalities™**"”. Although Csk has been previously identified in oligodendrocyte cultures in

108,184-185

vitro , its role in oligodendroglial development is unknown. In view of the importance of
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Fyn activity for oligodendrocyte differentiation and function, | designed this work to test the
hypothesis that Csk regulates Fyn activity and is essential for oligodendrocyte development
and myelination. Before | could test this hypothesis, however, | needed to establish whether Csk
is expressed in oligodendrocytes in vivo, whether Csk expression is regulated developmentally in
oligodendrocytes, and finally, whether Csk is indeed a negative regulator of Fyn function in

oligodendroglia. Findings that address these questions are described in this chapter.

Results

Fyn Activity and Inhibition are Developmentally Requlated in Oligodendrocytes

Although Fyn activity is required for myelination*’

the mechanisms that regulate
oligodendrocyte Fyn remain poorly understood. Previous studies have shown that, while Fyn
protein levels increase with oligodendrocyte differentiation, Fyn activity peaks at the onset of

14915014 “and, in vitro, is higher in mature oligodendrocytes than in

myelination in vivo
oligodendrocyte progenitor cells (OPCs)*®**® To determine whether Fyn phosphorylation at its
C-terminal negative regulatory tyrosine (Y529) changes during oligodendrocyte development, |
differentiated OPCs on poly-D-lysine (PDL) or the extracellular matrix protein laminin2 (Lm2)
for up to 6 days (Fig. 4). Laminin was chosen as a substrate because previous studies have found
that laminin promotes oligodendrocyte maturation and alters Fyn activity®**®. I confirmed that
Fyn protein levels increased with differentiation, with Fyn protein levels increasing by

approximately 4-fold during the differentiation time course (Fig. 4A; 395.2+88.4% on PDL at

day 6, P=0.0494, n=5; 397.3+86.9% on Lm2 at day 6, P=0.132, n=6). Using relative
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phosphorylation at the autocatalytic site (Y418) as a readout for Fyn activity, | also confirmed
that Fyn activity increased substantially as OPCs differentiated into newly-formed
oligodendrocytes at day 1 (Fig. 4B; 327.5+92.3% on PDL, P=0.056, n=6; 278.3£88.4% on Lm2,
P=0.219, n=6). Relative phosphorylation of Fyn Y418 remained high through day 4 of
differentiation (Fig. 4B; at day 2, 251.4+54.8% on PDL, P=0.0294, n=6; 246.8+73.0% on Lm2,
P=0.179, n=6; at day 4, 318.7£79.2% on PDL, P=0.0294, n=6; 366.1+119.8% on Lm2,
P=0.195, n=6), but by day 6 returned to levels comparable to those observed at differentiation
onset (Fig. 4B; day 6; 162.8+44.5% on PDL, P=0.585, n=5; 175.4+58.8% on Lm2, P=0.314,

n=5).

In contrast, relative phosphorylation at the C-terminal Y529, a readout for Fyn inhibition,
declined substantially by day 1 in OPCs plated on PDL, dropping to 45+13.2% of levels
observed at day 0 (Fig. 4C; P=0.0032, n=6), yet by day 6 returned to levels similar to those
observed at differentiation onset (Fig. 4C; day 6, 72+17.4%, P=0.889, n=5). OPCs plated on the
pro-differentiation substrate Lm2, however, showed an acute decrease in Fyn inhibition such that
the relative phosphorylation of Fyn Y529 was 37.445.8% of levels observed on PDL (Fig. 4C;
day 0; P=0.0045, n=6). And, while not statistically significant, relative Y529 phosphorylation
remained lower in cells differentiated on Lm2 than on PDL for the duration of the time course.
(Fig. 4C). Together these findings suggested that Fyn regulatory proteins were likely to be
expressed in oligodendrocytes and that their expression and/or activity changed during OPC

differentiation.
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Figure 4. Fyn activity is developmentally regulated in oligodendroglia. (a) Western blots
analysis of Fyn and Fyn phosphorylation in oligodendrocytes differentiated on PDL and Lm2 for
0, 1, 2, 4 and 6 days after growth factor withdrawal. Actin blots are included as a loading control.
(b) Densitometry to determine relative phosphorylation of the autocatalytic Y418 (pY418/Fyn).
The average percent change + sem relative to phosphorylation at day 0 on PDL is shown on both
PDL (black squares) and Lm2 (grey circles). (c) Densitometry to determine relative
phosphorylation at the negative regulatory Y529 (pY529/Fyn). The average percent change *
sem relative to phosphorylation at day 0 on PDL is shown on both PDL (black squares) and Lm2

(grey circles).
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Csk is Expressed within Cells at the Oligodendrocyte Lineage in vitro and in vivo

In T lymphocytes, where Fyn activity is important for T-cell activation and thus the
generation of an appropriate immune response, Fyn is inhibited by Csk-mediated Y529
phosphorylation'®®.  Although Csk has been previously identified in cultured

oligodendrocytes®®®18418

, Its expression in vivo, as well as temporal expression during OPC
differentiation, have not been characterized. Here | report that Csk is expressed within OPCs,
identified by the presence of chondroitin sulfate proteoglycan NG2 immunoreactivity, as well as
within CC1-positive mature oligodendrocytes, within the developing mouse corpus callosum
(Fig5A). | also identified Csk immunoreactivity within NG2-positive OPCs in vitro, and

confirmed that Csk is expressed in newly-formed oligodendrocytes immunoreactive for CNP, as

well in mature, MBP-positive oligodendrocytes (Fig. 5B, and data not shown).

Next, | asked whether changes in Csk protein levels during differentiation could account
for the altered Fyn Y529 phosphorylation seen during the time course described in Fig. 4. |
predicted that Csk protein levels would mimic levels of its putative substrate, phosphorylated
Y529 (Fig. 4C) such that Csk would be highly expressed at the onset of differentiation, but its
expression would decrease during differentiation. | was surprised, therefore, that no significant
change in Csk protein levels occurred either during OPC differentiation or in response to Lm2
(Fig. 5C). Previous reports have shown, however, that Fyn, which is myristoylated and
palmitoylated'”*™"?, resides in specialized membrane microdomains termed lipid rafts, while
Csk, which lacks these post-translational modifications, is found primarily in the cytoplasm, at
least in T-cells'®. Thus, | speculated whether spatial regulation of Csk could account for the

altered phosphorylation of Fyn observed during oligodendrocyte differentiation (Fig. 4).
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Figure 5. Csk and Cbp are expressed in oligodendroglia. (a) Indirect immunofluorescence to
visualize cells positive for Csk (green), NG2 (red) or MBP (red), and nuclei (bleu) in the corpus
callosum of postnatal day 21-old wild type mice. Scale bars: 50um. (b) Indirect
immunofluorescence to visualize Csk (green) in OPCs (NG2(+), red) at day 1 of differentiation,
and in newly-formed oligodendrocytes (CNP(+), red) at day 2 of differentiation. Scale bars:
50um. (c) Western blot analysis of Csk in oligodendrocytes differentiated for indicated times.
Actin blots are included as a loading control. (d) Indirect immunofluorescence to visualize Chp
(green) in newly-formed oligodendrocytes (CNP(+), red) differentiated for 2 days, and in mature
oligodendrocytes (MBP(+), red) differentiated for 4 days. Scale bars: 50um. (e) Western blot
analysis of Cbp and Cbp Y317 phosphorylation in oligodendrocytes differentiated for indicated
times. Actin blots are included as a loading control. (f) Densitometry to determine relative
phosphorylation at Cbp Y317 (pY317/Cbp). The average percent change +sem relative to
phosphorylation at day 0 on PDL is shown on both PDL (black squares) and Lm2 (grey circles).
(9) Western blots of immunoprecipitated complexes isolated with Csk antibodies to detect Cbp
and phosphorylated Chp (pY317). (h) Western blots of immunoprecipitated complexes isolated
with GFP antibodies to detect transfected Cbp constructs and associated Csk in cells transfected
with Cbp-EYFP (Cbp), CbpY314F-EYFP (CbpY314F) and empty vector (ctrl).
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Csk and the adaptor protein Chp associate in oligodendroglia

A small amount of oligodendroglial Csk was previously reported to be insoluble
following lysis with cold Triton X-100, suggesting that a subset of Csk may reside within lipid

rafts'%®

. On the other hand, Csk binding protein (Cbp, also called phosphoprotein associated with
glycosphingolipid-enriched membrane microdomains, or PAG), an adaptor for Csk in T
lymphocytes, is palmitoylated and recruited to T-cell lipid rafts "**%°. | therefore investigated
whether oligodendroglia employed strategies to alter the proximity of Csk to Fyn e.g.
recruitment of Csk to the plasma membrane via Cbp. | found that Cbp was expressed in cultured
oligodendrocytes (Fig. 5D), and that, similar to Fyn, Cbp protein levels increased roughly 3-fold
during oligodendrocyte differentiation (Fig. 5E) at day 6; 306.6+81.2% on PDL, P=0.0162, n=7;

345.5+85.6% on Lm2, P=0.0193, n=5). In T lymphocytes, Cbp phosphorylation at Y317 creates
a binding site for the SH2 domain of Csk, and is thus necessary for Csk recruitment'”. |
therefore examined phosphorylation of Cbp Y317 during oligodendrocyte differentiation and
found that it peaked at day 2 (Fig. 5F; 349.2+87.1% on PDL, P=0.0120, n=8; 305.9+106.8 on
Lm2, P=0.730, n=6). These data suggested that, even if Csk protein levels remain constant, Csk

location at the plasma membrane via Cbp may be regulated temporally during oligodendrocyte

development.

To ascertain whether Csk and Cbp could be found associated in a protein complex, I first
used Csk-specific antibodies to co-immunoprecipitate Csk interacting proteins within
oligodendroglial cell lysates (Fig. 5G). Cbp co-immunoprecipitated with Csk in lysates obtained

from OPCs differentiated on either PDL or Lm2, however, cells grown on Lm2 had more Cbp in
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Csk pulldowns (that appeared less phosphorylated), suggesting that Lm2 may regulate the Csk-
Cbp association (Fig. 5G). Second, I transfected OPCs with contructs designed to express GFP
fusion proteins that contained either wild type Cbp, or Cbp-Y317F, a mutant protein previously
shown to lack the ability to bind Csk'’®. Using agarose beads conjugated to GFP-antibodies, |
isolated either Cbp or Cbp-Y317F from oligodendrocyte lysates, then used Western Blot analysis
to detect the presence or absence of Csk in the isolated protein complexes (Fig. 5H); while WT
Cbp protein complexes contained Csk, Cbp-Y317F mutant complexes did not. Together these
data suggested that Csk and Cbp associations occur in oligodendroglia, and that this association

relies on phosphorylated Cbp Y317.

Csk and Chp are found in oligodendroglial lipid rafts

Given that Csk and Cbp associations occurred in oligodendroglia, 1 next sought to
determine whether membrane location and/or association played a role. The insolubility of
proteins in cold Triton-X-100 can indicate the possibility of a lipid raft association; | therefore
lysed oligodendrocytes following 4 days of differentiation with 1% Triton X-100 at 4°C, and
analyzed the soluble and insoluble fractions by Western blot (Fig. 6A). Total Fyn (76.5+4.0%
insoluble, P=0.0220, n=3), catalytically-active Fyn (pY418; 65.7+£5.2% insoluble, P=0.0948,
n=3), and inactive Fyn (pY529; 67.4+8.0% insoluble, P=0.160, n=3), were predominantly
localized in the insoluble pool, whereas Csk was primarily found in the soluble pool (65.6+3.5%
soluble, P=0.0460, n=3). | also found that Cbp (67.4+2.9% insoluble, P=0.0262, n=3) and
phosphorylated Cbp (pY317) (64.4£1.8% insoluble, P=0.0149, n=3) were significantly enriched

in the insoluble pool. Similar results were observed in cells grown on Lm2 (data not shown).
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Figure 6. Csk and Cbp reside in GM1-containing lipid rafts in oligodendroglia. (a) Western
blot analysis of Csk, Cbp, Fyn, and phosphorylated Fyn (pY529) in Triton X-100 soluble (S) and
insoluble (1) fractions in oligodendrocytes differentiated for 4 days. (b) Lysates from
oligodendrocytes differentiated for 2 days were subjected to sucrose gradient ultracentrifugation
and fractionated to isolate detergent-insoluble glycosphingolipid-enriched membrane
microdomains (DIGs). Western blot analysis to determine whether Csk, Cbp, phosphorylated
Cbp (pY314), and Fyn reside in DIGs (fractions 2-4, upper panel). Treatment with FumonisinB
caused DIG disruption and redistribution of Csk, Cbp, pY314, and Fyn to non-DIG, higher
density fractions (fractions 8-12, lower panel). (c) Indirect immunofluorescence to visualize Csk
(green, upper panels) and Cbp (green, lower panels) in conjunction with cholera toxin subunit B
(CTB, red), a marker for GM1-positive lipid rafts.
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Solubility in cold Triton-X-100, however, provides only a rough assessment of potential
membrane-association, as cytoskeleton-associated proteins can also be insoluble in cold Triton
X-100. To test whether Cbp and Csk can indeed distribute to oligodendrocyte lipid rafts, I
isolated detergent-insoluble glycosphingolipid-enriched membrane microdomains (DIGs) by
sucrose-gradient ultracentrifugation. I confirmed that Fyn was found within DIG fractions
(fractions 2-4) in oligodendrocytes differentiated for 2 and 4 days (Fig. 6B, and data not shown).
In addition, | found Csk, Chp, and phosphorylated Cbp (pY317) in DIG fractions (Fig. 6B).
Treatment of oligodendrocytes with the sphingolipid biosynthesis inhibitor, fumonisin B1®,
completely redistributed Fyn, Csk, and Cbp into the non-DIG fractions (Fig. 6B). To further
characterize Csk and Cbp location | used fluorescently-labeled cholera toxin subunit B (CTB),

which binds to clustered GM1 gansglioside*

to identify GM1-containing lipid rafts in live cells
(Fig. 6C). Cells were subsequently fixed and co-labeled with Csk or Cbp antibodies; both
proteins were found to partially co-localize with CTB, suggesting that both Csk and Cbp, at least

in part, reside in GM1-containing lipid rafts.

Csk negatively reqgulates Fyn activity in Oligodendrocytes in vitro

To test whether Csk regulates oligodendroglial SFKs | used small interfering RNA
(SiIRNA) to specifically deplete Csk mMRNA. OPCs transfected with Csk-specific SiRNAs, or non-
targeting control siRNAs, were differentiated for 1, 2, or 4 days on PDL or Lm2. Western blot
analysis confirmed substantially decreased Csk protein in oligodendrocytes transfected with Csk
SIRNA (Fig. 7A). In Csk-depleted cells, Fyn phosphorylation at its negative regulatory Y529 was
found to be decreased by approximately 50% relative to that in control cells (Fig. 7B,C;

40.4+7.8% on PDL, P=0.0059, n=7; 47.5+7.2% on Lm2, P=0.0071, n=7). In contrast,
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Figure 7. Csk and Cbp negatively regulate oligodendroglial Fyn. OPCs were transfected with
control (ctrl, black bars) or Csk-specific (Csk, grey bars) siRNA and differentiated for 2 days on
PDL or Lm2 (a-g). (a) Western blot analysis of Csk and actin (loading control). (b) Western blot
analysis of Fyn and Fyn phosphorylation (pY418, pY529). (c) Densitometry to determine
relative phosphorylation at Fyn Y529 (pY529/Fyn). The average percent change +sem relative to
control (ctrl) siRNA-transfected cells on PDL is shown (**P<0.01). (d) Densitometry to
determine relative phosphorylation at Fyn Y418 (pY418/Fyn). The average percent change £sem
relative to control (ctrl) siRNA-transfected cells on PDL is shown (*P<0.05). (e-h) OPCs were
transfected with control (ctrl) or Csk-specific (Csk) siRNA and differentiated for 2 days on PDL.
Low percentage SDS-PAGE was performed to separate Fyn and Lyn, followed by Western blot
analysis of: (e) Fyn, (f) Lyn, (g) phosphorylated Y418 (Y418), and (h) phosphorylated Y529
(pY529). (i) Western blot analysis to detect Csk and actin (loading control) in cells transfected
with CFP-Csk (Csk WT) or empty vector (ctrl). (j) Western blot analysis of Fyn and Fyn
phosphorylation (pY418. pY529) in cells transfected with Csk-ECFP (Csk WT) or empty vector
(ctrl) differentiated for 2 days on PDL or Lm2. (k) Western blot analysis of Fyn and Fyn
phosphorylation (pY418, pY529) in cells transfected with Cbp-EYFP (Cbp), CbpY317F-EYFP
(CbpY317F) or empty vector (ctrl) differentiated for 2 days. (I) Densitometry to determine
relative phosphorylation at Fyn Y529 (pY529/Fyn). The average percent change +sem relative to
empty vector (ctrl) transfected cells is shown (*P<0.05).
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autophosphorylation at Fyn Y418 was significantly increased in Csk-depleted cells relative to
that in control cells (Fig. 7D; 149.1+10.0%, P=0.0210, n=7, on PDL). Control OPCs plated on
Lm2 had increased Fyn Y418 phosphorylation relative to control cells on PDL (Fig. 7D;
142.7£23.2%, P=0.0305, n=7), whereas Csk-depleted cells on Lm2 displayed Fyn Y418
phosphorylation similar to control cells on Lm2 (Fig. 7D; 160.3£19.0% in Csk siRNA-cells
versus 142.7+23.2% in control cells, P=0.568, n=7). To determine whether Lyn phosphorylation
status also changed following Csk depletion, | separated Lyn (53/56 kDa) from Fyn (59 kDa)
using low percentage SDS-PAGE. Virtually no Lyn phosphorylation was detected at either Y418
or Y529 (Fig. 7E-H). Using this method | was not able to similarly examine Src (60 kDa)
phosphorylation. It should be noted, however, that Src levels are extremely low in

oligodendrocytes® 4

. Together these observations suggested that Csk may preferentially
negatively-regulate Fyn relative to other oligodendrocyte SFKs, possibly by virtue of differential

spatial associations.

To confirm Csk’s role in regulating Fyn phosphorylation, | next transfected
oligodendroglia with either a Csk-CFP fusion protein or with CFP alone, and examined Fyn
phosphorylation following differentiation on Lm2 (Fig. 71). | found that Csk overexpression led
to increased Fyn Y529 phosphorylation, whereas Fyn Y418 phosphorylation was decreased (Fig.
7J). Finally, to determine the role of the Csk adaptor protein Cbp, | examined Fyn
phosphorylation in cells that expressed either WT Cbp or Cbp-Y317F mutant protein (Fig. 7K).
Relative to control transfected cells, | detected a significant increase in Fyn Y529
phosphorylation in the presence of WT Cbp overexpression (Fig. L; n=3; 167.7+17.3%,

P=0.042, compared to empty vector control) and a significant decrease in Fyn Y529
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phosphorylation in the presence of mutant Cbp-Y317F overexpression (Fig. L; n=3, 73.2+6.7%,
P=0.028). Thus, loss of Csk leads to reduced Y529 phosphorylation and overexpression of the
Csk adaptor, Cbp, leads to increased Y529 phosphorylation. Given that Cbp effects are
dependent on the Csk binding site (Y317) this suggests that Csk, by virtue of its ability to bind

Cbp, negatively regulates oligodendroglial Fyn.

Discussion

The Src family kinase (SFK) Fyn is necessary for normal CNS myelination such that Fyn

147,149,151-152

gene deletion . or transgenic knock-in of kinase-dead Fyn*’, both result in

hypomyelination.  Although within myelin preparations Fyn activity is regulated

developmentally*491>°

, What has remained unclear is how Fyn activity is regulated during
oligodendroglial differentiation. In a differentiation time course of primary rat oligodendrocytes |
have identified that Fyn activity is temporally-regulated during oligodendroglial differentiation,
suggesting that molecules that modulate Fyn function must not only be present in
oligodendrocytes, but may be similarly developmentally-regulated. I have therefore identified
that C-terminal Src Kinase (Csk) and its adaptor protein Cbp are not only expressed within
oligodendroglial GM1-containing lipid rafts, but also associate in oligodendrocytes. Although
Csk expression within a differentiation time course of cultured oligodendrocytes did not mimic
Fyn inhibition, phosphorylation of the Csk binding site within lipid rafts, Cbp Y317, was indeed
regulated developmentally. These observations suggest that Csk location at the plasma
membrane, as well Csk function, may be regulated temporally via Cbp during oligodendrocyte

development. In addition, | identify Csk as the principle negative regulator of Fyn in

oligodendroglia, as Csk depletion using small interfering RNAs, as well as overexpression of
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Csk constructs, induced significant changes in Fyn phosphorylation and activity. Furthermore,
inhibition of Fyn required Cbp Y317, and therefore Csk/Cbp association, suggesting that Cbp
participates in Fyn regulation likely by recruiting Csk to GM1-containing rafts. Taken together
these observations suggest that Csk and Cbp may be two regulators of Fyn function during

oligodendroglial development and myelination.

Fyn Activity is Requlated During Oligodendroglial Differentiation in vitro

Fyn is necessary for normal CNS myelination such that Fyn gene deletion, or transgenic
knock-in of kinase-dead Fyn, both result in hypomyelination*"**°. What has remained unclear is
the role of SFKs during OPC development. Although oligodendrocytes express three SFKs, Fyn,

Lyn, and, to a lesser degree, Src%81481°0.1%6

, initial reports indicated that Fyn was the sole active
SFK'®. Kramer and colleagues subsequently identified oligodendroglial Lyn activity, but
determined it to be 3-fold lower than that of Fyn*. By separating proteins by low percentage
SDS-PAGE and detecting phosphorylated Y418, which is autophosphorylated in catalytically-
active SFKs'™®| | confirmed that Fyn, not Lyn, was the major active SFK during oligodendrocyte

development(Fig. 7E-H). Our Fyn activation time course agreed with previous reports'®, i

£.
activity was low in OPCs but increased during oligodendrocyte differentiation (Fig. 4). While
Src protein levels were low, however, | cannot rule out potential contributions from Src given

that Fyn (59 kDa) and Src (60 kDa) could not be separated adequately by SDS-PAGE.
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C-terminal Src kinase (Csk) and its Binding Partner, Cbp, Neqgatively Requlate

Oligodendroglial Fyn

SFKs are regulated through two phosphorylation events: autophosphorylation at a
catalytic subunit tyrosine and phosphorylation at the C-terminal regulatory tyrosine'®”. Here 1
report that Fyn was largely inactive i.e. phosphorylated at its regulatory tyrosine (Y529), at the
onset and tail-end of differentiation, whereas Y529 phosphorylation was significantly decreased
as newly-formed oligodendrocytes were generated i.e. day 1 of differentiation (Fig. 4C). Thus,
phosphorylation of the Fyn regulatory, C-terminal tyrosine was regulated developmentally.
Although the C-terminal Src Kinase (Csk) has been identified in oligodendrocytes™®*+18 Csk
function during oligodendrogenesis has remained unknown. Here | report that Csk is the
principle negative regulator of Fyn in oligodendrocytes (Fig. 7). However, since Fyn inhibition
changed during oligodendrocyte differentiation, | was surprised to find that Csk protein levels
remained constant (Fig. 5). Csk is a constitutively-active, cytosolic kinase in other cells, while its
SFK targets are post-translationally modified and largely reside at the membrane in
glycosphingolipid-enriched membrane microdomains (GEMs), or lipid rafts®’. Thus
oligodendrocyte Csk function is likely to be regulated spatially through association with putative

182 naxillin*®, and/or Csk binding

adaptor proteins including insulin receptor substrate-1 (IRS-1)
protein (Cbp/PAG) " Here I report 1) that Cbp is expressed in oligodendrocytes (Fig. 5) and,
like Fyn, resides in GEMs (Fig. 6), 2) that Cbp interacts with Csk via a Chp Y317
phosphorylation site (Fig. 5), and 3) that Fyn inhibition at Fyn Y529 requires Cbp Y317 (Fig. 5).

Thus, Cbp participates in Fyn regulation, likely by recruiting Csk to oligodendrocyte GEMs.
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While Csk was found to mediate phosphorylation of Fyn’s regulatory tyrosine, I cannot
rule out other potential mechanisms to regulate this site. For instance, Csk homologous kinase

(Chk) has been reported to phosphorylate SFK regulatory tyrosines in several cell types'**%,

174,177 195

Chk™ animals develop normally , apart from hematopoietic lineage cell defects™, unlike
Csk’ animals, which die in utero due to impaired neural tube formation'’®, suggesting that Chk
may be dispensable for development and/or is redundant to Csk. Chk is expressed in
oligodendrocytes®®, however, Chk” animals show no apparent myelin deficits™**""*°
suggesting that Chk may also be dispensable for oligodendrogenesis. Several phosphatases,
including PTPa, PTPe, SHP-1, SHP-2, and CDA45, have also been suggested to relieve Csk-
mediated SFK inhibition'’®*®".  These phosphatases are expressed in oligodendrocytes'®,
however, it is unknown if they regulate oligodendrocyte SFKs. Fyn has been reported to
physically associate with CD45 in oligodendrocytes'®®, but the functional significance of this
interaction remains  unknown. Interestingly, SHP-1" and CD45" animals are
hypomyelinated'®'*%® " while transgenic mice that overexpress catalytically-inactive PTPe

199

exhibit delayed optic nerve myelination™". It remains unclear, however, whether SFKs are

dysregulated in these animals.
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Chapter 4:
Csk Promotes Cell Cycle Exit of Oligodendroglial

Progenitor Cells

Rationale

Brain development and homeostasis relies on the ensheathment of axons by myelin to
ensure the efficient propagation of nerve impulses. In the CNS, myelination is carried out by
oligodendrocytes, which arise from a pool of neural precursor cells that differentiate into
oligodendroglial progenitor cells (OPCs). OPCs proliferate and migrate to populate future white
matter regions, and, upon cell-cycle exit, differentiate into myelinating oligodendrocytes that are
capable of ensheathing axons. Generating sufficient numbers of mature oligodendrocytes from
OPCs is essential for myelination, both in the developing brain and following demyelination. For
example, seemingly sufficient numbers of OPCs have been observed associated with
demyelinated lesions in multiple sclerosis, but these stalled cells have failed to differentiate into
myelinating oligodendrocytes®. To understand this remyelination failure, the molecular
mechanisms that control the ability of proliferative OPCs to transition to myelination-competent

oligodendrocytes need to be elucidated.

In many cells, Src Family Kinases (SFKs) regulate the transition between proliferation
and differentiation'®’. Indeed Src was first isolated from the Rous sarcoma virus as an oncogene
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that, when inappropriately activated, drove cells to hyperproliferate®®. During

147,149,152
, and

oligodendrogenesis, the SFK Fyn is essential for normal brain myelination
subsequent in vitro studies have established that Fyn activity regulates critical steps during
oligodendrocyte maturation: process outgrowth™®**1°1183 ' gyryival'® and expression of myelin

151,154-155

basic protein . It remains unknown, however, if Fyn activity and/or Fyn regulatory

mechanisms participate in the control OPC proliferation and/or development.

In Chapter 3 Csk was identified as a negative regulator of oligodendroglial Fyn activity
with a critical role in dictating the balance between Fyn “on” and “off” states. Furthermore, it
was found that Fyn was largely inhibited in differentiating OPCs, but whether this inhibition has
a functional significance remains to be elucidated. While Csk has been shown to act as a tumor

189 'its role in oligodendroglial development is unknown.

suppressor in epithelial-derived cancers
In this chapter I will describe experiments designed to elucidate the potential role of Csk, in
regulating OPC proliferation, a process necessary for generating appropriate oligodendrglial

numbers and hence myelination.

Results

Csk Promotes Oligodendrocyte Progenitor Cell Cycle Exit in vitro

To identify a potential role for Csk in oligodendrogenesis, | transfected primary rat OPCs
with either siRNAs specific for Csk mRNA, or control, non-targeting siRNAs, and evaluated cell
phenotype. Following Csk depletion in OPCs | noted a striking increase in OPC numbers,
suggesting that Csk regulated proliferation and/or survival. To investigate OPC proliferation,
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OPCs were transfected with either control or Csk-specific sSIRNA, and plated on either poly-D-
lysine (PDL) or laminin2 (Lm2), and, after a 16-hour recovery period, switched to serum-free
Sato’s medium for 8 hours (with bromo-D-uridine (BrdU)) to trigger cell cycle exit (Fig. 8A).
Laminin2 was chosen as a substrate because previous studies have found that laminin promotes
oligodendrocyte differentiation and alters Fyn activity®*'%. Despite being placed in medium
designed to trigger cell cycle exit, Csk depletion led to a 162.5+5.1% increase in BrdU
incorporation relative to that in control cells (Fig. 8B; P=0.0001, n=7, on PDL). Csk-depleted
cells on Lm2 similarly showed an ~70% increase in BrdU incorporation compared to control
cells on Lm2 (Fig. 8B; 146+16.5% of control cells on PDL, P=0.0094, n=6), a change similar to
that observed on PDL. To verify that the increase in proliferation was due to increased SFK
activity, | attempted to reverse the effect with PP2, a SFK inhibitor. PP2 treatment of control-
transfected OPCs resulted in a significant decrease in BrdU incorporation (Fig. 8B; 63.3+5%,
P=0.0316, n=4, on PDL) revealing a novel role for SFK activity in normally promoting OPC
proliferation. Furthermore, PP2 treatment of Csk siRNA-transfected cells prevented the pro-
proliferation effect of Csk depletion, such that BrdU incorporation levels were similar to those
observed in untreated, control-transfected cells (Fig. 8B; 75.3+15%, P=0.421, n=4, on PDL;
91.5+£12.2%, P=0.1300, n=4, on Lm2). Together these data indicated that Csk depletion caused

inappropriate Fyn activation, which in turn delayed OPC cell cycle exit.

Next, | examined whether Csk depletion caused enhanced OPC proliferation under
conditions designed to trigger OPC proliferation. FGF and PDGF are well-established OPC

1

mitogens®® and therefore, as expected, treatment with these factors led to increased BrdU

incorporation (Fig. 8C). PDGF caused the strongest mitogenic response in OPCs plated on PDL
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(Fig. 8C; 171.9+26.9%, P=0.0459, n=5), whereas FGF, interestingly, caused the strongest
mitogenic response in OPCs plated on Lm2 (Fig. 8C; 157.1+29.5%, P=0.0484, n=5), suggesting
a Lm2-mediated switch in growth factor responsiveness. Csk-depleted cells, however, were
unresponsive to either growth factor, since neither PDGF nor FGF caused significant changes in
BrdU incorporation relative to untreated, Csk-depleted cells on PDL (Fig. 8C, n=5; 148.1+8.1%
with FGF, P=0.401; 140.4£12.6% with PDGF, P=0.245; compared to 162.5+5.1% with no
growth factor) or on Lm2 (Fig. 8C, n=5; 164.4+29.5% with FGF, P=0.736; 152.8+28.5% with
PDGF, P=0.854; compared to 146.0+16.5% with no growth factor). These results suggested that,
once SFKs are maximally activated via Csk loss, additional stimulation from mitogens cannot

further promote OPC proliferation.

To additionally evaluate OPC proliferation, phosphorylated histoneH3 levels were
evaluated by Western Blot in siRNA-transfected cells differentiated for 1 day in serum-free
Sato’s medium (Fig. 8D,E). Csk-depleted cells, grown in medium that typically promotes cell
cycle withdrawal, showed increased levels of phosphorylated histoneH3 compared to control
cells (Fig. 8E, n=7; 218+£29.3% on PDL, P=0.0427; 145.6£25.7% on Lm2, P=0.0607). As
expected, PDGF caused an increase in histoneH3 phosphorylation in control siRNA-transfected
cells (Fig. 8E, n=5; 166+43.8% on PDL, P=0.213; 146.8£11.9% on Lm2, P=0.0279). Again,
Csk-depleted cells were unresponsive to PDGF, as phosphorylated histoneH3 levels were similar
in Csk-depleted cells either with, or without, PDGF (Fig. 8E, n=5; 237.4+75.8% on PDL versus
218+29.3% in untreated cells, P=0.900; 151+26.2% on Lm2 versus 145.6+25.7% in untreated

cells, P=0.0234). Similar results were observed with FGF (data not shown).
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Figure 8. Csk promotes cell cycle exit of oligodendrocyte progenitors in vitro. (a-c) OPCs
were transfected with control (ctrl) or Csk-specific (Csk) siRNA and grown in serum-free
medium with or without mitogens (as indicated) to stimulate cell cycle withdrawal for 8 hours of
BrdU incorporation. (a) Representative images of immunocytochemistry to detect BrdU (green)
and DAPI (blue). Scale bars: 50um. (b) Relative percent BrdU-positive control (ctrl, black bars)
or Csk-specific sSiRNA (Csk, grey bars) transfected cells. The average percent change +sem in
BrdU-positive cells relative to control-transfected cells grown on PDL in DMSO is depicted
(*P<0.05, **P<0.01, ***P<0.001). (c) Relative percent BrdU-positive control (ctrl, black bars)
or Csk-specific siRNA (Csk, grey bars) transfected cells in the presence of 10 pug/ml FGF or
PDGF. The average percent change xsem in BrdU-positive cells relative to control siRNA-
transfected cells (ctrl) grown on PDL in DMSO is depicted (*P<0.05, **P<0.01, ***P<0.001).
(d) Western blot analysis of Csk, phosphorylated histoneH3 (pHisH3) and actin (loading control)
in control (ctrl) or Csk-specific (Csk) siRNA transfected cells grown in Sato’s medium +/-
10pg/ml PDGF for 24h. (e) Densitometry to determine relative percent phosphorylated
histoneH3 in control (ctrl, black bars) or Csk-specific (Csk, grey bars) siRNA transfected cells
treated as in (d). The average percent change +sem in phosphorylated histoneH3 relative to
control-transfected cells grown on PDL is depicted (*P<0.05). (f) Semi-quantitative reverse
transcriptase PCR (RT-PCR) analysis for cell cycle regulators was performed on mRNA isolated
from control (ctrl) or Csk-specific (Csk) siRNA transfected cells grown for 24h in serum-free
medium on PDL or Lm2. RT-PCR for GAPDH was performed as a loading control. (g) Western
blot analysis of p27""" and actin (loading control) in control (ctrl) or Csk-specific SIRNA (Csk)
transfected cells differentiated for 1 day on PDL or Lm2.(h, i) BrdU incorporation assay (8h in
Sato’s medium) on OPCs transfected with Csk-ECFP (Csk WT) or vector control (ctrl). (h)
Representative images of immunocytochemistry to detect BrdU (red), GFP (green, to detect
transfected cells), and DAPI (blue) are shown. Scale bar: 20um. (i) Graphical representation of
relative percent BrdU incorporation in cells transfected with Csk-ECFP (Csk WT, grey bars) or
vector control (ctrl, black bars) grown in Sato’s medium with BrdU for 8 hours on PDL and
Lm2. The average percent change xsem in BrdU-positive cells relative to control-transfected
cells on PDL is depicted (*P<0.05). (j) Western blot analysis of phosphorylated histoneH3
(pHisH3) and actin (loading control) in cells transfected with Csk-ECFP (Csk WT) or control
vector (ctrl) and differentiated for 1 day.
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Using semi-quantitative reverse transcriptase PCR (RT-PCR), | evaluated mRNA levels
of cell cycle regulators in Csk- or control-siRNA-transfected OPCs (Fig. 8F, n=4). Although Csk
depletion caused no change in cyclin D2 mRNA levels (101.5£17.2%, P=0.957), other cell cycle
regulators including cyclin D1 (149.9+8.6%, P=0.086), cyclin D3 (144.3+6.4%, P=0.109),
cyclin E (155.4+7.9%, P=0.0383) and p16™ (133.3+6.0%, P=0.093) showed increased mRNA
levels. p27F"* mRNA levels, which in OPCs have been shown to increase with each cell cycle,
were also increased in Csk-depleted cells (133.3+15.1, P=0.180). These data confirmed that Csk
loss causes dysregulation of factors known to regulate cell cycle progression. Interestingly, while
levels of p27K"* mRNA were increased with Csk depletion, levels of p27%" protein were
decreased (Fig. 8G), suggesting that Csk may be involved in post-transcriptional regulation of

p27""* expression.

To verify that the presence of Csk indeed decreases OPC proliferation and thus promotes
timely cell cycle exit, | performed BrdU incorporation assays in cells transfected with either Csk
or control vector (Fig. 8H,J). OPCs with Csk overexpression showed an ~50% reduction in BrdU
incorporation (Fig. 81; 53.8+8%, P=0.0244, n=4, on PDL) compared to that observed in control
OPCs. Interestingly, although Lm2 caused a small reduction in BrdU incorporation in control
cells (Fig. 81, n=4; 86.1+2.84%, P=0.0192), Csk overexpression in OPCs plated on Lm2 did not
cause a significant decrease in BrdU incorporation (Fig. 81, n=4; 75.5+5.7% versus 86.1+2.84%
in control cells on Lm2, P=0.09), suggesting that laminins could alter OPC responsiveness to
excess Csk. Phosphorylated histoneH3 levels were also decreased in Csk-overexpressing cells
(Fig. 8J, n=3; 77.8+£8.2% on PDL, P=0.129; 82.18+14.0% versus 77.8+13.6% in control cells on

Lm2, P=0.669), although this trend was not significant.
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Csk Promotes Oligodendrocyte Progenitor Cell Cycle Exit in vivo

To address whether Csk loss-of-function altered OPC proliferation in the developing
brain, | utilized a Cre-Lox approach to generate an oligodendroglial-specific Csk gene deletion
mouse (Csk Mut — Csk™: CNP-cre*") using Cre recombinase expressed downstream of the
promoter of the oligodendrocyte-specific CNP gene (see Methods). Csk protein was observed to
be efficiently depleted in cultured OPCs isolated from P2 Csk mutant animals compared to their
wild type littermates (Fig. 9A), thus confirming efficient recombination of oligodendroglial Csk.
To determine whether deletion of Csk in OPCs leads to hyperproliferation similar to that
observed using RNA interference in vitro, immunocytochemistry was used to detect the presence
or absence of the proliferation marker Ki67 within PDGFRa-positive OPCs of mutant (Mut)
corpus callosa or those of their wild type (WT) littermates. The percentage of Ki67-positive
OPCs was increased in the Mut animals at all time points examined (Fig. 9B,C n=3;
153.6+17.4% of WT at P5, P=0.127; 164.4+13.8% of WT at P14, P=0.041; 129.1+6.2% of WT
at P21, P=0.016) suggesting that gene deletion of Csk results in increased OPC proliferation.
However, the magnitude of this increase in proliferation appeared to decrease with development,

indicating that, eventually, Csk-independent mechanisms drive OPCs to exit the cell cycle.

Because OPC proliferation versus cell cycle exit can be highly influenced by OPC cell
density®®, | sought to determine whether Csk loss-of-function in a small subset of OPCs would
also cause a dysregulation in proliferative capacity. In other words, would individual Csk-
deficient OPCs also proliferate more in an environment with normal numbers of OPCs? To test
this | depleted Csk levels in a small subset of OPCs and evaluated proliferation of infected cells

in the developing postnatal brain. Lentiviral particles encoding either short hairpin RNA
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Figure 9. Csk promotes cell cycle exit of oligodendrocyte progenitor cells in vivo. (a)
Western blot analysis of Csk and actin (loading control) in lysates from OPCs isolated from P2
wild type (WT) or oligodendrocyte-specific Csk null (Mut) animals. (b) Indirect
immunofluorescence to visualize cells positive for PDGFaR (green), Ki67 (red) or CC1 (red),
and nuclei (blue) in the corpus callosum of postnatal day 21 (P21) wild type (WT) or
oligodendrocyte-specific Csk null (Mut) animals.Scale bars: 50um. (c) Percentage +sem of Ki67-
positive OPCs that were PDGFaR-positive in the corpus callosum of wild type (wt, black bars)
or oligodendrocyte-specific Csk null (Mut, grey bars) at P5, P14, and P21 (*P<0.05).
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Figure 10. Csk depletion using short hairpin RNA promotes oligodendrocyte progenitor
cell proliferation in vivo. (a) Western blot analysis of Csk and actin (loading control) in
neurospheres infected with lentiviral particles encoding for control (ctrl) or Csk-specific (Csk)
shRNA. (b) Indirect immunofluorescence to detect infected (GFP+, green) cells in postnatal day
6 coronal sections from rats injected into the right lateral ventricle with lentiviral particles
encoding for control (ctrl) shRNA and turboGFP at postnatal day 2. GFP immunoreactivity is
detectable in the ipsilateral, but not in the contralateral subventricular zone. (c) Cartoon
representation of a coronal section of a rat brain depicting the injection site, i.e. the lateral
ventricle, and the two regions analyzed i.e. the subventricular zone (green) and the corpus
callosum (red). (d) Indirect immunofluorescence to visualize infected (GFP+, green) OPCs
(NG2+, red) and BrdU-positive cells (white) in the subventricular zone at postnatal day 6
following 24h BrdU incorporation. Scale bars: 50um in overview images, 20pum in higher
magnification insets. (e) Percent BrdU-positive cells +sem in the infected OPC population
(GFP/NG2 double positive) in the subventricular zone of rats injected with lentiviral particles
encoding for control (ctrl, grey bars) and Csk-specific (Csk, grey bars) shRNA at postnatal day 2,
and sacrificed at postnatal day 4 (P4), 6 (P6) and 8 (P8). BrdU was injected 24h prior to sacrifice
(*P<0.05, **P<0.01, ***P<0.001). (f) Indirect immunofluorescence to visualize infected (GFP+,
green) OPCs (NG2+, red) and BrdU-positive cells (white) in the corpus callosum at postnatal
day 6 following 24h BrdU incorporation. Scale bars: 50um in overview images, 20um in higher
magnification insets. (g) Percent BrdU-positive cells +sem in the infected OPC population
(GFP/NG2 double positive) in the corpus callosum of rats injected with lentiviral particles
encoding for control (ctrl, grey bars) and Csk-specific (Csk, grey bars) sShRNA at postnatal day 2,
and sacrificed at postnatal day 4 (P4), 6 (P6) and 8 (P8). BrdU was injected 24h prior to sacrifice
(*P<0.05).
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(shRNA) targeted to rat Csk, or control shRNA, as well as a GFP variant to track cells were
injected, into the lateral ventricles of postnatal day 2 rats (Fig. 10). Subsequently, infected cells
were identified in the subventricular zone (SVZ) and corpus callosum using GFP
immunocytochemistry on fixed tissue (Fig. 10B). I confirmed shRNA efficiency in rat neural
precursors by infecting rat neurosphere cultures with control or Csk shRNA lentiviral particles
and analyzing Csk protein levels by Western blot (Fig. 10A). To evaluate the effect of Csk
depletion on OPC proliferation in vivo | injected BrdU intraperitoneally 24 hours prior to
sacrificing the animals and scored the number of BrdU-positive cells within the infected (GFP-
positive), NG2-positive OPC population. (Fig. 10D-F) NG2-positive OPCs that expressed Csk
shRNA had increased BrdU incorporation (relative to control cells) at all time points examined
in both the SVZ (Fig. 10D,E n=3: 153.7£6.2% at P4, P=0.0017; 124.5+2.1% at P6, P=0.0007;
and 134.7+4.1% at P8, P=0.0187) and the corpus callosum (Fig. 10F,G n=3: 148.1+14.6% at P4,
P=0.0327; 167.9+9.6% at P6, P=0.0241; and 165.7+8.2% at P8, P=0.0368). Together, these
findings suggested that the normal function of Csk is to promote cell cycle exit of OPCs, and in

doing so, may indirectly promote OPC differentiation into newly-formed oligodendrocytes.

Discussion

The ability to transition from proliferative progenitor cells to mature cells is a critical
process that, when dysregulated can contribute to disease. A developmental stall, for example is
seen in multiple sclerosis, where OPCs are able to repopulate demyelinated lesions, but often fail
to myelinate axons®*. However, the molecular mechanisms that control whether or not OPCs exit
the cell cycle and become myelin-competent oligodendrocytes remain unclear. In this chapter, |

identify Csk as a molecular switch in OPCs that is critical for the appropriate timing of OPC cell
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cycle exit in vitro and in vivo. Csk suppresses Fyn and thus suppresses OPC proliferation, as
Csk-deficient OPCs had enhanced Fyn activity (See Chapter 3) and proliferated under conditions
that normally promoted cell cycle exit. Furthermore, treatment with the SFK inhibitor PP2 was
able to effectively rescue the hyperproliferation phenotype of Csk-deficient OPCs, suggesting
that the pro-proliferation effect of Csk loss-of-function was mediated by increased SFK (like
Fyn) activity. On the other hand, overexpression of Csk in cultured OPCs, which suppressed Fyn
activity (See Chapter 3), in turn led to premature cell cycle exit even in the presence of
exogenous PDGF. Taken together these findings not only suggest that Csk is a novel regulator of
the OPC-to-oligodendrocyte transition with a key role in generating appropriate numbers of
oligodendroglia, but also reveal a previously unidentified role for oligodendroglial Fyn in OPC

proliferation.

Csk Promotes Timely Cell Cycle Exit of Oligodendrocyte Progenitor Cells

Csk has been shown to promote cell cycle exit in a variety of tissues and organisms. Thus
Csk loss in Drosophila melanogaster causes hyperproliferation and delays organ growth®®,
while immune-specific deletion of Csk in mice expands the progenitor pool and delays
differentiation®®®. In the current study | found that Csk regulates OPC proliferation, a finding that
revealed a previously unknown role for SFKs (like Fyn) in OPC cell division. Furthermore 1
observed that the highest degree of Fyn inhibition (Y529 phosphorylation) was at the very onset
of OPC differentiation, 2 hours post-plating in low serum medium (Fig. 4), consistent with a
model in which Csk suppression of Fyn contributes to the ability of OPCs to stop dividing and

thus proceed to differentiation. Oligodendrocyte Lyn was shown previously to modulate OPC
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proliferation following exposure to both PDGF and fibronectin, but not on other substrates'®.
Interestingly, | did not detect Lyn phosphorylation at either the autocatalytic Y418, nor the C-
terminal Y529, in primary rat oligodendrocytes (See Chapter 3). Furthermore, although I could
not distinguish Fyn from Src, the latter is expressed at very low levels in oligodendrocytes'®® and
has no previously reported function in this system. | therefore, conclude that the pro-
proliferation effect of Csk loss-of-function may be mediated exclusively through Fyn. Here |
report that SFK (likely Fyn) activity in general may be a key factor in timing progenitor cell
cycle arrest, whereas aberrant Fyn activity, such as that observed following Csk depletion (Fig.
7), may prolong the time spent by OPCs in the cell cycle and thus delay differentiation. Indeed I
found increased proliferation in Csk-depleted OPCs in vitro, even in the absence of growth
factors, or, in the presence of laminin2, a pro-differentiation ECM protein (Fig. 8). The
hyperproliferation of Csk-depleted OPCs was effectively reversed through SFK pharmacological
inhibition (Fig. 8), further demonstrating that excess SFK activity was sufficient to drive
proliferation. Similarly, increased proliferation was observed in Csk-depleted OPCs in neonatal
rodent brains (Figs.9, 10). Since Csk depletion rendered cells unresponsive to mitogen
stimulation (Fig. 8), it can be furthermore surmised that Fyn is an obligate mitogen effector that,
when activated, may be sufficient to maximize OPC proliferation. Taken together these findings
suggest a novel role for SFKs in promoting OPC proliferation and reveal that Csk normally

promotes timely OPC cell cycle exit via Fyn inhibition.

Laminin has been found to promote oligodendrocyte differentiation e.g. adult laminin-
deficient mice display increased numbers of OPCs and decreased numbers of

oligodendrocytes®?%®. OPCs plated on laminin2, however, showed decreased proliferation (Fig.
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8), suggesting that laminin promotes differentiation, at least in part, by stimulating cell cycle
exit. Csk-depleted cells plated on laminin2, however, remained highly proliferative, suggesting
that dysregulated Fyn signaling seen in the absence of Csk acts downstream of laminin2.
However, laminin2 prevented Csk overexpression from suppressing proliferation, suggesting
that laminin2 may be able to modulate SFKs in a Csk-independent manner. For instance,
laminin2 may recruit or activate phosphatases and thus relieve, or by-pass, Csk-mediated
inhibition. Another possibility is that laminins regulate the spatial association of integrins and
receptor tyrosine kinases, as has been shown for laminin-mediated oligodendrocyte survival®®,
In addition, Laursen and colleagues reported recently that laminin2 promotes association of ogf3;-

integrin and contactin within oligodendrocyte rafts to modulate Fyn activity'®’

, raising the
possibility that integrin-contactin complexes may also regulate Csk-driven cell cycle exit.
Similar integrin switches occur in other cells; in keratinocytes, for example, raft-associated ogf4-

integrin promotes EGF-dependent proliferation, while non-raft-associated ogf4 enhances

adhesion and hemidesmosome formation®®.

Csk-depleted cells had increased levels of p27X"* mRNA, while p27K"** protein was
decreased (Fig. 8), suggesting that aberrant SFK activity may also post-transriptionally inhibit
p27""! expression. Previous studies have identified p27<" as an important cell intrinsic

59207209 2 7KPL protein levels increase with each cell cycle,

regulator of OPC cell cycle exit
eventually triggering OPC cell cycle exit®. Thus, p27""* overexpression promotes OPC cell
cycle exit even in the presence of saturating levels of exogenous PDGF*, while p27"'* loss
causes hyperproliferation in the absence of mitogens®®”#'°. In addition, QKI, an mRNA binding

protein, binds to and stabilizes p27""™ mRNA?! when phosphorylated by Fyn'**, but can also
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repress translation. Suppressed p27""* mRNA translation may delay p27<"* protein
accumulation and therefore delay cell cycle exit and differentiation. Thus an interesting
possibility is that Csk depletion delays cell cycle exit in part due to decreased p27" " mRNA

translation.
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Chapter 5:
Csk Loss-of-Function Leads to Delayed Oligodendrocyte

Differentiation

Rationale

Oligodendrocyte differentiation is a complex process associated with extensive
morphological changes, as well as alterations of the cellular proteome and behavior.
Oligodendroglial differentiation requires timely OPC cell cycle exit, process outgrowth and
branching, and finally, the expression of myelin-associated genes. The importance of
oligodendroglial differentiation for normal brain development and function is illustrated by
inherited myelinopathies, as well as by animal models with CNS hypomyelination defects. For
example, hypothyroid mice™, as well as mice lacking thyroid hormone receptors’, exhibit
hypomyelination phenotypes as a result of prolonged OPC proliferation, which in turn leads to
delayed oligodendroglial differentiation. Taken together, these findings illustrate the necessity of

timely cell cycle exit for proper oligodendrocyte differentiation and myelination.

As described in detail in Chapter 2, Fyn activity is essential for normal brain

myelination'®’, and subsequent in vitro studies have established that Fyn activity promotes

158-159,161,163 108
h I,

critical steps during oligodendrocyte differentiation: process outgrowt , surviva
and expression of myelin basic protein®™"****®_In this study, | have identified Csk as an
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inhibitor of Fyn function in oligodendrocytes (See Chapter 3). In view of these observations, |
initially formulated the hypothesis that by inhibiting Fyn activity, Csk should also inhibit
oligodendrocyte differentiation. However, when examining the role of Csk in OPC
proliferation, | found that Csk loss-of-function resulted in increased OPC proliferation in vitro
and in vivo, suggesting a previously unidentified role for Fyn activity in promoting OPC
proliferation. In view of these observations | concluded that Csk has a distinct function in
promoting timely cell cycle exit of oligodendroglial progenitor cells in vitro and in vivo (see
Chapter 4). Since timely OPC cell cycle exit is necessary for OPC-to-oligodendrocyte transition,
and therefore, oligodendrocyte differentiation, Csk may actually promote oligodendrocyte
differentiation, and Csk loss-of-function may result in a developmental delay of oligodendrocyte
lineage progression. In this chapter, |1 will describe experiments designed to test these

possibilities and to better understand the role of Csk in oligodendrocyte differentiation.

Results

Csk Requlates Oligodendroglial Differentiation in vitro

To characterize the function of Csk during oligodendroglial differentiation in vitro |
transfected rat OPCs with control or Csk-specific sSiRNA and, after a 16-hour recovery period,
differentiated the cells for 1, 2, or 4 days, and examined the levels of oligodendroglial stage-
specific proteins (Fig. 11A). Csk-depleted cells, relative to control cells, showed higher levels of
NG2 (an OPC marker) in cells differentiated for either 1 day (Fig. 11B, n=4; 182.2+19.9% on
PDL, P=0.0250; 158.2+3.2% on Lm2, P=0.0220) or 2 days (data not shown), irrespective of
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Figure 11. Csk regulates oligodendroglial differentiation in vitro. OPCs transfected with
control (ctrl) or Csk-specific (Csk) siRNA were differentiated for 1 day (a-c) or 4 days (d-g) on
PDL or Lm2. (a) Western blot analysis of NG2, CNP, and actin (loading control). (b)
Densitometry to determine relative percent NG2 levels in control (ctrl, black bars) and Csk-
specific (Csk, grey bars) siRNA transfected cells. Percent change +sem in NG2 levels
(NG2/actin) relative to that in control (ctrl) sSIRNA transfected cells on PDL is shown (*P<0.05).
(c) Densitometry to determine relative percent CNP levels in control (ctrl, black bars) and Csk-
specific (Csk, grey bars) siRNA transfected cells. Percent change +sem in CNP levels
(CNP/actin) relative to that in control (ctrl) SiRNA transfected cells grown on PDL is shown
(*P<0.05). (d) Western blot analysis of MBP, Csk, and actin (loading control). (¢) Densitometry
to determine relative percent MBP levels in control (ctrl, black bars) and Csk-specific (Csk, grey
bars) siRNA transfected cells. Percent change £sem in MBP levels (MBP/actin) relative to that
in control (ctrl) siRNA transfected cells grown on PDL is shown (*P<0.05). (f) Indirect
immunofluorescence to visualize MBP-positive cells (green) and nuclei (DAPI, blue). Scale bar:
50um. (g) Relative percent MBP-positive control (ctrl, black bars) or Csk-specific (Csk, grey
bars) siRNA transfected cells. Percent change xsem in the number of MBP positive cells relative
to control (ctrl) transfected cells grown on PDL is shown (*P<0.05, * P<0.01). (h, i) OPCs were
transfected with either Csk-ECFP (Csk WT) or vector control (ctrl) and differentiated for 4 days.
(h) Representative images using immunocytochemistry to visualize MBP-positive (red),
transfected (GFP+, green) cells are shown. Scale bars: 50um. (i) Relative percent MBP-positive
cells that were transfected with Csk-ECFP (Csk WT, grey bars) or vector control (ctrl, black
bars). Percent change £sem in the percent MBP-positive cells relative to that in control vector
(ctrl) transfected cells on PDL is shown (*P<0.05).
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substrate. Csk-depleted cells also retained low levels of NG2 after 4 days in differentiation
conditions, a point at which virtually all normal OPCs have differentiated into oligodendrocytes
and have no detectable NG2 expression (data not shown). Conversely, Csk-depleted cells
maintained in differentiation conditions had significantly less CNP than normal cells, a protein
expressed in newly-formed oligodendrocytes but not in OPCs, at both day 1 (Fig. 11C, n=4;
43.6x7.7% on PDL, P=0.0245; 56.2+14.8% on Lm2, P=0.0265) and day 2 (data not shown).
While control cells grown on the pro-differentiation substrate Lm2 showed no change in NG2
protein levels by day 1 (Fig. 11B, n=4; 97.4+5.1%, versus cells grown on PDL, P=0.471),
control cells cultured on Lm2 had significantly increased levels of CNP protein (Fig. 11C, n=4;
150.0+15.9% of cells on PDL, P=0.0285). Together these data suggested that Csk depletion
resulted in prolonged manifestation of progenitor characteristics, i.e. proliferation (See Chapter
4) and the presence of NG2 (Fig. 11B), which was accompanied by delayed differentiation (Fig.

11C).

To evaluate whether delayed differentiation of Csk-depleted OPCs also led to delayed
oligodendrocyte maturation, |1 examined MBP levels in siRNA-transfected OPCs differentiated
for 4 days (Fig. 11D). | found that Csk-depleted cells showed lower MBP levels (Fig. 11E;
45.0+16.5% of control cells when on PDL, P=0.0275, n=5; 52.7+£17.9% of control cells when on
Lm2, P=0.140, n=4). To address whether the decrease in MBP protein was due to an overall
decrease in MBP expression, or due to decreased numbers of mature oligodendrocytes, | used
immunocytochemistry to assess the percentage of MBP-positive, i.e. mature oligodendrocytes
(Fig. 11F,G). I found that, compared to control cells, Csk-depleted cells showed a significantly

decreased percentage of MBP-positive cells at both day 2 (data not shown) and day 4 (Fig. 11G,
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n=3; 59.1+4.4% on PDL, P=0.0037; 55.9+7.8% on Lm2, P=0.048), suggesting that Csk
depletion led to delayed oligodendrocyte maturation. To evaluate the effect of Csk
overexpression on oligodendrocyte maturation, | transfected OPCs with wildtype Csk or control
vector, differentiated for 2 (data not shown) or 4 days, then assessed the percentage of MBP-
positive cells within the population of transfected cells (Fig. 11H). Csk-overexpressing cells
showed a significantly increased percentage of MBP-positive cells relative to control vector-
transfected cells (Fig. 111, n=4; 144.4+4.8% at day 2, P=0.0031; 127+5.5% at day 4, P=0.0037).
Lm2, compared to PDL, caused a small but significant increase in the percentage of MBP-
positive cells in the control vector-transfected cells at the equivalent time points (Fig. 111, n=4;
119.9+6.2% at day 2, P=0.026; 120.1+4.4% at day 4, P=0.012), confirming previous reports that

Lm2 promotes OPC differentiation®'%

. Although Csk overexpression further stimulated
oligodendrocyte differentiation on Lm2 at day 2 (122.3£3.9% of control cells grown on Lmz2,
P=0.01, n=4), by day 4 this effect was no longer significant (109.5+3.6% of control cells grown
on Lm2, P=0.09, n=4), indicating that laminins can speed up OPC differentiation via
mechanisms that are not regulated by Csk. Overall, these findings suggested that Csk normally

helps to generate appropriate numbers of mature oligodendrocytes, as Csk depletion perturbed

timely oligodendroglial differentiation in vitro.

Csk Requlates Oligodendroglial Differentiation in vivo

To further characterize the role of Csk in oligodendroglial differentiation in vivo, and to
assess whether the increase in progenitor proliferation observed in oligodendrocyte-specific Csk
null (Csk mutant) animals resulted in changes in oligodendroglial differentiation, | evaluated

cells in the corpus callosum of P5, P14 and P21 Csk mutant and WT littermates for the presence
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Figure 12. Csk regulates oligodendroglial differentiation in vivo. (a) Indirect
immunofluorescence to visualize positive for PDGFaR (green) or CC1 (red), and nuclei (blue) in
the corpus callosum of postnatal day 21 (P21) wild type (WT) or oligodendrocyte-specific Csk
null (Mut) animals.Scale bars: 50um. (b) Percentage +sem of PDGFaR-positive OPCs in the
corpus callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey
bars) at P5, P14, and P21. (c) Percentage £sem of CC1-positive oligodendrocytes in the corpus
callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars) at
P5, P14, and P21 (*P<0.05, **P<0.01). (d) Western blot analysis of the OPC protein NG2 and
actin (loading control) in cortical lysates from P5 wild type (WT) or oligodendrocyte-specific
Csk null (Mut) animals. (e) Western blot analysis of the mature oligodendrocyte protein MBP
and actin (loading control) in cortical lysates from P14 and P21 wild type (WT) or
oligodendrocyte-specific Csk null (Mut) animals.
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Figure 13. Csk depletion using short hairpin RNA results in delayed oligodendroglial
differentiation in vivo. Postnatal day 2 (P2) rats were injected into the lateral ventricle with
lentiviral particles encoding for turboGFP, as well as control (ctrl) or Csk-specific (Csk) sShRNA,
and sacrificed at P4, P6, P8 or P14/15 (a-f). (a) Indirect immunofluorescence to visualize control
(ctrl) or Csk-specific (Csk) infected (GFP+, green) cells that were also positive for the OPC
marker NG2 (red) in the P6 corpus callosum. Scale bars: 50um in overview images, 20um in
inset high magnification images. (b) Percentage £sem of infected cells that were NG2-positive in
the corpus callosum at P4, P6, and P8, following P2 injection of lentiviral particles encoding for
control (ctrl, black bars) and Csk-specific (Csk, grey bars) shRNA (**P<0.01.). (c) Percentage
+sem of infected cells that were NG2-positive in the corpus callosum at P14-P15, following P2
injection of lentiviral particles encoding for control (ctrl, black bars) and Csk-specific (Csk, grey
bars) shRNA. (d) Indirect immunofluorescence to visualize control (ctrl) or Csk-specific (Csk)
infected (GFP+, green) cells that were also positive for the mature oligodendrocyte marker CC1
(red) in the P6 corpus callosum. Scale bars: 50pm in overview images, 20um in inset high
magnification images. (e) Percentage +sem of infected cells that were CC1-positive in the corpus
callosum at P4, P6, and P8, following P2 injection of lentiviral particles encoding for control
(ctrl, black bars) and Csk-specific (Csk, grey bars) shRNA (**P<0.01.). (f) Percentage £sem of
infected cells that were CC1-positive in the corpus callosum at P14-P15, following P2 injection
of lentiviral particles encoding for control (ctrl, black bars) and Csk-specific (Csk, grey bars)
SshRNA.
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or absence of oligodendroglial lineage markers. Across all three time points | observed increased
percentages of PDGFRa-positive cells (OPCs) in Csk-deficient animals compared to their WT
littermates (Fig. 12A,B n=3; 121.3+6.0% of WT at P5, P=0.094; 118.8+18.5% of WT at P14,
P=0.473; 156.7+14.9% of WT at P21, P=0.081); although these changes were not statistically
significant. However, | found that the percentage of CC1-positive cells, indicative of mature
oligodendrocytes, was significantly decreased within Csk mutant corpus callosa at all time
points examined (Fig. 12A,C, n=3; 63.3+7.0% of WT at P5, P=0.033; 67.7+£1.1% of WT at P14,
P=0.00499; 69.2+3.4% of WT at P21, P=0.036). In addition, | evaluated the expression of
oligodendrocyte lineage markers in cortical lysates from oligodendrocyte-specific Csk null and
WT littermates using western blot analysis and found that Csk mutant cortices showed increased
levels of the progenitor marker NG2 (Fig. 12D, n=3; 199.1+68.8% of WT at P5, P=0.212;
208.6+27.4% of WT at P14, P=0.003), while expression of the myelin component MBP was
decreased (Fig. 12E, n=3; 42.748.8% of WT at P14, P=0.077; 49.5+6.5% of WT at P21,
P=0.034). Taken together these findings reveal that genetic deletion of Csk in oligodendroglia

significantly perturbs oligodendrocyte differentiation.

To evaluate whether the delayed oligodendroglial differentiation observed in
oligodendrocyte-specific Csk null mice was due to a cell-autonomous dysfunction of Csk
deficient oligodendrocytes, or due to global changes in the extracellular milieu of Csk mutant
animals, | injected lentiviral particles encoding for control or Csk-specific ShRNA into the lateral
ventricles of P2 rats as described for Fig. 10. Using immunocytochemistry | identified infected

(GFP-positive) cells in the corpus callosum of P4, P6, P8 and P14 animals and scored them for
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the presence or absence of oligodendroglial lineage markers (Fig. 13). As expected, | found that
the percentage of NG2-positive cells within each GFP-positive population decreased as time
post-injection increased (Fig. 13B). Csk-depleted cells, however, showed an increased
percentage of cells that were NG2-positive, compared to control shRNA-infected cells at the
same time points (Fig. 13A,B n=3; 124.8+8.8% at P4, P=0.08; 143.9t4.0% at P6, P=0.01;
135.3+9.2% at P8, P=0.05). Conversely, the percentage of CC1-positive oligodendrocytes was
decreased within Csk-depleted cell populations over time (Fig. 13D,E n=3; 70.3+5.0% of control
at P4, P=0.06; 74.2+4.4% of control at P6, P=0.0486; 72.1+3.3% of control at P8, P=0.0178).
By P14, however, the numbers of both NG2-positive and CC1-positive cells (Fig. 13C,F) were
comparable in both control and Csk-depleted shRNA-infected cell populations, suggesting that

Csk depletion delays, but does not prevent, oligodendroglial maturation.

Discussion

Previous studies have shown that Fyn function is necessary for two critical aspects of
oligodendroglial differentiation in vitro: 1) morphological differentiation of oligodendrocytes by

promoting process outgrowth and branching*®*>%161

, as well as laminin2-induced myelin sheet
formation'®, and 2) oligodendroglial maturation by promoting expression of the myelin-
associated protein MBP™*>*%° |n view of these observations, I initially hypothesized that by
inhibiting Fyn activity, Csk should in turn inhibit oligodendroglial differentiation, and
conversely, that Csk loss-of-function should promote oligodendroglial differentiation. To test
this hypothesis, | used RNA interference to deplete oligodendroglial Csk in vitro and in vivo, as

well as a Cre-Lox approach to specifically delete Csk in oligodendroglia in transgenic mice, and

analyzed the expression of lineage-specific markers. Interestingly, | found that Csk depletion in
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cultured oligodendroglia resulted in increased levels of the OPC-specific protein NG2, but
decreased levels of the newly-formed oligodendrocyte marker CNP, as well as the mature
oligodendrocyte protein MBP. Similarly, Csk loss-of-function in vivo led to increased numbers
of NG2-positive OPCs, but decreased numbers of CC1-positive, mature oligodendrocytes. These
findings suggest that Csk loss-of-function did not lead to the predicted increase in
oligodendroglial differentiation, but resulted in a developmental delay instead. On the other
hand, Csk overexpression resulted in increased oligodendroglial differentiation as the numbers of
NG2-positive OPCs were decreased, while the numbers of MBP-positive, mature
oligodendrocytes were increased. Taken together, these observations suggest that the normal
function of oligodendroglial Csk is to promote oligodendrocyte differentiation. Why do loss of

156

Fyn activity™, as well as loss of Fyn inhibitor Csk, both result in decreased oligodendroglial

differentiation?

In Chapter 4, | found that loss of Csk resulted in increased OPC proliferation and
concluded that the normal role of Csk is to promote OPC cell cycle exit. In addition, | reported a
previously unidentified role for Fyn activity in promoting OPC proliferation. Since OPC cell
cycle exit occurs prior to differentiation, the two processes cannot always be uncoupled.
Furthermore, conditions that delay OPC cell cycle exit lead to delayed oligodendrocyte
differentiation and maturation. Notable examples of this phenomenon include: transgenic
animals overexpressing PDGF, hypothyroid rodents, as well as mice lacking expression of
thyroid hormone receptors’® or of the Cdk inhibitor p27<"* *°. In these animal models OPC
hyperproliferation and delayed cell cycle exit resulted in delayed oligodendroglial

59,79

differentiation, which was sometimes accompanied by hypomyelination defects®™ ™. It is,
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therefore, reasonable to suggest that the delayed oligodendroglial differentiation observed with
Csk loss-of-function was a direct result from delayed OPC cell cycle exit (See Chapter 4).

As described above, a substantial body of work has implicated Fyn activation as a
necessary step during late oligodendrocyte development i.e. differentiation and myelination. 1
was surprised therefore that Csk depletion, which elevated Fyn activity, led to delayed
oligodendrocyte differentiation. However our finding that Csk was necessary for appropriate
transition of OPCs to newly-formed oligodendrocytes revealed that SFK suppression also was
important for OPC differentiation. Csk depletion led, therefore, to stalled, or delayed, OPC
differentiation in Csk-deficient OPCs compared to normal OPCs. But Csk-deficient OPCs in vivo
eventually differentiated such that by 12 days post-infection, Csk-deficient cells were as likely as
control cells to have differentiated into mature oligodendrocytes (Fig. 13). Together, these
findings suggested that Fyn has distinct and opposing roles during oligodendrocyte development
such that, at the onset of oligodendrogenesis, Fyn promotes progenitor cell division and hence
progenitor expansion, while later, Fyn promotes oligodendrocyte differentiation. One might
predict, therefore, that once Csk-deficient OPCs exit the cell cycle, increased Fyn activity in
Csk-deficient oligodendrocytes may drive increased differentiation. To fully address Csk’s role
in differeniation, however, novel experimental tools need to be developed that allow us to

modulate oligodendroglial Csk function in post-mitotic cells.
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Chapter 6:

Csk Loss-of-Function Promotes Oligodendrocyte Survival

Rationale

Developing oligodendroglia undergo a massive wave of programmed cell death to ensure
that mature oligodendrocytes are not generated in excess. However, excess apoptosis can result
in human disease both during development and in adulthood. For example, neonatal cerebral
ischemia causes massive oligodendroglial apoptosis, which in turn results in delayed myelination
onset and neurological dysfunction®®. Similarly, mutations in the Plp gene, associated with the
inherited leukodystrophy PMD, lead to oligodendrocyte apoptosis and dysmyelination®. In
addition, demyelinating diseases such as multiple sclerosis show damage and death of mature,
myelinating oligodendrocytes, which is presumed to contribute to the pathology. Factors that
promote oligodendrocyte survival are therefore critical for generating and maintaining sufficient
numbers of myelinating oligodendrocytes, and in turn, are necessary for normal brain

homeostasis.

Studies in cultured oligodendrocytes have identified the SFKs Fyn and Lyn as cell-

intrinsic effectors of extracellular pro-survival cues. While Fyn expression is necessary for

d108 d167

laminin2-induced™, as well as L1-induced™", survival of newly-formed oligodendrocytes, Lyn

activity downstream of PDGF and fibronectin signaling is necessary to suppress ceramide
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production, and therefore, apoptosis of OPCs™. It remains unknown, however, if SFK activity
and/or SFK regulatory mechanisms similarly regulate oligodendroglial survival in vivo.
Interestingly, although Fyn” mice have decreased numbers of oligodendroglial cells*?, it
remains unclear whether this loss of oligodendroglia is due decreased proliferation and/or
decreased survival. In chapter 3, | identified that depletion of the SFK inhibitor Csk, resulted in
increased Fyn activity. | therefore, hypothesized that Csk loss-of-function may promote
oligodendrocyte survival. Furthermore, loss of Csk led to OPC hyperproliferation (See Chapter
4) and increased numbers of NG2-positive progenitors, but decreased numbers of CC1-positive,
mature oligodendrocytes and delayed differentiation (See Chapter 5). In view of these
observations | concluded that timely OPC cell cycle exit, and therefore OPC-to-oligodendrocyte
transition were necessary for timely oligodendroglial differentiation. An alternative explanation

for the decreased numbers of mature oligodendrocytes observed in the absence of Csk, however,

is that Csk loss-of-function could lead to impaired survival.

Results

Csk Promotes Apoptosis in Newly-Formed Oligodendrocytes in vitro

To test the hypothesis that Csk loss-of-function decreases oligodendroglial survival and
to address whether the decreased percentage of mature oligodendrocytes observed in Csk-
depleted cells was due to impaired survival, | evaluated apoptosis in newly-formed
oligodendrocytes (Fig. 14). Csk-depleted cells showed a significant decrease in TUNEL-positive
cells compared to control cells (Fig. 14A,B n=4; 50+7.3% on PDL, P=0.00033; 43.2+8% on

Lm2, P=0.0252). To test whether the anti-apoptotic effect was indeed due to increased SFK
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Figure 14. Csk promotes oligodendroglial apoptosis in vitro. OPCs were transfected with
control (ctrl) or Csk-specific (Csk) siRNA and differentiated for 1 day on PDL or Lm2 (a-d). (a)
Immunocytochemistry to detect TUNEL (green) and DAPI (blue) in control (ctrl) or Csk-specific
(Csk) siRNA transfected cells. Scale bars; 50um. (b) Relative percent TUNEL-positive control
(ctrl, black bars) or Csk-specific (Csk, grey bars) siRNA transfected cells. Relative percent
change +sem in TUNEL-positive cells relative to that in control (ctrl) siRNA transfected cells
treated with DMSO on PDL is shown (*P<0.05, ***P<0.001). (c) Western blot analysis of
cleaved caspase3 (CC3) and actin (loading control). (d) Densitometry to determine relative
percent cleaved caspase3 (CC3) in control (ctrl, black bars) and Csk-specific (Csk, grey bars)
SiRNA transfected cells. Percent change £ sem in CC3 protein (CC3/actin) relative to that in
control siRNA transfected cells on PDL is shown (*P<0.05). (e) Immunocytochemistry to detect
TUNEL (red) in cells that were transfected (GFP(+), green) with either Csk (CskWT) or control
vector (ctrl) and differentiated for 1 day. Scale bars: S0um. (f) Relative percent TUNEL-positive
control vector (ctrl, black bars) or Csk (CskWT, grey bars) transfected cells. Relative percent
change £ sem in TUNEL-positive cells relative to that in control vector (ctrl) transfected cells on
PDL is shown (*P<0.05, **P<0.01, ***P<0.001).
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activity, | attempted to block this phenotype using the SFK inhibitor PP2. While control cells
treated with PP2 already showed significantly increased percentages of TUNEL-positive
oligodendrocytes (Fig. 14B, n=3; 159.1+9.6% on PDL, P=0.0390; 121.7+13.1% on Lmz2,
P=0.0375), PP2 treatment of Csk-depleted cells ameliorated the effect of Csk depletion such that
the percentage of TUNEL-positive cells were similar to those of vehicle-treated, control-
transfected cells (Fig. 14B, n=3; 91.7+14.8% on PDL, P=0.519; 70.8+24.2% on Lm2, P=0.967,
n=3); these data indicated that the pro-survival effects of Csk depletion were due to excess SFK
activity. As an additional readout for apoptosis, | monitored levels of cleaved caspase-3 protein
(CC3) in control and Csk-depleted OPCs differentiated for 1 day. Csk-depletion significantly
decreased CC3 levels in newly-formed oligodendrocytes relative to that in control cells (Fig.
14C,D n=6; 69.7£12.4% on PDL, P=0.0414; 278+16% on Lm2, P=0.157). Csk overexpression,
however, had the opposite effect i.e. it significantly increased the percentage of TUNEL-positive
oligodendrocytes (Fig. 14E,F, n=4; 162.6+16.3% on PDL, P=0.0037; 122.2+10% on Lmz2,

P=0.0004). In agreement with prior studies'®

, | observed that Lm2 provided a significant
protection from apoptosis as the percentage of TUNEL-positive cells was decreased to
72.242.8% on Lm2 substrate (Fig. 13F, n=4; P=0.0135). These findings suggested that Csk

promotes apoptosis in newly-formed oligodendrocytes, providing an additional means for Csk to

regulate oligodendrocyte numbers.

Csk Promotes Mature Oligodendrocyte Apoptosis in vivo

To test whether Csk regulates oligodendroglial survival in vivo, and to determine whether

the decreased numbers of CC1-positive, mature oligodendrocytes observed in oligodendrocyte-
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Figure 15. Csk promotes oligodendroglial apoptosis in vivo. (a) Indirect immunofluorescence
to detect TUNEL (white), CC1+ (red) cells, and nuclei (blue) in the corpus callosum of postnatal
day 14 (P14) wild type (WT) or oligodendrocyte-specific Csk null (Mut) animals. Scale bars:
50um. (b) Percentage £sem of TUNEL-positive mature oligodendrocytes (CC1+) in corpus
callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars) at
P5, P14, and P21 (*P<0.05, **P<0.01).
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specific Csk null corpus callosa were as a result of increased apoptosis, | evaluated
oligodendroglial apoptosis in the corpus callosum of Csk mutant (Mut) and wild type mice at P5,
P14, and P21 (Fig. 14). Using immunocytochemistry, | identified the presence or absence of
apoptotic, TUNEL-positive cells within CC1-positive, mature oligodendrocytes within mutant
(Mut) and wild type corpus callosum.  The percentage of apoptotic CC1-positive mature
oligodendrocytes was decreased in the Mut animals at all time points examined (Fig. 15A, B;
n=3; 63.4+£8.1% of WT at P5, P=0.069; 47.02+5.4% of WT at P14, P=0.0029; 46.25+£10.3% of
WT at P21, P=0.012), suggesting that gene deletion of Csk results in decreased apoptosis. These

findings suggest in the developing brain Csk promotes apoptosis of mature oligodendrocytes.

Discussion

Since decreased numbers of mature oligodendrocytes were observed following Csk
depletion, I considered the possibility that Csk loss triggered apoptosis. Instead, Csk depletion
led to a significant increase in survival, suggesting that, since Csk depleted cells survive better
than their wild types counterparts, increased death cannot be responsible for a decrease in
oligodendrocyte numbers. Pharmacological inhibition of SFKs effectively reversed the pro-
survival phenotype in Csk-depleted cells, again revealing that inappropriate SFK activation was
responsible. Indeed, previous studies reported that Fyn was necessary for laminin-mediated®
and L1-mediated-'®" oligodendroglial survival, however in the absence of these ligands, Fyn has
not previously been implicated in oligodendrocyte survival. Furthermore, although Lyn activity
downstream of a combination of PDGF and fibronectin signaling suppressed ceramide-mediated

apoptosis of cultured OPCs®, Lyn activity has never been implicated in oligodendroglial

survival in the absence of these extracellular cues. Here | report that SFK activity contributed to
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oligodendrocyte survival in the absence of laminin, L1, PDGF or fibronectin, as treatment with
SFK inhibitors led to increased apoptosis (Fig. 14). A large fraction of newly-formed
oligodendrocytes, if they fail to establish axon contact, undergo apoptosis at the onset of
myelination?'?, yet very little is known regarding why some OPCs avoid this scenario i.e do not
myelinate or die, but instead become adult OPCs. It may be that differential dependence on
exogenous factors versus intrinsic survival signaling contributes to cell outcomes during this
critical window. Thus SFK activity may be an intrinsic regulator of oligodendrocyte survival that
promotes survival, particularly in the presence of external stimuli i.e. laminin, L1, fibronectin or
PDGEF. In its role as a Fyn inhibitor, therefore, Csk may act as a “gatekeeper” to determine

sensitivity to survival cues in newly-formed oligodendrocytes.
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Chapter 7:

Csk Promotes Termination of Myelin Wrapping

Rationale

Myelination is the ensheathment of axons with concentric spirals of a specialized plasma
membrane produced by oligodendrocytes in the CNS, and by Schwann cells in the PNS. Since
myelination is the final step of oligodendrocyte differentiation it cannot necessarily be uncoupled
experimentally from oligodendrocyte development. As discussed in Chapter 1, the molecules
that regulate myelination specifically are very few, however, a vast array of signaling pathways
regulate CNS myelination indirectly by influencing oligodendrocyte biology. For example, in
vitro studies have suggested that Fyn activity is necessary for OPC migration, process outgrowth
and branching, newly-formed oligodendrocyte survival, expression of myelin proteins such as
MBP, and overall oligodendrocyte differentiation. In vivo, mice lacking either Fyn or Fyn
activity are hypomyelinated®*®*%6:162 - Although it is unclear whether Fyn activity directly
regulates myelination, the phenotype of Fyn mutant mice does suggest that Fyn activity can
regulate myelination, either directly or indirectly. It is therefore reasonable to hypothesize that

molecules that modulate Fyn activity, such as Csk, also regulate myelination.

To the test this hypothesis | generated and evaluated the myelin content of
oligodendrocyte-specific Csk null mice (Csk™™:CNP-cre™"). Since Fyn activity is necessary for

normal myelination, | originally formulated the hypothesis that Csk in its role as a SFK
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inhibitor should inhibit myelination. Thus | hypothesized that Csk loss-of-function was likely
to promote Fyn activity and thus promote myelination. | therefore expected Csk mutant mice
to have normal or, more likely, increased or precocious myelin content. Interestingly, loss of Csk
led to increased proliferation of oligodendrocyte progenitors, which translated into decreased
oligodendrocyte differentiation during early myelination events both in vitro and in vivo (See
Chapters 4 and 5). In the following chapter | evaluated the role of Csk during myelination using
a Csk loss-of-function mouse in which Csk gene expression was compromised specifically in

oligodendroglia.

Results

Oligodendrocyte-Specific Csk Null Mice are Hypomyelinated within the Corpus

Callosum at P21

To evaluate the role of Csk in oligodendrocyte development and myelination in vivo, |
specifically deleted Csk within oligodendroglia using mice expressing Cre recombinase
downstream of the promoter for an oligodendrocyte-specific gene, CNP (CNP-cre™). In order to
identify whether Csk plays a role in myelination | used transmission electron microscopy to
evaluate the myelin content and ultrastructure within the corpus callosa of oligodendrocyte-
specific Csk null (Mut) and WT littermates at P21. | found that the removal of Csk led to a
substantial increase in the percentage of unmyelinated axons (Fig. 16A,C n=2; 141.4+2.3% of
WT). Furthermore, | observed a significant number (18.4+1.3% for Mut, versus 0 for WT, n=2)

of unmyelinated axons within the medium-to-large caliber axon group (diameter>0.75um). It
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should be noted that within the WT corpus callosum at P21 the vast majority of larger caliber
axons are typically myelinated, and indeed | found none that were unmyelinated in WT animals.
These data suggest that the presence of Csk may normally be necessary for the correct timing of
myelination onset, likely as a direct result of Csk’s ability to promote the OPC-to-
oligodendrocyte transition (See Chapter 4). Indeed, | observed no apparent difference in myelin
thickness or g ratio (diameter of axon alone/diameter of axon including the myelin) between Mut
and WT corpus callosal axons (Fig. 16A,B n=2; mean g ratio was 0.876+0.0015 for WT and
0.867+0.0018 for Mut) suggesting that once myelination is initiated, Csk may be dispensible to

the ability of the mature oligodendrocyte to undergo normal myelin wrapping.

The corpus callosum is a major white matter tract in the cortex that consists of parallel
axons connecting the two cortical hemispheres. Because in the absence of inflammation this
region is only sparsely populated by microglia and astrocytes, corpus callosal thickness can be
used as another measure of myelination. | utilized MBP and neurofilament immunoreactivity to
visualize and measure the thickness of the corpus callosum and found that at P21
oligodendrocyte-specific Csk null (Mut) mice had thinner corpus callosa compared to their wild
type (WT) littermates (Fig. 5D,E). It should be noted that there was no apparent change in the
number of corpus callosal axons visualized by neurofilament immunostaining. Taken together
the above findings suggest that loss of oligodendrocyte Csk leads to hypomyelination of, and
thinning of, the corpus callosum during the period of active myelination (P21). On the other
hand, Csk function does not affect myelin wrapping at this stage as myelin thickness measured

by g ratio was unaffected in the absence of Csk.
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Figure 16. Loss of Csk leads to hypomyelination in the corpus callosum at postnatal day 21.
(a) Transmission electron microscopy images of sagital sections through the corpus callosum of
wild type (WT) or oligodendrocyte-specific Csk null (Mut) animals at P21. Scale bars: 1um in
overview images, 200nm in high magnification images. (b) Quantification of myelin sheath
thickness (g ratio) as a function of axon diameter in the corpus callosum of wild type (WT, blue
circles) and oligodendrocyte-specific Csk null (Mut, red circles) at P21 (n=2) (c) Percentage
t+sem of unmyelinated axons within the corpus callosum of P21 wild type (WT, black bars) and

oligodendrocyte-specific Csk null (Mut, grey bars) animals.
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Loss of Csk Causes Regional Differences in MBP Protein Levels

Thus far | have observed that decreased mature oligodendrocyte numbers (See Chapter 4)

151-152,156

giving rise to fewer myelinated axons. Interestingly, mice lacking either Fyn or Fyn

activity™’

are similarly hypomyelinated within the corpus callosum. How can both increased Fyn
activity, as in Csk mutant mice, and loss of Fyn activity, as in Fyn” mice, lead to similar
phenotypes? To help answer this question | characterized myelination in CNS regions that are

myelinated earlier than the corpus callosum, such as the cerebellum and the spinal cord.

First, | utilized Western blot analysis to evaluate MBP protein levels within cortical,
cerebellar and spinal cord lysates. | found that MBP protein levels were decreased in cortical
lysates isolated from 21 day-old oligodendrocyte-specific Csk null (Mut) animals compared to
their wild type (WT) littermates (Fig. 17A,D n=3; 67.0£10.3% of WT) thus confirming that loss
of Csk results in decreased oligodendroglial maturation and/or myelination. On the other hand,
loss of Csk led to an increase in MBP protein in the cerebellum (Fig. 17B,D n=3; 279.4£11.0%
of WT) and spinal cord (Fig. 17C,D n=3; 206.8+15.2 of WT). This regional discrepancy in the
Csk mutant phenotype could be due to regional differences in the role of Csk in oligodendrocyte
development and myelination. Alternatively, the regional differences observed within Csk
mutant animals may reflect the timing of myelination, since myelination in the CNS proceeds in
a caudal to rostral manner, such that it is completed first in the spinal cord, then in the
cerebellum and finally the cortex and corpus callosum. Thus, the Csk loss-of-function phenotype

may have progressed to a later stage in early myelinating structures.
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Figure 17. Genetic deletion of Csk in oligodendroglia leads to regional differences in myelin
basic protein (MBP). (a-c) Western blot analysis of MBP and actin (loading control) in lysates
isolated from (a) cortex (CTX), (b) cerebellum (d) spinal cord (SC) from (WT) or
oligodendrocyte-specific Csk null (Mut) animals at postnatal day 21. (d) Densitometry to
determine relative percent MBP levels in cortical (CTX), cerebellar (CB), and spinal cord (SC)
lysates isolated from postnatal day 21-old control (ctrl, black bars) and oligodendrocyte-specific
Csk null (Mut) animals Csk-specific (Csk, grey bars). Percent change +sem in MBP levels
(MBP/actin) relative to that in wild type animals (WT). (e-g) Western blot analysis of MBP and
actin (loading control) in lysates isolated from (e) cortex (CTX), (f) cerebellum (g) spinal cord
(SC) from (WT) or oligodendrocyte-specific Csk null (Mut) animals at postnatal day 14. (d)
Densitometry to determine relative percent MBP levels in cortical (CTX), cerebellar (CB), and
spinal cord (SC) lysates isolated from postnatal day 14-old control (ctrl, black bars) and
oligodendrocyte-specific Csk null (Mut) animals Csk-specific (Csk, grey bars). Percent change
+sem in MBP levels (MBP/actin) relative to that in wild type animals (WT)

110



Figure 17
a) b) c)

P21 CTX P21 CB P21 SC
WT  Mut WT  Mut WT  Mut
R
VEP L .
-

P14 CTX
WT Mut

111

Relative Percent MBP Expression

Relative Percent MBP Expression

2507

v

2007

v
-Mut




To test whether the regional variability in myelination observed within Csk mutant
animals reflected the regional differences in the timing of myelination | evaluated MBP protein
expression earlier, at P14. At this developmental time point the myelination process in wild type
animals is almost complete in the spinal cord, actively-ongoing in the cerebellum, and just
beginning in the cortex. Using Western blot analysis | found that MBP protein levels in Csk
mutant spinal cord lysates were again increased (Fig. 16G,H n=3; 142.1+15.2 of WT) at P14. On
the other hand, loss of Csk led to a decrease in MBP protein in cerebellar (Fig. 16F,H n=3;
62.08+17.9% of WT ) and cortical lysates (Fig.E,H n=3; 53.9+16.9% of WT). These findings
suggest that the Csk mutant phenotype cannot be explained by regional differences in the role of
Csk in oligodendrocyte development and myelination. Instead, since MBP protein levels are
lower within Csk null cerebella at P14 and higher at P21, it is therefore reasonable to suggest
that, whether in the cerebellum or the cortex, low MBP protein levels can be attributed to
delayed oligodendrocyte differentiation. However, since loss of Csk leads to OPC
hyperproliferation, resulting in delayed OPC-to-oligodendrocyte transition and differentiation, |

have not yet established a direct role of Csk in regulating myelination.

Loss of Csk Leads to Increased Myelination in the Cerebellum and Spinal Cord at

P21

Although loss of Csk led to decreased myelin content within the corpus callosum at P21
(Fig. 16), it also resulted in increased MBP protein expression in two other CNS regions, the
cerebellum and spinal cord (Fig. 17). To determine if increased MBP protein levels translated to
increased myelination, | utilized transmission electron microscopy to examine cerebellar and
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Figure 18. Loss of Csk leads to hypermyelination in the cerebellum and spinal cord at
postnatal day 21. (a) Transmission electron microscopy images of coronal sections through the
cerebellum (CB) and spinal cord (SC) of wild type (WT) or oligodendrocyte-specific Csk null
(Mut) animals at P21. Scale bars: 2um. (b) Percentage +sem of unmyelinated axons within the
cerebellum of P21 wild type (WT, black bars) and oligodendrocyte-specific Csk null (Mut, grey
bars) animals. (c) Quantification of myelin sheath thickness (g ratio) as a function of axon
diameter in the cerebellum of wild type (WT, blue circles) and oligodendrocyte-specific Csk null
(Mut, red circles) at P21 (n=2). (d) Percentage £sem of unmyelinated axons within the spinal
cord of P21 wild type (WT, black bars) and oligodendrocyte-specific Csk null (Mut, grey bars)
animals. (c) Quantification of myelin sheath thickness (g ratio) as a function of axon diameter in
the spinal cord of wild type (WT, black triangles) and oligodendrocyte-specific Csk null (Mut,
grey circles) at P21 (n=2).
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spinal cord myelin. Gross observations revealed that unlike the corpus callosum (Fig. 18), in
both the cerebellum and the spinal cord, there was no significant difference between the two
genotypes in the number of myelinated axons (Fig, 18A,B). On the other hand, quantification of
the myelin content using g ratio revealed that oligodendrocyte-specific Csk null (Mut) mice had
smaller g ratios (Fig. 18D,E) and thus thicker myelin. These data suggest that, once Csk null
oligodendrocytes eventually differentiate, they wrap around axons more times and produce more

myelin. Therefore, Csk may normally function to terminate myelin wrapping.

Adult Oligodendrocyte-Specific Csk Null Mice are Hypermyelinated in the CNS

The findings that oligodendrocyte-specific Csk null mice display a hypermyelination
phenotype in the spinal cord and cerebellum at P21, (Fig. 18) suggest that the normal function of
Csk may be to terminate myelin wrapping. To further test this hypothesis, | examined the myelin
content in adult mice (3 month and 1 year old). Similar to our observations of P21 spinal cords
and cerebella (Fig. 18), | found that Csk loss resulted in smaller g ratios and thicker myelin in
these regions at both 3 months (Fig. 19A-C) and 1 year (Fig. 19D-F) of age. Interestingly, Csk
mutant animals also exhibited a hypermyelination phenotype in the adult corpus callosum (Fig.
20A-C). In addition, immunohistochemistry with antibodies against MBP revealed that the
hypermyelination phenotype of Csk null mice was accompanied by a progressive thickening of
the corpus callosum (Figl9E-H) Taken together, these data suggest that, once Csk null
oligodendrocytes fully differentiate and initiate myelination, they overcompensate and

hypermyelinate their axonal targets. In addition, the differences in the myelin thickness between
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Figure 19. Loss of Csk leads to hypermyelination in the adult cerebellum and spinal cord.
(a) Transmission electron microscopy images of coronal sections through the cerebellum (CB)
and spinal cord (SC) of wild type (WT) or oligodendrocyte-specific Csk null (Mut) animals 3
months. Scale bars: 2um. (b) Quantification of myelin sheath thickness (g ratio) as a function of
axon diameter in the cerebellum of wild type (WT, blue circles) and oligodendrocyte-specific
Csk null (Mut, red circles) at 3months (n=3). (c) Quantification of myelin sheath thickness (g
ratio) as a function of axon diameter in the spinal cord of wild type (WT, blue circles) and
oligodendrocyte-specific Csk null (Mut, red circles) at 3months (n=2). (d) Transmission electron
microscopy images of coronal sections through the cerebellum (CB) and spinal cord (SC) of wild
type (WT) or oligodendrocyte-specific Csk null (Mut) animals 1 year. Scale bars: 100nm. (e)
Quantification of myelin sheath thickness (g ratio) as a function of axon diameter in the
cerebellum of wild type (WT, blue circles) and oligodendrocyte-specific Csk null (Mut, red
circles) at lyear (n=2). (f) Quantification of myelin sheath thickness (g ratio) as a function of
axon diameter in the spinal cord of wild type (WT, blue circles) and oligodendrocyte-specific

Csk null (Mut, red circles) at 1year (n=2).
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oligodendrocyte-specific Csk null and wild type mice increase with age in all regions suggesting

that the myelin defect of Csk mutant mice is progressive.

Increased myelination could be due to an increase in the myelin produced by the same
number of oligodendrocytes, or, it could also be due to increased numbers of mature
oligodendrocytes. To investigate these two possibilities in relationship to the hypermyelination
phenotype of oligodendrocyte-specific Csk null animals, | identified CC1-positive, mature
oligodendrocytes by immunohistochemistry. | found that the numbers of CCLl-positive
oligodendrocytes within the Csk mutant corpus callosum were similar to those of their wild type
littermates (Fig. 20A,B n=3; 95.3+£13.2% of WT at 3months). In addition to more myelin, Csk
null oligodendrocytes produce more MBP, as the overall MBP immunoreactivity is increased in
the adult CNS (Fig. 20D). Thus, in the absence of Csk, individual oligodendrocytes produce
more myelin, suggesting that, in addition to its roles in oligodendroglial development, Csk has a
role specific to the myelination process in that it promotes the timely termination of myelin
wrapping.  Csk loss-of-function therefore leads to exuberant myelin wrapping and a

hypermyelination phenotype.

Csk has distinct and opposing functions during oligodendrocyte development and
myelination, such that early in development Csk promotes OPC cell cycle exit, while at the tail
end of development, Csk promotes the termination of myelin wrapping. As discussed in Chapter
4, Csk null oligodendrocytes hyperproliferate and populate the brains of Csk mutant animals in

larger numbers. On the other hand, adult Csk mutant animals contain the same number of mature
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Figure 20. Loss of Csk leads to hypermyelination in the adult corpus callossum. (a)
Transmission electron microscopy images of sagittal sections through the corpus callosum of
wild type (WT) or oligodendrocyte-specific Csk null (Mut) animals at 3 months and 1 year.
Scale bars: 100nm. (b) Quantification of myelin sheath thickness (g ratio) as a function of axon
diameter in the corpus callossum of wild type (WT, blue circles) and oligodendrocyte-specific
Csk null (Mut, red circles) at 3months (n=3). (c) Quantification of myelin sheath thickness (g
ratio) as a function of axon diameter in the corpus callosum of wild type (WT, blue circles) and
oligodendrocyte-specific Csk null (Mut, red circles) at 1year (n=2). (d) Indirect
immunofluorescence to detect MBP (green) in the cortex of wild type (WT) or oligodendrocyte-
specific Csk null (Mut) animals at 3 months and 1 year. (e) Average width of the corpus
callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars) at 3
months and 1 year. (f) Indirect immunofluorescence to detect Ki67+ (red) and NG2+ (green) or
CC1+ (red) cells, and nuclei (blue) in the corpus callosum of 3 month-old wild type (WT) or
oligodendrocyte-specific Csk null (Mut) animals. Scale bars: 50um. (g) Percentage +sem of
NG2-positive OPCs and CC-positive mature oligodendrocytes in corpus callosum of wild type
(wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars) at 3 months.
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oligodendrocyte as their wild type counterparts. To test whether increased numbers of OPCs
persist in oligodendrocyte-specific Csk null white matter tracts, | identified NG2-positive
progenitors by immunocytochemistry, and surprisingly found no significant differences in the
numbers of oligodendroglial progenitors within the white matter tracts of Csk mutant and wild
type mice (Fig. 20F n=3; 115.7+23.2% of WT at 3months) suggesting that as Csk mutant
animals age the numbers of OPCs normalize to wild type levels. In addition, using
immunocytochemistry against the proliferation marker PCNA, | identified the number of
proliferating, PCNA-positive cells within the NG2-positive, progenitor cell population (Fig. 20F
n=3; 17.3+4.7% in WT versus 25.8+8% in Mut ). Therefore, Csk loss-of-function did not alter
the degree of OPC proliferation in adult animals, as | found no significant differences in the
percentage of proliferating OPCs between oligodendrocyte-specific Csk null animals and their
wild type littermates (Fig. 20F). Taken together, these findings suggest that Csk may not only be
dispensable for OPC proliferation in the adult, but also suggest that the hypermyelination
phenotype observed in oligodendrocyte-specific Csk null mice is due to exuberant myelination

that is independent of oligodendroglial production.

Discussion

Factors that control the degree of myelin wrapping may be prove to be useful
pharmacological targets to enhance myelin wrapping during myelin repair. In this chapter | have
described experiments that test the hypothesis that the SFK inhibitor Csk inhibits myelination,
and thus, as a consequence, that Csk loss-of-function enhances myelin wrapping. By examining
the myelin content within the corpus callosum of oligodendrocyte-specific Csk null and wild
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type mice at a period of active myelination, P21, | found that Csk loss led to a decrease in the
number of myelinated, large caliber axons, suggestive of hypomyelination. However, loss of Csk
did not affect the number of myelinated axons in the cerebellum and spinal cord, two CNS
regions that are myelinated earlier than the corpus callosum. Western blot analysis furthermore
revealed that MBP protein levels were reduced in Csk mutant cortical lysates, but increased
within cerebellar and spinal cord Csk mutant lysates at P21. At P14, when myelination is just
beginning in the cortex, actively-ongoing in the cerebellum, and almost complete in the spinal
cord, | found that MBP protein levels were decreased in the cortex and cerebellum of Csk mutant
animals, but increased in the spinal cord. In view of these findings | concluded that during the
early stages of myelination, loss of Csk leads to a delay in myelination, which is a direct result of
Csk loss-of-function-mediated delay in progenitor-to-oligodendrocyte transition, and therefore, a
delay oligodendrocyte differentiation (See Chapters 4 and 5). Furthermore, | concluded that,
after Csk null oligodendrocytes catch up developmentally to their wild type counterparts, as in
the P21 cerebellum and spinal cord, they myelinate an equivalent number of axons. Further
examination of the myelin ultrastructure using transmission electron microscopy, and subsequent
quantification of myelin thickness by g ratio, revealed thicker myelin in the cerebellum and
spinal cord of 21 day-old oligodendrocyte-specific Csk null mice. Interestingly, Csk loss did not
affect the myelin thickness within the P21 corpus callosum, presumably because myelination is
delayed at this stage of development. With age, however, Csk mutant animals exhibited
progressively thicker myelin than their wild type littermates in all of the CNS regions examined
including the corpus callosum (3 month and lyear old mice). In addition, | observed no
difference in mature oligodendrocyte numbers between adult oligodendrocyte-specific Csk

mutant mice and their wild type littermates. These findings suggested that Csk loss-of-function
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promoted myelin wrapping directly, and that the same number of Csk null mature
oligodendrocytes were responsible for the hypermyelination phenotype attributed to loss of Csk.
I, therefore, identified Csk as a novel regulator of myelination with a distinct function in
promoting the termination of myelin wrapping, such that, when Csk is removed, myelin

wrapping continues inappropriately, leading to enlarged myelin sheaths.

Oligodendrocyte-Specific Csk Null Corpus Callosa are Hypomyelinated at P21

A substantial body of work has implicated Fyn activation as a necessary step during CNS
myelination. | was surprised, therefore, that Csk depletion, which elevated Fyn activity (See
Chapter 3), led to decreased myelination of corpus callosal axons at P21 (Fig. 16). However, as
described and discussed in Chapters 4 and 5, our finding that Csk was necessary for the timely
transition of OPCs to newly-formed oligodendrocytes revealed a novel role for SFK suppression
in OPC cycle exit, one that was a critical prerequisite to OPC differentiation. Csk depletion led,
therefore, to stalled, or delayed, OPC differentiation in Csk-deficient OPCs compared to wild
type OPCs. Specifically, within the P21 corpus callosum, Csk deficient OPCs displayed a modest
increase in proliferation and overall numbers, while Csk null oligodendrocytes populated this
region in reduced numbers (See Chapter 5). It is therefore reasonable to suggest that a reduced
number of mature oligodendrocytes can only myelinate a more limited number of axons, thus
explaining the reduced number of myelinated corpus callosal axons of 21 day-old

oligodendrocyte-specific Csk null animals.
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Furthermore, Western blot analysis revealed that MBP protein levels were reduced within
cortical lysates isolated from Csk mutant animals at P14 and P21 (Fig. 17). Although MBP is
expressed in mature oligodendrocytes before they initiate myelination, this protein is also a
structural component of myelin that is expressed by myelinating oligodendrocytes. MBP protein
levels can, therefore, can be used as a myelination readout that is complimentary to myelin
ultrastrcuture. Thus reduced MBP protein levels in Csk mutant lysates can reflect reduced myelin
content within the cortex, that is accompanied by decreased differentiation of Csk deficient

oligodendroglia.

Loss of Csk Causes Regional Differences in MBP Protein Levels at P14 and P21

Although loss of Csk leads to delayed oligodendroglial differentiation, Csk null
oligodendrocytes eventually do differentiate and catch up to their wild type counterparts (See
Fig. 12, Chapter 5). Suggesting that although initially delayed, differentiation is eventually
completed in Csk null oligodendrocytes. | therefore hypothesized that Csk null oligodendrocytes
would similarly catch up to their wild type counterparts in regions that are myelinated earlier
than the cortex, thus allowing us to investigate the role of Csk in myelination. To test this
hypothesis | examined MBP protein expression using Western blot analysis of lysates obtained

from wild type and Csk mutant cerebella and spinal cords at P14 and P21 (Fig. 17).

CNS myelination proceeds in a caudal to rostral manner such that the spinal cord is
myelinated first, followed by the cerebellum and finally the cortex. In 14 day-old wild type mice,
myelination is just beginning in the cortex, actively-ongoing in the cerebellum and almost

complete in spinal cord. Western blot analysis revealed that loss of Csk led to decreased levels of
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MBP protein in the cortex and cerebellum, while in spinal cord, MBP protein levels were
increased in Csk mutant animals (Fig. 17). In 21 day-old wild type mice, myelination is almost
completed in the spinal cord and the cerebellum, but actively ongoing in the cortex. Interestingly,
loss of Csk led to an increase in MBP protein levels in cerebellar and spinal cord lysates, while
in the Csk mutant cortical lysates, MBP protein levels remained decreased (Fig. 17). Since MBP
protein levels within cerebellar lysates isolated from oligodendrocyte-specific Csk null mice
were decreased at P14, but increased only 7 days later, at P21, | concluded that Csk in
oligodendrocytes does not function in a regional-specific manner, but instead the regional
differences of MBP protein were as a direct result of regionally-specific differences in the timing
of oligodendrocyte differentiation and myelination. Taken together these findings suggest that
Csk loss-of-function has distinct and opposing effects during oligodendrocyte development such
that, at the onset of oligodendrogenesis it leads to progenitor expansion causing a delay in
differentiation and MBP expression (See Chapter 5), while later it may promote oligodendrocyte
differentiation and even myelination. This later role of Csk loss-of-function is also consistent
with the wealth of data suggesting that Fyn promotes oligodendroglial differentiation and
myelination'*®*91%13 1 addition, Fyn promotes MBP gene transcription™ and MBP mRNA
translation’***. Thus loss of Csk, which promotes Fyn activity, may lead to increased MBP
transcription and translation, thereby explaining the increased levels of MBP protein observed in
cerebellar (P21) and spinal cord (P14 and P21) lysates isolated from oligodendrocyte-specific
Csk null mice. Furthermore, differences in MBP protein expression reflect regional differences
in the progression of differentiation and myelination, and are not likely due to distinct regionally-

specific roles for Csk function.
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Loss of Csk Leads to Progressive Hypermyelination in the CNS

The findings described in Chapters 4 and 5 of this document, together with the findings
published by other groups (See Chapter 2), suggest that Fyn has distinct and opposing roles
during oligodendrocyte development such that, at the onset of oligodendrogenesis, Fyn promotes
progenitor cell division and hence progenitor expansion, while later, Fyn promotes
oligodendroglial differentiation and myelination onset. Because of the duality of Fyn/Csk
function, and the initial delay in oligodendroglial differentiation caused by Csk loss-of-function
and premature Fyn activation, | needed to examine the role of Csk in myelination within regions,
and at developmental time points, where oligodendrocyte differentiation in Csk mutant animals

has normalized to that observed in wild type animals.

At P21, MBP protein levels within Csk mutant cerebellum and spinal cord are higher
than those observed in the respective regions in wild type animals (Fig. 17), suggesting that Csk
mutant oligodendrocytes have overcome their initial delay in differentiation and have either
caught up to their wild type counterparts, or exceeded them. I, therefore, proposed that P21
cerebella and spinal cords could be used to evaluate the role of Csk in myelination. Upon
examination of the myelin ultrastructure using transmission electron microscopy | found that loss
of Csk resulted in thicker myelin and smaller g ratios in both the cerebellum and the spinal cord
at P21 (Fig. 18). These observations suggested a novel role for Csk function in myelination. I,
therefore, proposed the following roles for Csk in regulating myelination; 1) Csk inhibits
oligodendrocyte differentiation at developmental time points following OPC-to-oligodendrocyte

transition, such as the expression of myelin components and oligodendroglial maturation; 2) Csk
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inhibits myelin wrapping by inhibiting oligodendrocyte process outgrowth and branching; 3) Csk

acts as a stop signal to promote the timely termination of myelin wrapping.

How might altered SFK activity lead to altered myelin wrapping? Numerous lines of
evidence suggest that, at least in vitro, Fyn promotes oligodendrocyte process outgrowth, which
may reflect the ability of oligodendrocytes in vivo to extend and wrap processes around axons.
Resh and colleagues utilized overexpression of a kinase dead form of Fyn in primary rat
oligodendrocytes to suggest that Fyn activity is necessarily for p190 Rho GAP-dependent
inhibition of Rho, which in turn facilitates and promotes process outgrowth™. In addition, Fyn
activity was found to mediate fibronectin-dependent activation of Cdc42 and Rac, which in turn
promote oligodendrocyte process outgrowth®®. Fyn activity is also necessary to promote FAK-
dependent activation of Cdc42 and Rac, as well as process outgrowth, downstream of laminin2
in the CG4 oligodendrocyte cell line'™*. Furthermore, interaction of the microtubule stabilizing
protein Tau with the SH3 domain of Fyn was also found necessary to promote microtubule
assembly and stimulate process outgrowth in oligodendrocytes in vitro'®®. Finally, Fyn was
shown to be a downstream effector of Netrin-DCC signaling necessary for FAK-mediated
inhibition of RhoA, thereby promoting cytoskeletal remodeling, process outgrowth and
branching™. Taken together, these studies suggest that Fyn integrates extracellular cues to
regulate cytoskeletal dynamics and promote process outgrowth. It is therefore reasonable to
suggest that in its role as a Fyn inhibitor, Csk can inhibit process outgrowth. Loss of Csk can,
therefore, lead to increased process outgrowth that can in turn translate to increased myelin
wrapping in vivo. Interestingly, although I did not test and quantify process outgrowth directly, |

observed that, surpisingly, both Csk deficient (sSiRNA-treated) and Csk overexpressing primary
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rat oligodendrocytes contained shorter processes (See Chapter 5, Fig 11). If these observations
indeed prove to be correct, they suggest that for appropriate process outgrowth to occur, Fyn
may need to cycle rapidly between its active and inactive states. Alternatively, shorter processes
could simply be attributed to dysregulation of the OPC-to-oligodendrocyte transition, which
occurs in both Csk deficient and Csk overexpressing cells. Nonetheless, it will be critical to
establish whether Csk can directly regulate process outgrowth once tools and techniques are
utilized that allow for Csk levels to be modulated after the transition of OPCs to

oligodendrocytes.

Fyn is not only necessary for process outgrowth but for expression of MBP as well Fyn
promotes MBP gene transcription™ as well as MBP mRNA stability by phosphorylating the
MRNA binding protein QKI (Ref) and thus preventing premature MBP mRNA degradation. In
addition, Fyn phosphorylates the mRNA stabilizing protein hnRNP A2, which in turn leads
disruption of the interaction between hnRNP A2 and MBP mRNA and facilitates MBP mRNA
translation within oligodendrocyte processes in vitro™°. Taken together, these findings suggest
that Csk loss-of-function may similarly lead to increased MBP expression, thus explaining the
increase MBP protein levels within the cerebellum (P21) and spinal cord (P14 and P21 Fig. 17)
of oligodendrocyte-specific Csk null mice. In addition, to being a component of myelin, MBP
promotes myelin stability by promoting the interaction between adjacent myelin wraps. It is
therefore reasonable to propose that the increased levels of MBP protein observed in Csk mutant
cerebella and spinal cords serve to increase myelin stability and therefore allow for the presence

of thicker myelin within these regions.
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Oligodendroglial Cell Numbers Normalize in Adult Csk Mutant Animals

Oligodendrocyte-specific Csk null mice exhibit a biphasic phenotype in terms of
oligodendroglial development, such that early in development they contain increased numbers of
proliferating OPCs and reduced numbers of mature, CC1-positive oligodendrocytes leading to
delayed myelination onset and hypomyelination of the corpus callosum at P21 (See Chapter 4,
Chapter 5), while late in development, loss of Csk gives rise to CNS hypermyelination (Fig. 18-
20). Interestingly, the increase in myelin content of Csk mutant mice did not correspond to an
increase in mature oligodendrocyte numbers, instead the numbers of CC1l-positive mature
oligodendrocytes present in Csk mutant mice were comparable to those present in their wild type
littermates (Fig. 20). The presence of equivalent numbers of CC1-positive mature
oligodendrocytes in both Csk mutant animals and their wild type littermates, suggested that in
the absence of Csk the same number of mature oligodendrocytes were able to make more myelin.
In addition, since in young animals loss of oligodendrocyte Csk led to a delay in differentiation
and decreased numbers of mature oligodendrocytes, while in adult animals the numbers of
mature oligodendrocytes was equivalent regardless of genotype, then Csk null oligodendrocytes

must eventually catch up to their wild type counterparts in their differentiation program.

Interestingly, while | found increased numbers of proliferating OPCs within the Csk
mutant corpus callosum at P21 (See Chapter 4), | found no difference in proliferation or OPC
numbers between adult oligodendrocyte-specific Csk null and wild type corpus callosa (Fig. 20).
These observations suggested that while Csk loss-of-function is necessary for progenitor

proliferation early in development, it is dispensible for OPC proliferation late in development.
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As discussed in Chapter 1 proliferation is controlled by a combination of extracellular cues such
as the mitogen PDGF, and intracellular components of a cell-intrinsic “timer”. PDGF is critical
for OPC proliferation in vitro®* and in vivo™, such that in the presence of saturating levels of
PDGF OPCs hyperproliferate. However, with age, the availability of PDGF declines and so does
OPC proliferation, suggesting that PDGF is a limiting factor for proliferation®®. Since PDGF is
an extracellular factor produced by astrocytes®® and neuronal cell bodies®, which remain wild
type in oligodendrocyte-specific Csk null mice, it is reasonable to suggest that PDGF availability
declines in Csk mutant animals at a rate similar to that observed in wild type animals. Thus
proliferation of Csk null OPCs may decline and proceed at similar levels to that of wild type
OPCs in the adult, due to limited supply of available mitogens such as PDGF. It is therefore
likely that early in development Csk null OPCs encounter factors in the extracellular milieu that
are permissive to proliferation, while in the adult these factors are absent thus making Csk loss-

of-function dispensible for proliferation.
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Chapter 8:
Loss of Csk Promotes Remyelination in the Corpus

Callosum

Introduction

Demyelinating diseases occur when efficient repair of damaged myelin fails. Normal
myelin can be damaged as a result of trauma, immune insult, genetic mutations in molecules that
regulate oligodendrocyte stability, or mature oligodendrocyte survival. The hallmark
demyelinating disease is multiple sclerosis (MS). In MS, autoimmune insult leads to
demyelination and mature oligodendrocyte death. In Relapsing-Remitting MS, episodes of
demyelination are followed by remyelination, which although not efficient, restores normal
neurological function. On the other hand, in Primary Progressive MS, remyelination fails leading
to progressive loss of myelin and to neurological deficits. With time, however, as remyelination
becomes less efficient, the Relapsing-Remitting form of the disease can escalate to progressive
disease. It is believed that this transition reflects a decreasing capacity for myelin repair, either
occurring through aging, or through the progression of the disease itself (or a combination
thereof). In addition, demyelination is also a hallmark of certain leukodystrophies such as
Palizaeus-Merzbacher disease (PMD), which is caused by mutations in the Plp gene. In PMD,
oligodendrocyte differentiation can occur in a somewhat normal fashion and some myelination
does occur. However, in certain forms of the disease, loss of function mutations and duplications
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in the Plp gene can lead to premature oligodendrocyte death and early-onset demyelination
(Reviewed in *°). Interestingly, loss of myelin or altered myelination, also occur in neurological
disorders such as Alzheimer’s disease and schizophrenia'®. However, it remains unknown
whether abnormal myelin observed in these, and other diseases that are typically studied in the
context of neuronal dysfunction, is an underlying cause of pathology, versus a secondary effect
downstream of neuronal changes. Overall, however, it remains clear that loss of myelin, or
inappropriate myelination, can contribute either directly or indirectly to a vast array of
neurological diseases. Thus in order to develop novel therapeutic strategies it is imperative to
identify molecules that either promote efficient remyelination, or limit the extent of

demyelination.

| have already identified Csk as a novel regulator of oligodendrocyte biology and
myelination. 1 have found that while early in development Csk promotes oligodendrocyte
progenitor cell cycle exit (See Chapter 4), later in development Csk promotes the timely
termination of myelin wrapping (See Chapter 7). Although oligodendrocyte-specific Csk null
mice displayed a progressive hypermyelination phenotype, the numbers of mature
oligodendrocytes were unchanged, suggesting that Csk loss promotes myelin wrapping. Since
wrapping is necessary for remyelination, | hypothesized that the loss of Csk would similarly
enhance remyelination. In addition, to remyelinate efficiently, OPCs need to be recruited to the
demyelinated lesion and need to proliferate in order to generate sufficient numbers of mature
oligodendrocytes. Since loss of Csk promoted OPC proliferation in young animals (See Chapter
4), | further hypothesized that in response to demyelination Csk null OPCs would also

hyperproliferate and thus more quickly generate the OPC numbers necessary for efficient
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remyelination. This latter hypothesis, however, has an important caveat in that increased
progenitor proliferation should not significantly slow OPC differentiation. Since this was not the
case early in development, however, one possibility is that oligodendrocyte-specific Csk null
animals might have a phenotype similar to that observed in MS lesions in that sufficient numbers
of progenitor and newly-formed oligodendrocytes are present but they fail to mature and

remyelinate the lesion®.

Remyelination can be tested experimentally using a variety of animal models.
Experimental allergic encephalomyelitis (EAE) is an autoimmune disease that can be induced
when animals are immunized with myelin or myelin components such as MOG peptide. Because
immunization leads to an autoimmune response that is similar to that observed in MS, EAE is
considered the best animal model to mimic the concurrent demyelination and remyelination that
is observed in MS patients. To test demyelination and remyelination independent of major levels
of inflammation, however, animal models utilizing toxins that promote oligodendroglial death
and demyelination have been developed. These include; 1) stereotactic injection of ethidium
bromide into the caudal cerebellar peduncle, a large white matter tract in the cerebellum, 2)
stereotactic injection of lysolecithin into the corpus callosum or the spinal cord, and 3) feeding
animals with the copper chelator cuprizone, which induces demyelination primarily in the corpus
callosum. Treatment with ethidium bromide, lysolecithin or cuprizone induces toxic
oligodendrocyte cell death leading to acute and focal demyelination generally in the absence of,
or with little, inflammation. After toxic demyelination is achieved, remyelination occurs in a well
characterized and predictable manner, thus allowing researchers to identify mechanisms that

16)

specifically regulate demyelination and remyelination (Reviewed in ). In this chapter, |
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evaluated the role of Csk in demyelination and remyelination using the cuprizone model of

demyelination.

Results

Oligodendrocyte-Specific Csk Null Mice can be Demyelinated by Cuprizone

Before | could test the hypothesis that loss of Csk promotes CNS remyelination, | needed
to perform the proof of principle experiment and ascertain that |1 could achieve efficient
demyelination. This was especially critical for oligodendrocyte-specific Csk null animals, which
are hypermyelinated in the adult. Although 4 weeks of cuprizone treatment can be sufficient to
achieve efficient demyelination in wild type mice®®, I chose to treat animals for 6 weeks to
ensure that the excess myelin present in Csk mutant corpus callosa can be removed. To measure
the degree of demyelination, I compared the MBP expression in the corpus callosum of
cuprizone-treated, Csk mutant and wild type mice to that of untreated age-matched animals of
both genotypes. Although cuprizone treatment caused a decrease in MBP immunoreactivity in
animals of both genotypes, this decrease was less pronounced in oligodendrocyte-specific Csk
knockouts (Fig. 21A). This finding could reflect that Csk mutant corpus callosal axons were
either demyelinated to a lesser extent than their wild type counterparts, or that they were
demyelinated equally well, but the excess MBP immunoreactivity was due to residual myelin

debris.
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Figure 21. Cuprizone-induced demyelination in adult oligodendrocyte-specific Csk null and
wild type mice. (a) Indirect immunofluorescence to detect MBP (green) in the corpus callosum
of wild type (WT) or oligodendrocyte-specific Csk null (Mut). (b) Transmission electron
microscopy images of sagittal sections through the corpus callosum of wild type (WT) or
oligodendrocyte-specific Csk null (Mut). Scale bars: 2um. (c) Percentage £sem of unmyelinated
axons within the corpus callosum of wild type (WT, black bars) and oligodendrocyte-specific
Csk null (Mut, grey bars) animals (n=2). (d) Best fit lines of quantitation of myelin sheath
thickness (g ratio) as a function of axon diameter in the corpus callossum of wild type (WT,
blue) and oligodendrocyte-specific Csk null (Mut, red) (n=2). (e) Quantification of myelin sheath
thickness (g ratio) as a function of axon diameter in the corpus callossum of cuprizone-treated
(light red circles) or untreated (dark red circles) oligodendrocyte-specific Csk null (Mut) milce
(n=2). (f) Quantification of myelin sheath thickness (g ratio) as a function of axon diameter in
the corpus callossum of cuprizone-treated (light blue circles) or untreated (dark blue circles) wild
type mice (n=2). (g) Percentage xsem of TUNEL-positive mature oligodendrocytes (CC+) in
corpus callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey
bars). (h) CC1-positive mature oligodendrocytes per mm? in the corpus callosum of wild type

(wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars).
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To conclusively ascertain the degree of cuprizone-mediated demyelination, | next
evaluated myelin ultrastructure using transmission electron microscopy (Fig. 21B). Gross
examination of cuprizone-treated corpus callosa revealed the presence of a large number of
unmyelinated axons in both genotypes, revealing that some demyelination was achieved (Fig.
21B). Furthermore, the percentage of unmyelinated axons were comparable in both genotypes,
suggesting that 6 weeks of cuprizone treatment was sufficient to remove even the excess myelin
found in Csk mutant mice (Fig. 21C). And, although most axons were demyelinated after
cuprizone treatment, some were not. One possibility is that these myelinated axons reflect ones
that were “spared” the demyelination event; another possibility is that these myelinated axons are
ones that have already remyelinated. These two possibilities can be partially distinguished by
evaluating the g ratio, where the presence the thicker “mutant” myelin sheaths would suggest
that axons are being protected from demyelination. On the other hand, thinner myelin (compared
to age-matched animals that were not treated with cuprizone) would indicate that axons are likely
to be those that have already undergone remyelination. Compared to untreated age-matched
animals, cuprizone treatment led to thinner myelin and higher g ratios regardless of genotype
(Fig. 21E,F). Interestingly, however, g ratios of cuprizone-treated Csk mutant corpus callossal
axons were comparable to those of untreated wild type controls (Fig. 21D) suggesting that the

rate of remyelination may be comparable between the two genotypes.
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Loss of Csk Promotes Mature Oligodendrocyte Survival in the Presence of

Cuprizone

Cuprizone is a copper chelator that promotes demyelination by causing apoptosis of
mature oligodendrocytes. Although cuprizone did induce demyelination of corpus callosal axons
in Csk mutant animals, it was unclear if this process was complete, as not only were some
myelinated axons present in Csk mutant corpus callosa, but they were also ensheathed by thicker
myelin relative to those in wild type cuprizone-treated animals. To determine if loss of Csk lent
protection from cuprizone-mediated cell death, | evaluated mature oligodendrocyte apoptosis
using immunocytochemistry to detect the mature oligodendrocyte marker CC1, in conjunction
with a TUNEL assay (Fig. 21G). | found that, while Csk null and wild type oligodendrocytes
underwent apoptosis to a similar degree in the absence of cuprizone treatment (Fig. 21G, n=4;
3.8+£0.3% in WT versus 3.2+0.6% in Mut), in the presence of cuprizone, Csk loss promoted
mature oligodendrocyte survival (Fig. 21G, n=4; 4.6£0.4%, 11.3£0.8 in WT) and thus led to
increased numbers of mature oligodendrocytes in the corpus callosum. These findings suggest
that the loss of Csk provides protection to cuprizone-induced apoptosis, which in turn may result

in decreased demyelination.

Loss of Csk Promotes Remyelination Following Cuprizone-Induced

Demyelination

To test the hypothesis that loss of Csk promotes remyelination, | allowed cuprizone-
treated Csk mutant and wild type mice to survive for another 6 weeks in the absence of
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cuprizone. At the end of the experiment, | evaluated MBP expression using
immunohistochemistry, and myelin ultrastructure using transmission electron microscopy, within
the corpus callosum of animals from both genotypes (Fig. 22). | found that the oligodendrocyte-
specific Csk null animals exhibited increased MBP immunoreactivity (Fig. 23A), as well as
increased area of MBP coverage within the corpus callosum (Fig. 22A,B n=4; 31.8+4.1% in Mut
versus 23.7£3.3% in WT), suggesting that Csk loss may promote remyelination following

cuprizone treatment.

Examination of myelin ultrastructure using transmission electron microscopy in animals that had
undergone both demyelination and remyelination revealed thicker myelin, i.e. smaller g ratios,
within the corpus callosum of cuprizone-treated Csk mutant mice, compared to their wild type
littermates (Fig. 22C,D). While the majority of large caliber axons are remyelinated, some
unmyelinated axons are still present in animals of both genotypes (Fig. 22C). To test whether in
the absence of Csk remyelinating oligodendrocytes ensheath more axons overall, 1 quantified the
percent unmyelinated axons. | found fewer unmyelinated axons in oligodendrocyte-specific Csk
null mice compared to their wild type littermates, further confirming that loss of Csk promotes
remyelination (Fig. 22E). Taken together, the above observations suggest that the loss of Csk
promotes remyelination by two distinct mechanisms; first by increasing the number remyelinated

axons, and second, by increasing the myelin thickness of individual myelin internodes.
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Figure 22. Loss of Csk leads to enhanced remyelination following cuprizone-induced
demyelination. (a) Indirect immunofluorescence to detect MBP (green) in the corpus callosum
of wild type (WT) or oligodendrocyte-specific Csk null (Mut) undergoing remyelination. (b)
Percent £sem MBP-covered are of corpus of wild type (WT, black bars) or oligodendrocyte-
specific Csk null (Mut, grey bars) undergoing remyelination. (c) Transmission electron
microscopy images of sagittal sections through the corpus callosum of wild type (WT) or
oligodendrocyte-specific Csk null (Mut) undergoing remyelination. Scale bars: 1um. (d)
Quantification of myelin sheath thickness (g ratio) as a function of axon diameter in the corpus
callossum of wild type (blue circles) or oligodendrocyte-specific Csk null (Mut, red circles) mice
(n=2) undergoing remyelination. (e) Percentage xsem of unmyelinated axons in the corpus
callosum of wild type (wt, black bars) or oligodendrocyte-specific Csk null (Mut, grey bars)
mice undergoing remyelination. (f) Indirect immunofluorescence to detect PCNA+ (red) and
NG2+ (green) or CC1+ (red) cells, and nuclei (blue) in the corpus callosum wild type (WT) or
oligodendrocyte-specific Csk null (Mut) animals undergoing remyea,ination. Scale bars: 50um.
(g) Percentage +sem of PCNA-positive OPCs (NG2+) in the corpus callosum of wild type (wt,
black bars) or oligodendrocyte-specific Csk null (Mut, grey bars) undergoing remyelination. (h)
NG2-positive OPCs per mm? in the corpus callosum of wild type (wt, black bars) or
oligodendrocyte-specific Csk null (Mut, grey bars) undergoing remyelination +sem. (i) CC1-
positive mature oligodendrocytes per mm? in the corpus callosum of wild type (wt, black bars) or
oligodendrocyte-specific Csk null (Mut, grey bars) undergoing remyelination £sem. (j) Indirect
immunofluorescence to detect SMI132+ (green) apoptotic axons in the corpus callosum wild type
(WT) or oligodendrocyte-specific Csk null (Mut) animals undergoing remyeatination. Scale bars:
50um. (K) Percent +sem MBP-covered are of corpus of wild type (WT, black bars) or
oligodendrocyte-specific Csk null (Mut, grey bars) undergoing remyelination.
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More Oligodendroglia are Present during Remyelination within Oligodendrocyte-

Specific Csk Null Corpus Callosa

The observation that more axons were remyelinated in Csk mutant mice compared to
their wild type littermates suggests that loss of Csk leads to increased numbers of remyelinating
oligodendrocytes. Alternatively, loss of Csk can promote remyelination of more axons by an
equivalent number of more complex, mature oligodendrocytes capable of remyelinating more
internodes. To distinguish between these two possibilities, | performed immunohistochemistry
with antibodies against CC1 and quantified the number of CC1-positive, mature olidendrocytes
within Csk mutant and wild type mice that had been subjected to cuprizone-induced
demyelination and subsequent remyelination in the absence of cuprizone (Fig. 22). The number
of CCl-positive, mature oligodendrocytes within the corpus callosum was increased in
oligodendrocyte-specific Csk null mice (Fig. 22F,l), suggesting that loss of Csk promotes
remyelination of more axons, at least in part, by increasing the number of cells capable of

remyelination.

Loss of Oligodendroglial Csk promotes neuronal survival during remyelination

Loss of myelin leads to neuronal dysfunction and symptomatic onset in demyelinating
human diseases, as well as in animal models of demyelination. Thus efficient remyelination
strategies need to not only promote remyelination, but also to promote survival of the underlying
axons. Using immunohistochemistry to detect SMI32 (dephosphorylated neurofilament) |

identified dying neurons in Csk mutant and wild type animals that had been subjected to
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cuprizone-mediated demyelination and subsequent remyelination (Fig. 22J). Interestingly, I
found that the loss of oligodendroglial Csk resulted in decreased SMI32 immunoreactivity (Fig.
22J,K), thus suggesting that compared to their wild type counterparts, Csk null oligodendroglia

were able to provide increased trophic support to the underlying axons.

Discussion

The importance of efficient remyelination for normal brain development and function is
illustrated by demyelinating diseases, where inefficient or complete lack of remyelination of
damaged myelin results in axonal dysfunction, neuronal death and symptomatic onset. Little is
known, however, about the mechanisms that promote remyelination following myelin loss.
Furthermore, although the necessity of Fyn activity for normal myelination has been previously
elucidated™’, a possible function for Fyn and/or Fyn regulatory molecules such as Csk has never
been addressed in the context of myelin repair. Since loss of oligodendroglial Csk promoted
myelination in adult animals (See Chapter 8), | hypothesized that loss of Csk may promote
remyelination as well. To test this hypothesis | first needed to establish that | could effectively
demyelinate hypermyelinated oligodendrocyte-specific Csk mutant mice. | found that while
MBP immunoreactivity within the corpus callosum was decreased, the number of unmyelinated,
corpus callosal axons was increased in cuprizone-treated animals of both genotypes compared to
untreated animals, suggesting that 6 weeks of cuprizone treatment was sufficient to induce
significant demyelination. Moreover, there was no significant difference in the number of
unmyelinated axons between cuprizone-treated Csk mutant and wild type animals, suggesting
that loss of Csk did not have a protective role against demyelination. To evaluate remyelination,
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| allowed cuprizone-treated animals to recover for another 6 weeks in the absence of cuprizone. |
found that loss of Csk resulted in thicker myelin and lower g ratios following remyelination,
suggesting that Csk loss-of-function promoted remyelination following myelin damage.
Interestingly, compared to their wild type counterparts, Csk mutant animals exhibited increased
numbers of proliferating OPCs, NG2-positive oligodendrocytes, as well as CC1-positive mature
oligodendrocytes, suggesting that loss of Csk, and therefore, increased SFK activity, promote the
generation of sufficient numbers of myelin-producing cells. Furthermore, loss of
oligodendroglial Csk was sufficient to enhance neuronal survival, as the area of coverage of
SMI32, a marker for neuronal dysfunction, was decreased in Csk mutant animals. Taken
together, these findings suggest that a previously unidentified function for SFK activity in
promoting remyelination following demyelination, and that the SFK inhibitor Csk, is inhibitory

to this process.

Oligodendrocyte-Specific Csk Null Mice can be Demyelinated by Cuprizone.

Myelin damage and demyelination are usually caused by increased cell death of mature,
myelinating oligodendrocytes. Although the SFKs Fyn and Lyn have been previously implicated
in promoting oligodendroglial survival downstream of prosurvival factors such as laminin2, L1,

and a combination of PDGF and finbronectin in vitro®™'%

, the role of SFK activity in
oligodendroglial survival in vivo, has never been analyzed. In this work, | have identified that
SFK activity is not only necessary for oligodendrocyte survival independent of laminin2, L1,

PDGF or fibronectin in vitro (See Chapter 6), but that enhanced SFK (likely Fyn) activity is

necessary for mature oligodendrocyte survival in vivo as well. Furthermore, genetic loss of the
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oligodendroglial SFK inhibitor Csk was sufficient to promote mature oligodendrocyte survival
during development in vivo (See Chapter 6). | therefore hypothesized that loss of
oligodendroglial Csk would lead to increased survival, and therefore, decreased demyelination
following cuprizone treatment. As expected, | found that cuprizone-treated Csk mutant animals
had a lower percentage of TUNEL-positive (Fig. 21G), and therefore apoptotic, CC1-positive
mature oligodendrocytes than their wild type counterparts, suggesting that loss of Csk led to
enhanced survival of mature oligodendrocyte following cuprizone treatment. However, the pro-
survival effect of loss of Csk did not translate into decreased demyelination following cuprizone-
treatment, as the numbers of unmyelinated, corpus callosal axons were similar Csk mutant and
wild type mice (Fig. 21C). These observations suggest that although loss of Csk is sufficient to
promote mature oligodendrocyte survival, these pro-survival effects are not sufficient to provide
protection from cuprizone-induced corpus callosal demyelination. However, by virtue of having

achieved efficient demyelination, I could then evaluate the role of Csk in remyelination.

Loss of Csk Promotes Remyelination following Cuprizone-Induced Demyelination

For efficient remyelination to occur, sufficient numbers of myelinating oligodendrocytes
need to be generated by recruitment of OPCs into demyelinated lesions, progenitor pool
expansion through increased proliferation and decreased apoptosis, efficient oligodendroglial
differentiation and maturation, and finally, ensheathment of demyelinated axons. In vitro studies
have established the role of Fyn in promoting oligodendroglial differentiation, newly-formed
oligodendrocyte survival and maturation through expression of MBP and myelin sheet
formation. Furthermore, characterization of the myelin content in mice lacking Fyn, or Fyn

145



activity, have established the necessity of Fyn for myelination in vivo'*"**!, In this work, | have
established that correctly regulated Fyn activity is also necessary for OPC proliferation and
timely OPC-to-oligodendrocyte transition in vitro and in vivo (See Chapter 5). Taken together,
these observations suggest that Csk regulation of Fyn activity may be necessary for
remyelination as well. By allowing animals to recover for 6 weeks following cuprizone-induced
demyelination | examined remyelination in oligodendrocyte-specific Csk null and wild type
animals. | found that loss of Csk resulted in increased myelin thickness following remyelination
(Fig 22C,D), presumably due to exuberant myelin wrapping, suggesting that SFK activity is
necessary for remyelination. Thus, by promoting the termination of myelin wrapping Csk is
inhibitory to remyelination, and molecules designed to inhibit Csk function may prove promising

therapeutic agents for demyelinating diseases.

Loss of Csk Promotes the Generation of Sufficient Numbers of Myelinating

Oligodendrocytes

In this study | have found two distinct and opposing roles for Csk in oligodendroglial
development such that early in development, Csk promotes timely OPC cell cycle exit, but late
in development, Csk is inhibitory to myelination as it promotes the termination of myelin
wrapping. In young animals, loss of oligodendroglial Csk resulted in increased OPC
proliferation, which led to delayed OPC-to-oligodendrocyte transition and delayed
oligodendroglial differentiation (See Chapters 4-5). During remyelination, loss of Csk similarly
promoted OPC proliferation (Fig. 22G), and increased the numbers of NG2-positive OPCs (Fig.

22H). However, the retention of progenitor characteristics that was observed developmentally
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with Csk loss-of-function did not occur during remyelination, as the numbers of CC1-positive,
mature oligodendrocytes were increased in Csk mutant brains during remyelination (Fig. 221).
These findings suggest that whether or not OPC hyperproliferation results in a differentiation
delay, may be Csk-independent, but instead dependent on the environmental cues. Thus during
remyelination, factors in the brain environment may favor OPC differentiation despite the

absence of Csk and the resulting increase in OPC proliferation.
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Chapter 9:

General Methods

Animals

Conditional deletion of Csk in the oligodendrocyte lineage was achieved using CNP-Cre
transgenic mice*. Briefly, homozygous Csk floxed mice®™ were crossed with animals
heterozygous for both the Csk floxed and CNP-Cre alleles. Animals carrying two Csk floxed and
one CNP-Cre alleles were considered oligodendrocyte-specific Csk null or mutant (Mut), while
their littermates lacking a CNP-cre allele were used as wild type controls (WT). Genomic DNA
was extracted from tail biopsies using a DNeasy Blood and Tissue Kit (Qiagen) according to
manufacturer’s instructions. All animals were genotyped by PCR using previously described
primers %2 All animal procedures were carried out in accordance with the National Institutes
of Health Guide for the Care and Use of Animals and were approved by the Stony Brook

University Institutional Animal Care and Use Committee.

Cell culture

Primary rat oligodendrocyte progenitor cells (OPCs) were isolated as described %22,

Briefly, cerebral cortices dissected from neonatal Sprague-Dawley rats (P0-P2) were digested

with papain (Worthington) and plated onto PDL-coated 75cm? flasks. Cells were grown in
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Dulbecco’s modified Eagle’s medium (DMEM; Sigma) with 10% FBS at 37°C and 7.5% CO,
for 10-14 days to obtain mixed glial cultures. Rat OPCs were isolated by mechanical dissociation
and purified by differential adhesion. For differentiation experiments OPCs were seeded onto
dishes or slides coated with poly-D-lysine (PDL) or Lm2 and grown, unless otherwise indicated,
in Sato’s medium supplemented with 0.5% fetal bovine serum (FBS; HyClone). Although mouse
OPCs were isolated in a similar manner, they were purified using immunopanning similar to

described methods 2%°

. Briefly, OPCs isolated from mixed glial cultures by mechanical
dissociation were subjected to two rounds of panning on dishes coated with 2.3pg/ml BS-lectin-1
to remove microglia. Unattached cells were subsequestly incubated onto dishes coated with rat
anti-PDGFRa antibody (BD Pharmigen) for 30min at 37°C to positively select for OPCs.
Adherent cells were detached using 0.5X Trypsin-EDTA and were subsequently used for
differentiation experiments. BS-lectin-1-coated dishes were coated for a minimum of 4 hours at
RT and washed three times with Dulbecco’s PBS (D-PBS) immediately before use. To coat
dishes with rat anti-PDGFRa antibody, dished were pre-coated at 4°C overnight with 7pg/ml
goat anti-rat IgG antibody in 50mM Tris pH9.5, washed three times with D-PBS and then coated

with 0.85ug/ml rat anti-PDGFRa antibody in 0.2% endotoxin-free, heat-inactivated BSA in D-

PBS for a minimum of 1hr at RT.

Transfection

OPCs were transfected as described®. Briefly, freshly-isolated OPCs were plated onto
Petri dishes and maintained in OPC medium (Sato with 20ng/ml FGF and 20ng/ml PDGF) at
37°C overnight. Cells were collected with 0.5X Trypsin-EDTA (Sigma) and allowed to rest for
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60-90 minutes at 37°C. OPCs were then pelleted, resuspended in rat oligodendrocyte
nucleofection reagent (Amaxa) as per manufacturer’s directions, nucleofected, plated and
allowed to recover in OPC medium overnight. Rat Csk siRNA pools and non-targeting control
pools (Dharmacon) were used at 30pmol/million cells, while pECFP-Csk WT, pEYFP-Cbp, and
PEYFP-CbpY317F, and pECFP control constructs were used at 0.1pg/million cells. The next
day, termed day O, media was switched to differentiation media unless otherwise specified. In
experiments where the effects of Csk overexpression were examined using visual assays, DNA
was delivered using the lipid carrier Fugene HD (Roche) as described *®. Briefly, day 7 mixed
glial cultures were transfected overnight with 5ug DNA and 15ul Fugene HD (Roche). OPCs
were isolated as usual and plated onto 8-well chamber slides at a density of 25,000 cells/well.
Cells were grown in OPC medium overnight, then switched to differentiation medium for up to 4
days and fixed for immunocytochemistry. Transfected cells were identified using

immunocytochemistry to detect CFP/YFP fusion proteins.

Protein analysis

Unless otherwise specified, cells were lysed in boiling 20mM Tris (pH7.4), 1% SDS
buffer with added protease and phosphatase inhibitor cocktails (Calbiochem). Cell lysates were
transferred to microfuge tubes and boiled at 95°C for 10 min and centrifuged at 16,000x g to
remove insoluble material. Protein concentrations were determined using detergent-compatible
protein assay (BioRad). Protein lysates were boiled in Laemmli solubilization buffer and 3% -
mercaptoethanol (BioRad) for 10 min, separated by SDS-PAGE, and blotted onto 0.45pum
nitrocellulose membranes. Proteins of interest were detected using appropriate primary

antibodies overnight at 4°C, followed by HRP-conjugated secondary antibodies (GE Healthcare)
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for 1h at room temperature (RT), and visualized using enhanced chemiluminescence (GE
Healthcare). Membranes were blocked in 4% BSA in TBS with 0.1% Tween20 (TBST) and
washed in TBST. Antibody incubations were performed in blocking solution. Relative protein
level was quantified using Image J software. Experiments were carried out a minimum of three

times and representative blots are depicted.

Immunoprecipitation

Cells differentiated for 2 days were lysed on ice using 1% Triton X-100, 0.2% SDS,
10mM Tris (pH7.4), 5mM EDTA, and 150mM NaCl with added protease and phosphatase
inhibitor cocktails (Calbiochem). Cell lysates were transferred to microfuge tubes, incubated on
ice for an additional 15 min, and centrifuged at 16,000x g to remove insoluble debris. 100ug of
lysate was incubated with 30ul ProteinA/G beads (Pierce) for 30 min at RT. Lysates were then
centrifuged at 100xg for 2 min to pellet beads, and pre-cleared lysate was then incubated at 4°C
overnight with either 2ug/ml rabbit polyclonal Csk antibody (Santa Cruz) or 2pg/ml control
rabbit IgG, (Jackson Immunoresearch) along with fresh ProteinA/G beads. To immunoprecipitate
YFP-Cbp and YFP-CbpY317F, agarose-conjugated mouse anti-GFP antibody (MBL) was used
instead of ProteinA/G beads. All bead-protein complexes were isolated by centrifugation and
washed three times with 50mM Tris pH7.5, 500mM NaCl, 1mM CaCl,, ImM MgCl; and 1%
Triton X-100. To release immunoprecipitated material, beads were boiled for 10 min in Laemmli
solubilization buffer and 12% B-mercaptoethanol. Proteins were resolved using SDS-PAGE and
immunoblotted to detect phosphorylated Cbp Y317, total Cbp, or Csk. To minimize detection of
denatured 1gG from the pull-down antibody, HRP-conjugated secondary antibodies specific for

non-denatured 1gG were used (eBioscience).
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Viral particle production

To generate concentrated stocks of control or Csk shRNA-containing lentiviral particles,
pGIPZ-shRNAmir vectors encoding for TurboGFP and control or Csk shRNA
(OpenByosystems) were transfected into HEK293T cells together with the packaging plasmids
Tat2b, Rev, Gag-Pol and VSV-G using Fugene HD transfection reagent (Roche). Transfected
cells were grown in DMEM supplemented with 10% FBS (37°C, 5% CO,). Conditioned medium
was collected each day, centrifuged at 1,400 xg, passed through a 0.45um filter to remove
cellular debris, and stored on ice. Conditioned medium from 5 collection days was pooled and
centrifuged at 77,000x g for 2 hours at 4°C. Viral particles were resuspended in 100pul serum-
reduced medium (Opti-MEM; Gibco) and stored at -80°C. To test the effectiveness of the
generated lentiviral particles, freshly-dissociated rat cerebral cortices were incubated with 25ul
concentrated lentivirus (per brain) for 2 hours at 37°C. Cells were maintained as neurospheres in
DMEM/F12 (50%/50%; Sigma) supplemented with B-27 (Gibco), 20ng/ml FGF, and 20ng/ml
EGF for 8 days, selected with 1ug/ml puromycin (InvivoGen) for 4 days, then lysed. Lysates

were separated using SDS-PAGE and immunoblotted to detect Csk.

Stereotactic viral injections in neonatal rats

Postnatal day 2 Sprague-Dawley rats were deeply anesthetized by hypothermia,
positioned in a stereotactic device, and injected with 1l of concentrated control or Csk shRNA-
containing lentiviral particles into the right ventricle. The coordinates used were 1mm posterior
and 1.5mm lateral to bregma at depth of 1.5mm. At P4, P6, P8 and P14 pups were deeply

anesthetized by 2,2,2-tribromoethanol (0.4mg/g body weight; Aldrich) and perfused
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transcardially with phosphate buffered saline (PBS) followed by 4% paraformaldehyde (Sigma).
Brains were removed, postfixed for 1lhr, and cryoprotected in 30% sucrose. Serial coronal

sections of 20uM thickness were obtained using a Leica CM 1900 cryostat.

Immunocytochemistry

Unless otherwise specified cultured cells were fixed with 4% paraformaldehyde (PFA)
for 10min at RT, permeabilized with either 100% methanol for 5 min at -20°C or 0.02% Triton
X-100, and blocked in 10% donkey serum in PBS, with or without 0.02% Triton X-100, for 1
hour at RT. Proteins of interest were detected using primary antibodies overnight at 4°C,
followed by fluorescent-conjugated secondary antibodies for 1 hour at RT. Nuclei were labeled
with Dapi and indirect immunofluorescence was visualized using a Zeiss Axioplan fluorescence
microscope. All antibody incubations were performed in 10% donkey serum in PBS and all
washes were in PBS. Immunocytochemistry of 20uM perfused tissue sections was performed
similarly. Briefly, perfusions were performed in 4% PFA followed by post-fixing for 2 hours.
Tissue sections were then blocked in 10% donkey serum containing 0.1% Triton-X-100. In some
cases, fresh frozen sections were obtained and post-fixed on the slide using 4% PFA for 10

minutes.

In vitro proliferation assays

Oligodendrocyte proliferation in vitro was analyzed by Western Blot to detect
phosphorylated histoneH3 or by indirect immunocytochemistry to visualize 5-bromo-2’-deoxy-

uridine (BrdU) incorporation. At 16hrs post-transfection with siRNA, OPCs were incubated for
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8h with Sato’s medium supplemented with 10uM BrdU (Roche) and one or more of the
indicated reagents: 10ng/ml FGF, 10ng/ml PDGF, 2.5uM PP2, or PP2 vehicle dimethyl
sulfoxide (DMSQO). Cells were washed, then fixed with ethanol:acetic acid (2:1) for 30 min at -
20°C; BrdU incorporation was subsequently detected using 5-Bromo-2’-Deoxy-Uridine Labeling
and Detection Kit | (Roche). A minimum of 1000 nuclei per condition were scored as either
BrdU positive or negative. Proliferation was evaluated similarly in cells transfected with pECFP-
Csk WT or pECFP control. In brief, transfected cells were fixed with 4%PFA for 10 min
followed by 0.02% Triton-X-100 in blocking buffer to permeablize, then subjected to
immunocytochemistry with anti-GFP antibodies, then finally post-fixed with ethanol-acetic acid
prior to immunocytochemistry with anti-BrdU antibodies (as above) to detect BrdU
incorporation. A minimum of 100 GFP-positive cells per condition were scored as BrdU positive

or negative. All results were expressed as percent BrdU-positive cells and normalized to control.

In vivo proliferation assay

To assay proliferation in vivo, lentiviral-injected animals were subsequently injected
intraperitoneally with BrdU (20ul/g body weight) 24h prior to sacrificing. Coronal sections of
20um thickness were postfixed with 4% parafolmaldehyde for 10 min and blocked for 1h using
10% donkey serum (Sigma) with 0.05% Triton X-100 in PBS. Rabbit anti-NG2 and chicken anti-
GFP antibodies were applied in blocking solution overnight at 4°C. After incubation with
appropriate secondary antibodies, sections were treated with 2N HCI for 30 min, washed
thoroughly in TBS then PBS, blocked in 10% donkey serum and incubated with sheep anti-BrdU
antibodies in BrdU incubation buffer (Roche) overnight at 4°C. Sections were washed in PBS,

incubated with the appropriate Cy3-, Cy5- and FITC-conjugated secondary antibodies for 2h at
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room temperature and followed by DAPI to visualize nuclei. Slides were mounted with
SlowFade Gold reagent (Invitrogen) and analyzed on a confocal microscope (Zeiss LSM510
Meta). A minimum of 100 NG2+/GFP+ double-positive cells in the SVZ or corpus callosum

were scored per animal for the presence or absence of BrdU immunoreactivity.

Reverse transcriptase polymerase chain reaction (RT-PCR)

To analyze the expression of cell cycle regulators following 1 day in Sato’s medium,
MRNA was extracted using a Qiagen RNeasy kit and cDNA was synthesized using First-Strand
Synthesis Super-Script 1l kit (Invitrogen). Semi-quantitative RT-PCR was performed using

primers, sequences as previously described 2'°

, to measure relative mRNA expression of
GAPDH (Tm 61.7°C, 23 cycles), cyclinD1 (Tm 56.5°C, 30 cycles), cyclinD2 (Tm 62°C, 35
cycles), cyclinD3 (Tm 63°C, 35 cycles), cyclinE (Tm 63°C, 35 cycles), p27""* (Tm 54.5°C, 35
cycles) and p16™ (Tm 58.8°C, 35 cycles). Products were resolved on a 2% agarose gel and

bands were quantified using ImageJ software, normalized to GAPDH levels.

Survival assays

Oligodendrocyte survival was analyzed either by Western blots to detect cleaved caspase-
3 or by indirect immunocytochemistry using Terminal Transferase dUTP Nick End Labeling
(TUNEL) assay (Chemicon). Cells transfected with siRNA were differentiated for 1 day in
Sato’s medium in the presence of either 2.5uM PP2 inhibitor or vehicle control (DMSO) then
either lysed, as described above for Protein Analysis, or fixed with ethanol:acetic acid (2:1) to

prepare for TUNEL. Alternatively, cells transfected with either pECFP-Csk WT or pECFP were
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first identified by immunocytochemistry with anti-GFP antibodies prior to TUNEL assay; a
minimum of 100 GFP-positive cells per condition were scored as either TUNEL positive or

negative.

Electron microscopy and morphometric analysis

Mice were perfused transcardially with 4% paraformaldehyde/2.5% gluteraldehyde in
0.1M PBS, brains were dissected and postfixed overnight in the same fixative. Sagital sections
through the medial corpus callosum were vibratomed at 100um thickness using a Leica VT-100
Viratome. Sections were then contrasted with 0.2% osmium tetroxide in 0.1M PBS, washed in
PBS and dehydrated in a graded series of ethanols. Sections were then vacuum infiltrated with
Durcupan ACM Epoxy (Electon Microscopy Sciences) overnight, flat embedded between two
pieces of ACLAR film (Ted Pella) and incubated at 60°C for 48-72hrs. Ultrathin (70-80nm)
sections were cut using a Rechert-Jung Ultracut E ultra-microtome, placed on formvar-coated
copper grids and counterstained with uranyl and lead acetates, visualized under a FEI Tecnai
BioTwinG? transmission electron microscope and an AMT XR-60 digital camera. The axon
diameter was calculated from the axon permiter measured using ImageJ software (NIH) and the
g ratio of myelinated axons was calculated by dividing the diameter of the axon (without myelin)
by the diameter of the axon including the myelin. A minimum of 300 axons per animal were

analyzed using two animals per genotype.

156



Antibodies

The following primary antibodies were used: rabbit anti-Csk (C-20, Santa Cruz
Biotechnology); mouse anti-Csk (BD Biosciences); mouse anti-Cbp (Abcam); rabbit anti-
phosphorylated Src Y418; rabbit anti-phosphorylated Src Y529; rabbit anti-Fyn (FYN3, Santa
Cruz Biotechnology); mouse anti-Fyn (BD Biosciences); rabbit anti-phosphorylated Cbp Y317
(which recognizes rat phosphorylated Cbp Y317; a kind gift from Drs. Jon and Sabine
Lindquist); rabbit anti-NG2 (Chemicon); mouse anti-NG2 (Chemicon); rat anti-PDGFaR
(CD140a, BD Pharmigen); mouse anti-CNPase (Sigma); rat anti-MBP (AbD Serotec); mouse
anti-APC (CC1, Calbiochem); rabbit anti-p27""* (Santa Cruz Biotechnology); rabbit anti-
phosphorylated histoneH3 (Upstate); mouse anti-BrdU (Roche); sheep anti-BrdU (Abcam);
rabbit anti-cleaved caspase3 (Cell Signaling); rabbit anti-caveolin-1 (Cell Signaling); mouse anti-
B-actin (Sigma); rabbit anti-GFP and mouse anti-GFP (Molecular Probes); agarose-conjugated

mouse anti-GFP (MBL), and chicken anti-GFP (Aves Labs).

Reagents

The following growth factors were obtained from PeproTech Inc: recombinant human
FGF-basic; recombinant human PDGF-AA; and recombinant murine EGF. B-27 supplement was
obtained from Gibco. Substrate ligands were used at 10 pg/ml: PDL (Sigma) and Lm2
(Chemicon). Pharmacological inhibitors: PP2 (Calbiochem); fumonisinB1 (Sigma); puromycin
(InvivoGen); protease inhibitor cocktail set 111 (Calbiochem); and phosphatase inhibitor cocktail

set Il (Calbiochem).
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Chapter 10:

Conclusions and Future Directions

The ability of OPCs to generate sufficient numbers of myelinating oligodendrocytes is
critical both for developmental myelination and for repair following demyelination. The timing
and location of oligodendrocyte development and myelination are tightly controlled but the
molecular mechanisms that underlie this control are poorly understood. Numerous studies have

suggested that Fyn activity promotes oligodendrocyte differentiation’"

, and that it is not only
regulated during myelination®**", but that it is necessary for this process as well**’. However,
the mechanisms that regulate Fyn activity in oligodendroglia were previously unknown. In this
study, | have identified the C-terminal Src Kinase (Csk) as molecular switch for oligodendrocyte
Fyn activity, with distinct and opposing roles for Csk in early versus late stages of development.
Early in development Csk is critical for the appropriate onset of oligodendrocyte progenitor
differentiation and the OPC-to-oligodendrocyte transition. Csk depletion in OPCs in vitro and in
vivo led to proliferation under conditions that normally promoted cell cycle exit, suggesting that
Csk normally suppresses OPC proliferation and promotes cell cycle exit. Interestingly, treatment
of OPCs with the SFK inhibitor PP2 not only effectively rescued the hyperproliferation
phenotype of Csk-depleted OPCs, but also induced cell cycle exit of wild type OPCs, suggesting
a previously-unidentified role for SFK activity in promoting proliferation in the absence of

growth factor stimulation. Furthermore, hyperproliferation of Csk-deficient OPCs resulted in

delayed oligodendrocyte maturation accompanied by delayed myelination onset, while also
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Figure 23: Model for Csk function during oligodendrocyte development and myelination.
(a) Oligodendrocyte progenitor differentiation requires cell cycle exit. Csk suppresses Fyn
activity in oligodendrocyte progenitor cells to promote timely cell cycle exit. In the absence of
Csk, oligodendrocyte progenitor differentiation is inappropriately delayed such that cells
proliferate more and differentiate more slowly. (b) Csk promotes the termination of myelin
wrapping. Fyn activity is necessary for myelination*’. Csk suppresses Fyn activity to help

terminate myelin wrapping. Hypermyelination results in the absence of Csk.
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causing increased survival of newly-formed oligodendrocytes. Taken together, these data suggest
that during myelination onset, Csk is a pro-differentiation factor that promotes timely cell cycle
exit. On the other hand, later in oligodendrocyte development, Csk deletion caused increased
levels of MBP, as well as increased numbers of myelin wraps in the cortex, cerebellum and
spinal cord of adult Csk mutant mice. Interestingly, Csk loss led to hypermyelination in the
presence of normal numbers of myelinating oligodendrocytes, suggesting that Csk also
contributes to myelination arrest. Finally, to address a putative role for Csk during myelin repair
| evaluated the response of Csk null mice to cuprizone-induced demyelination. Although
cuprizone treatment led to demyelination, mice with Csk loss showed increased survival of
mature oligodendrocytes, leading to increased numbers of myelinating oligodendroglia. During
remyelination, mice with Csk loss showed not only OPC hyperproliferation and increased
numbers of OPCs, but also had increased numbers of myelinating oligodendrocytes, thicker
myelin and increased neuronal survival. |, therefore, propose that Csk is a novel regulator of
oligodendrocyte development with two distinct roles: to generate appropriate numbers of
oligodendrocytes at the onset of myelination, and to terminate wrapping during myelination and

remyelination.

C-Terminal Src Kinase Inhibits Fyn Activity in Oligodendrocytes

Fyn activity within isolated myelin membranes is regulated developmentally such that it
peaks at the onset of myelination. What remained unknown however were the molecular
mechanisms that modulate Fyn activity during oligodendrocyte development and myelination. In

this study, | found that Csk depletion resulted in increased Fyn activity, as phosphorylation at the
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autocatalytic Y418 on Fyn was increased, while phosphorylation of the negative regulatory Y529
on Fyn was decreased (Fig. 7). These findings suggested that Csk is a negative regulator of
oligodendroglial Fyn activity. However, | cannot exclude the possibility of other negative
regulators of oligodendroglial Fyn activity. Using Western blot analysis | have also confirmed
the expression of oligodendroglial Chk (data not shown), a homolog of Csk that can mediate
phosphorylation of SFKSs at the negative regulatory tyrosine in other systems'*****, Whether Chk
is also a negative regulator of oligodendroglial Fyn activity, however, remains to be determined.

Interestingly, Chk null animals showed no apparent myelin deficits'’**"’

, suggesting that Chk
may either be dispensable for normal oligodendrocyte development, or that its function may

redundant to that of Csk.

Surprisingly, while phosphorylation of the Fyn regulatory, C-terminal tyrosine was
regulated developmentally i.e. it was decreased as newly-formed oligodendrocytes were
generated, expression of Csk remained constant during oligodendrocyte differentiation (Fig. 4,5).
In addition, while Csk is cytosolic, Fyn is post-translationally modified such that it is enriched in
glycosphingolipid-enriched membrane microdomains (GEMs), suggesting the Csk function may
be regulated spatially (Fig. 6). | identified that Csk binding protein, Cbp, was expressed in
oligodendroglial GM1-containing rafts, and that it associated with Csk in oligodendrocytes (Fig.
5,6). The Csk association was necessary for Csk function, suggesting that Cbp may negatively
regulate Fyn activity, likely by recruiting Csk to oligodendrocyte GEMs. However, whether Cbp
regulates oligodendrocyte development and/or myelination remains to be examined.
Interestingly, Cbp/Csk association was also dependent on phosphorylation of Cbp Y317 (Fig. 5).

In other systems, SFKs can phosphorylate Cbp to facilitate Csk recruitment, thereby creating a
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negative feedback loop mechanism of SFK activity regulation. Preliminary observations suggest
that such a negative feedback loop mechanism may also be present in oligodendrocytes, as
treatment with the SFK inhibitor PP2, which inhibited oligodendroglial Fyn activity, also
resulted in decreased phosphorylation of Chp Y317 (data not shown). The functional
significance of this putative feedback loop mechanism of in terms of oligodendroglial
development remains to be determined. It could be speculated, however, that such a feedback
loop could ensure that some of the signal transduction controls on myelination have a “self-
destruct” feature in that they ultimately turn themselves off; a challenge will be to understand if

these control mechanisms can be, after myelin injury, restarted to ensure efficient remyelination.

Oligodendrocyte SFKs may also be regulated through dephosphorylation. A number of
phosphatases including PTPa, PTPe, SHP-1, SHP-2 and CD45 have been suggested to relieve
Csk-mediated inhibition by dephosphorylating the negative regulatory tyrosines of multiple
SFKs in other systems. Although these phosphatases are expressed in oligodendrocytes™®, it
remains unclear if they can regulate SFK activity. Studies from our lab have identified that while
SHP-1 is necessary for oligodendrocyte differentiation, SHP-2 is necessary for OPC
proliferation?”. Given that Fyn activity is required for both OPC proliferation (See Chapter 4)

and oligodendrocyte differentiation®*%?

, It is reasonable to suggest that SHP-2 may promote
Fyn activity in OPCs to promote proliferation, while SHP-1 may promote Fyn activity in newly-
formed oligodendrocyte to promote differentiation. Furthermore, while mice lacking SHP-1 and
CD45 are hypomyelinatied in the CNS, mice lacking PTPe activity are hypermyelinated.
Whether SFK activity is dysregulated in these animals, however, remains to be seen. Overall,

however, it appears that multiple mechanisms could be in play to regulate oligodendrocyte SFK
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activity at multiple time points during development. A future goal will be to determine how Csk

interacts with other putative SFK regulatory mechanisms.

Csk Promotes Cell Cycle Exit of Oligodendroglial Progenitor Cells

In this study, | have identified that Csk promotes timely OPC cell cycle exit early in
development, as well as during remyelination after cuprizone-induced demyelination.
Interestingly, while loss of Csk led to OPC hyperproliferation during the early stages of
myelination (Fig. 9), in adult Csk mutant animals OPC proliferation was similar to that observed
in their wild type littermates (Fig. 20), suggesting that the hyperproliferation observed in Csk
null OPCs could be dependent on the availability of external stimuli. In wild type animals, for
instance, OPC proliferation decreases with age as a result of decreased expression of the growth
factor PDGF. | therefore hypothesized that PDGF may be a factor permissive to proliferation that
is present in the extracellular milieu in developing Csk mutant animals, but absent, or low, in
adult animals. However, PDGF levels are also low in demyelinated lesions, and likely after
cuprizone-mediated demyelination, suggesting that availability of PDGF may not be sufficient to
explain the hyperproliferation phenotype of Csk null OPCs during remyelination. An alternative
explanation for the OPC hyperproliferation observed in Csk mutant animals during
remyelination may be that, Csk loss-of-function sensitizes OPCs to limiting amounts of available
mitogens, presumably through the upregulation of growth factor receptors. It will therefore be
crucial to test whether Csk regulates growth factor receptor expression or degradation.

Interestingly, transgenic animals overexpressing PDGFaR™ exhibit a phenotype similar to the
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one observed in Csk mutant animals in this study i.e. increased OPC proliferation and delayed

oligodendrocyte differentiation during early development.

Although the goal of my thesis work was to identify a role for Csk in oligodendrocyte
development, | was intrigued to discover a previously unknown function for Fyn activity in
promoting OPC proliferation. | found that treatment of cultured OPCs with the SFK inhibitor
PP2 led to decreased BrdU incorporation (Fig. 8), suggesting that SFK activity may be an
intrinsic factor controlling the timing of progenitor cell cycle arrest. On the other hand, aberrant
Fyn activity such as that observed here with Csk depletion (Fig. 8) may cause OPCs to remain in
the cell cycle and delay oligodendrocyte differentiation. What are the signaling effectors that
mediate Csk/Fyn signaling during proliferation? Studies using cultured oligodendroglial cells
have shown that growth factor-mediated activation of the PI3K/Akt pathway is necessary to
promote OPC proliferation'®, while Fyn-mediated activation of Akt was necessary to promote
laminin2-induced survival'®. Taken together, these observations suggest that increased Fyn
activity in OPCs may lead to activation of the PI3K/Akt pathway to promote proliferation.
Whether Csk loss-of-function results in dysregulation of the PI3K/Akt pathway in vitro or in vivo
remains to be seen, but will be an interesting avenue of further investigation, particularly given

that aberrant P13K/Akt signaling has been shown to alter myelination outcome™***.

Previous studies have identified p27<""* as an important cell intrinsic regulator of OPC
cell cycle exit>™®?°’. Overexpression of p27<"** promotes OPC cell cycle exit even in the presence

of saturating levels of PDGF, while loss of p27X" causes hyperproliferation in the absence of
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mitogen stimulation.*® In addition, protein levels of p27""* increase with every OPC cell cycle
and eventually, when high enough, trigger OPC cell cycle exit.> Interestingly, | found that Csk
depletion in cultured OPCs led to increased p27¥" mRNA, while p27""* protein was decreased,
suggesting that aberrant SFK activity may inhibit translation of p27*""* mRNA. Previous studies
have shown that, when phosphorylated downstream of Fyn, the mRNA binding protein QKI
binds and stabilizes p27°""* mRNA, thus inhibiting p27*""* mRNA translation®**. It remains to be
seen whether QK activity and binding to p27"'" mRNA are increased in the absence of Csk.
Delayed p27X""* mRNA translation may lead to a delay in p27""* protein build up and, therefore,

delayed cell cycle exit and differentiation.

Csk Loss-of-Function Leads to Delayed Oligodendrocyte Differentiation

A number of in vitro studies have established that Fyn activity promotes critical steps
during oligodendrocyte differentiation: process outgrowth**8*%61163 'gyrvival'®, and expression
of myelin basic protein®™"****>_ Surprisingly, I identified that Csk loss-of-function, which led to
increased Fyn activity, resulted in delayed oligodendrocyte differentiation in vitro and in vivo.
However, Csk loss-of-function also led to OPC hyperproliferation and delayed cell cycle exit.
Since in order to differentiate, OPCs need to first exit the cell cycle, | proposed that the
differentiation delay observed in Csk depleted cells was a direct result of prolonged proliferation.

Since Fyn activity promotes differentiation’%81°1154-155.158-159.161,163

, | propose that once Csk-
deficient OPCs exit the cell cycle, increased Fyn activity in Csk-deficient oligodendrocytes may

therefore drive increased differentiation. To fully address whether Csk regulates oligodendrocyte
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differentiation, however, new experimental tools need to be developed that allow us to modulate

oligodendroglial Csk function exclusively in post-mitotic cells.

As described above Fyn activity promotes oligodendrocyte process outgrowth and
branching™®**°1¢1163  Although 1 did not directly examine process outgrowth, | noted that both
Csk depleted and Csk overexpressing cells exhibited shorter processes in vitro. Does Csk
regulate process outgrowth? Laursen et al. proposed that process outgrowth requires dynamic
regulation between Fyn “on” and “off” states. In fact contactin-mediated process outgrowth led
to increased phosphorylation of Fyn at both the autocatalytic and negative regulatory
tyrosines.’®’ Since both Csk depletion and overexpression slow down the turnover between Fyn
“on” and “off” states, one might expect that this decrease in dynamic regulation may result in

impaired process outgrowth.

Csk Loss-of-Function Promotes Oligodendrocyte Survival

Oligodendroglial survival is critical for both myelination and myelin stability. Ischemic
injury often leads to excess oligodendroglial apoptosis that can lead to human disease. For
example, neonatal cerebral ischemia can lead to massive apoptosis of developing
oligodendroglia, which in turn leads to delayed myelination often associated with neurological
dysfunction®®. Similarly, ischemic injury in adults in the form of stroke can lead to loss of
myelin, which in turn may contribute to neurological dysfunction®®. In this study, I found that
Csk loss-of-function promotes newly-formed oligodendrocyte survival in vitro (Fig. 14), as well

as mature oligodendrocyte survival in vivo (Fig. 15), suggesting that the molecules inhibiting
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oligodendroglial Csk function may prove beneficial in promoting oligodendrocyte survival in
patients with ischemic injury. It would also be interesting to test whether oligodendrocyte
survival and myelination are improved in oligodendrocyte-specific Csk null animals subjected to

neonatal hypoxia.

Csk Promotes Termination of Myelin Wrapping

In this study, | identified two distinct and opposing roles for Csk function in
oligodendrocyte development and myelination such that, early in development, Csk promotes
timely OPC cell cycle exit, while later in development, Csk promotes the termination of myelin
wrapping. As a result, during early stages of myelination (P21 corpus callosum),
oligodendrocyte-specific Csk null animals were hypomyelinated (Fig. 17) as a result of OPCs
hyperproliferation and delayed differentiation, while during late stages of myelination (adult
CNS), Csk mutant mice were hypermyelinated (Fig. 18-20). Since myelin is necessary for
saltatory conduction and efficient neuronal communication, it will be critical to identify how the
aforementioned myelin abnormalities affect electrophysiology and behavior. Myelin is necessary
for brain function, but a second important question to ask is the following: is too much myelin

detrimental to brain homeostasis?

Although a plethora of molecules are necessary for normal myelination, only a few
molecules can stimulate myelination and thus only a few transgenic animal models are
hypermyelinated. Overexpression of IGF1 in transgenic animals results in hypermyelination®®.
Is Csk/Fyn signaling downstream of IGF1, and does IGF1 stimulation lead to inhibition of Csk

function? Studies in cultured OPCs have shown that IGF1 promotes SFK activity and that
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treatment of cultured OPCs with the SFK inhibitor PP2 inhibits both IGF-stimulated proliferation
and IGF-stimulated OPC survival, suggesting that SFKs may be downstream effectors of IGF1
signaling in vitro'®*%”. Given that both IGF1 overexpression and Csk loss-of-function result in
hypermyelination, one might expect that, during myelination, IGF1 may function upstream of

Fyn activity to promote myelin wrapping.

In addition, hypermyelination is also associated with hyperactivation of the Akt/mTOR

144

pathway either via overexpression of constitutively-active Akt™", or via genetic deletion of

PTEN'. While Fyn can lead to activation of Akt signaling in vitro'®

, it is unknown whether it
can do so in vivo as well. Given that both Csk loss-of-function and Akt/mTOR gain-of-function
result in hypermyelination, one might expect that, Akt/mTOR signaling may be increased in

oligodendrocyte-specific Csk null mice during myelination. Furthermore, can treatment with

rapamycin, which blocks mTOR, rescue the hypermyelination phenotype of Csk mutant mice?

Loss of Csk Promotes Remyelination in the Corpus Callosum

To test the role of Csk during remyelination | utilized the cuprizone model of
demyelination and found that, while loss of Csk did not prevent demyelination (Fig. 21), it led to
improved remyelination (Fig. 22), suggesting the Csk activity may inhibit remyelination.
Interestingly, | found that loss of oligodendroglial Csk led to increased neuronal survival,
however, whether this increase in neuronal survival led to increased functional recovery remains
to be determined. These findings do suggest, however, that molecules designed to inhibit Csk
function may prove to be promising therapeutic agents in demyelinating diseases. Interestingly,

in aged wild type animals (10 months old) remyelination is impaired, suggesting that factors in
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the extracellular milieu of the aging brain may be inhibitory to myelination. Since Csk loss led to
increased remyelination in young animals, it would be interesting to evaluate whether
remyelination is similarly improved in aged Csk mutant animals. Furthermore, prolonged
demyelination in relapsing-remitting MS eventually may lead to a progressive form of the
disease, in which remyelination in minimal. Similarly, prolonged cuprizone treatment (8-12
weeks) results in decreased remyelination in wild type animals. Therefore, if remyelination in
Csk mutant mice after prolonged cuprizone-demyelination is improved, Csk inhibitors may

prove to be promising therapeutics for primary progressive MS.

To conclude, in my thesis work | have identified that C-terminal Src kinase (Csk) is a
novel inhibitor of oligodendroglial Fyn activity with two distinct and opposing roles in
oligodendrocyte development: generating appropriate numbers of oligodendrocytes at the onset

of myelination, and terminating wrapping during myelination and remyelination.
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