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The great tragedy ofscience - the slaying ofa beautiful hypothesis by an

ugly fact.

ThomasHenry Huxley, 1870

Curiosity is not a sin.... But we should exercise caution with our

curiosity... yes, indeed.
J. K. ROWLING, 2000
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Abstract

Multiple sclerosis (MS) is the most common neurological disease affecting

young adults. The incidence rates in Scotland are among the highest in the

world. Virus infection may have a precipitating role, or exacerbate

symptoms. That viruses can produce inflammatory central nervous system

(CNS) demyelinating disease has been well established from study of several

natural and experimental infections; one model system is Semliki Forest

virus (SFV) infection of mice.

SFV infection of BALB/c mice infected at less than 12 days of age (P12) causes

fulminant encephalitis, characterised by apoptotic death of neuronal cell

populations. In contrast, virus-infected neurons in mice older than P14

survive. In immunocompetent animals lesions of inflammatory

demyelination develop. In immunocompromised animals (for example
nu/nu mice) virus persists but no lesions of demyelination develop. SFV had

previously been observed to trigger apoptosis in numerous proliferating cell
lines and in immature differentiating neuronal cell cultures. One explanation

for the dichotomy in the outcome of neuronal infection is that levels of key

pro- or anti-apoptotic proteins differ as a function ofmaturational state.

Oligodendrocytes are infected by SFV but little is known about the outcome
of infection in these cells. The absence of demyelination in

immunocompromised animals suggests these cells can survive infection.

The aim of this thesis is to determine the fate of oligodendrocytes upon SFV

infection, to ascertain the nature of any cell death and, if observed, to
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determine whether this is dependent on cell maturation state. Three

experimental systems are used; glial cell lines, mixed glial cell cultures, and
tissue sections from infected adult BALB/c and nu/nu mice.

Two differentiation-inducible oligodendrocyte-type-2 astrocyte (0-2A)

progenitor cell lines, SS5 and BC30, were utilised. 0-2A progenitor cells died

rapidly of apoptosis as determined by DAPI labelling, DNA fragmentation
and morphological features such as cell blistering and cell blebbing.
Differentiation delayed virus induced cell death between 12 and 24 hours but

did not prevent it: again cell death occurred by apoptosis.

The outcome of SFV infection of oligodendroglia derived from mixed

primary cultures was dependent on the degree of cellular homogeneity.

Immunocytochemical studies revealed that immature 0-2A progenitors died

rapidly, as revealed by double staining for caspase-3 and early 0-2A cell
markers. The susceptibility of mature oligodendrocytes was found to be

dependent on cellular environment. Mature oligodendrocytes were equally

susceptible to virus-induced apoptosis as immature progenitors when
cultured in isolation i.e. as enriched purified populations. On the contrary,

cultures of mature oligodendrocytes maintained in the presence of other glial

cells, or in contactwith extracellularmatrix molecules present in vivo,

survived infection for the period under study: two weeks.

The fate of the mature oligodendrocyte was further investigated in the

corpus callosum in vivo using sections from SFV-infected adult BALB/c and
nu/nu mice. Dual immunolabelling for virus and apoptosis (TUNEL

staining) revealed an active period of cell death between PID 4 and 6. Dual
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immunofluorescence for 2'/-3'-cyclic nucleotide 3'-phosphodiesterase

(CNPase) and SFV or caspase-3 visualised by confocal microscopy indicated

that although mature oligodendrocytes were infected with SFV they did not

die by apoptosis.

In conclusion, this study presents evidence that isolated enriched cultures of

mature oligodendrocytes are susceptible to apoptosis as are their immature

counterparts. Paradoxically, mature oligodendrocytes studied in vivo or
maintained in the presence of other glial cells factors in vitro, did not undergo
virus-induced apoptosis, unlike their immature relatives.
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Chapter 1: Introduction
This thesis examines the mechanism(s) of oligodendrocyte cell death

following infection with Semliki Forest virus (SFV). Of particular interest is
whether oligodendrocytes exhibit an age-related susceptibility to apoptotic

cell death. This chapter provides a background to glial cell biology, virus
infections of the nervous system and mechanisms of cell death.

1.1 Introduction to glial cells

The German pathologist Virchow first coined the term "neuroglia," meaning
nerve glue, in 1856 to describe the cells surrounding the neurons in the brain.

Glial cells, as they were later termed, were not categorised further until the

late nineteenth century when Camillo Golgi, Ramon y Cajal and his student

del Rio-Hortega used metallic impregnation techniques to label distinct cell

populations. Glia were grouped based on their microscopic and macroscopic

appearance into the "microglia," that consists of the macrophage / monocyte

lineage and the "macroglia" comprising astrocytes, oligodendrocytes and

ependymal cells. The microglia represent a single cell type of the

macrophage lineage. Microglial cells are generally believed to originate from

haemopoietic precursors in the bone marrow and migrate to, and colonise

the CNS in the final days of embryonic life (Cuadros & Navascues, 1998).

Whatever their origin may be, microglia form a comprehensive network of

antigen presenting cells that direct immune surveillance in the CNS.

Microglial activation occurs in response to infection, ischaemia, pronounced

depolarisation, and numerous other pathological insults. Once activated,

microglia are capable of phagocytosis, antigen presentation, and the
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secretion of immune effectors such as cytokines, chemokines, reactive oxygen

intermediates and nitric oxide.

Within the macroglia, astrocytes constitute the largest single population of
cells in the brain and are present in every region. They form a giant network

extending foot processes into the blood-brain-barrier (BBB) that provides the

brain with structural support. Their role in the brain is not fully characterised

but they have a critical role in tissue homeostasis. Astrocytes are capable of

buffering extra cellular potassium levels within the narrow range required

for neuronal activity. The expression of neurotransmitter receptors on

astrocyte processes suggests a role in the removal and recycling of
neurotransmitters from the extracellular space. This is particularly important
in the case of glutamate that is excitotoxic to neurons in excess

concentrations.

Astrocytes are frequently connected to other astrocytic processes via gap

junctions. It seems likely that discrete microdomains within the astrocytic

syncytium may interact autonomously with neurons. The syncytial

organisation encourages intercellular signalling, but also makes astrocytes

susceptible to hijack and spread of neurotropic viruses, which primarily
infect this lineage. Following CNS trauma, injury or infection astrocytes

typically respond by reactive gliosis and play an important part in the

pathogenesis of many CNS diseases.

The astrocyte lineage consists of two phenotypes (Raff, Miller & Noble, 1983;

Raff, Williams & Miller, 1984), based on morphology, physiology and

antigen expression. In vitro, type-1 astrocytes have a protoplasmic or
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epithelioid morphology and express rat neural antigen-2 (Ran-2), vimentin
and growth associated protein-43 (GAP-43). They have an in vivo

counterpart that is predominantly confined to the grey matter, (Miller RH et

al., 1985). Type-2 astrocytes were first studied in detail in the rat optic nerve.
Culture in media supplemented with 10 % fetal bovine serum (FBS) triggered

their differentiation from the bipotential 0-2A progenitor cell. They have a

stellate morphology and express many antigenic markers such as glial

fibrillary acidic protein (GFAP), ganglioside D3 (GD3), A2B5 and GAP-43.

Type-2 astrocytes represent the smaller proportion of the astrocyte lineages.

Ependymal cells are a small group of highly specialised cells that line the

ventricles, remnants of a once actively proliferating neuroepithelium from

which arose virtually all neurons and neuroglial cells of the CNS. Analysis

of their morphology by electron microscopy (EM) reveals a close-packed

epithelial cell layer held together by desmosome-like junctions. An
abundance of microvilli and cilia can be seen on their ventral surface, an

adaptation critical for their key function: the secretion and later recycling of

cerebrospinal fluid (CSF).

The final group of cells belonging to the macroglia are the oligodendrocytes
that form the main body of this discussion.

1.1.1 The role of the oligodendrocyte

The primary role of the oligodendrocyte in vivo is to synthesise myelin.

Myelin is an extension of the oligodendrocyte plasma membrane that forms

compact multi-lamellar, spirally wrapped sheaths around neuronal axons.

Myelinated axons have high resistance but low capacitance enabling vastly
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increased nerve conduction velocities. The reduction in energy consumption

and space utilization has undoubtedly been a fundamental step in the
evolution of higher mammals whose brains have 90 % of their nerve fibres

myelinated.

A typical oligodendrocyte extends numerous cell processes in multiple
directions ending in myelin sheets. Each oligodendrocyte supports 40 - 50

myelin internodes on multiple axons. To achieve this the cell body must

synthesise ten times its own weight in myelin membranes (Peters, Palay &

Webster, 1991) at a rate of approximately 105 myelin protein molecules per
minute (Pfeiffer, Warrington & Bansal, 1993). This makes the myelinating

oligodendrocyte one of the most metabolically active cells in the body and
one of the most prolific producers of cell membranes. The only other
situation on a par with this biosynthetic miracle is the production of viral

glycoproteins in virally infected cells (Simons & Warren, 1984).

The process referred to as "myelination" encompasses the production of

myelin-specific proteins such as CNPase, myelin basic protein (MBP), and

proteolipid protein (PLP) and their insertion into multilamellar compacted
membranes. Myelin is a good insulator because of its high lipid content (70

% of dry myelin weight). The lipid-rich membrane comprises 20 %

galactocerebroside and sulphatide, about 25 % cholesterol and

approximately 43 % phospholipid. Of the myelin proteins, the integral
membrane protein PLP / DM-20 represents 50 % of the protein mass of

myelin. It is found only in compacted myelin and is critical for normal

myelination. MBP is a cytoplasmic membrane protein involved in myelin

compaction, and it constitutes 30 - 40 % of CNS myelin proteins. Of the
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other myelin proteins CNP represents 4 % of myelin protein and expression
is restricted to non-compacted myelin. Minor myelin proteins include

myelin associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein

(MOG), myelin/oligodendrocyte-specific protein (MOSP) and

oligodendrocyte-myelin glycoprotein (OMgp).

Oligodendrocytes are not the only cells capable of myelination, Schwann
cells that are confined to the peripheral nervous system (PNS) also myelinate

axons. The signals for axon ensheathment and myelin compaction are

derived from the axon in the peripheral nervous system. However, Schwann

cells associate with a single axon unlike the oligodendrocyte that typically

myelinates 50 axons. Furthermore the biochemistry of peripheral myelin is

strikingly different, and so itwill not be considered in the remainder of this
discussion.

1.1.2 The origin of oligodendrocyte precursor cells

Oligodendrocytes originate from the neuroectoderm of the spinal cord and

they mature during migration throughout the CNS. Terminal differentiation
into post-mitotic myelin-producing cells occurs in situ and is promoted by
contact with axons and the paracrine effects of glial growth factors. They
continue to develop and differentiate for up to two weeks postnatally (in the

rodent) and two years postnatally in the human. Rodent platelet derived

growth factor (PDGF) positive oligodendrocyte precursors (OP) first
differentiate from multi-potent glial precursors at discrete sites along the

ventricular surface of the sub-ventricular zone of the spinal cord, (LeVine &

Goldman, 1988; Reynolds & Wilkins, 1988). OPs initiate the difficult task of

migration radially, then dorsally to populate the hindbrain, midbrain and
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forebrain in that order. Large numbers of 0-2A progenitors in the cerebral

cortices are thought to derive from this site (Curtis et al., 1988). Conversely,

equally numerous populations persist in the cerebellum which originated

from the sub-ependymal layers of the 4th ventricle (Reynolds &Wilkins,

1988).

The timing of OP detection is quite similar in rodents: populations can be

detected in the diencephalon from E9.5 (embryonic day 9.5) in mice and E13

in rat (Pringle & Richardson, 1993; Timsit et al., 1995) around the lateral

ventricles, the fourth ventricle and the forebrain by E14 - E15 (Hardy &

Reynolds, 1991; Goldman & Vassye, 1991; Reynolds & Wilkins, 1988) and in

all axial levels of the developing spinal cord at E14 (Warf, Fok-Seang &

Miller, 1991).

1.1.3 Lineage differentiation in vitro

The study of oligodendroglial cell death must be set in context of

oligodendrocyte maturation and differentiation, as it is becoming

increasingly apparent that distinct mechanisms of cell death operate in

precursor cells versus mature cells (Back et al., 1998; Sypecka, 2003). The

discovery and characterisation of the 0-2A progenitor cell is credited to

Martin Raff and his colleagues following extensive in vitro studies conducted

in the neonatal rat optic nerve (reviewed in Raff, 1989). 0-2A cells are

present in abundance in dissociated cultures from rat optic nerve and label

with A2B5 antibody. When cells expressing the A2B5 antigen were cultured
in media supplemented with 10 % FBS they expressed GFAP (Raff, Miller &

Noble, 1983). However, when cultured in defined medium they acquired the

oligodendrocyte marker galactocerebroside (gal-C). Furthermore, when
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A2B5 cells were killed by complement lysis, neither astrocytes nor

oligodendrocytes developed in vitro. Hence the conclusions drawn from
Raff's early work were that the 0-2A lineage represented a bipotential

progenitor cell that can give rise to an oligodendrocyte or a type-2 astrocyte

in vitro. 0-2A progenitors cultured in minimal media (>1 % serum) in the

absence of other cells differentiate into oligodendrocytes suggesting that this

might be the default pathway in vivo (Temple & Raff, 1986). When 0-2A
cells were cultured in a more complex environment (on type-1 astrocytes

derived from the neonatal cerebral cortex) they proliferated first, delaying
the development of the first oligodendrocytes until 4 days in vitro (DIV).
These findings revealed that cells of the 0-2A lineage differentiate into

oligodendrocytes (determined by gal-C expression) at the same time as they
do in vivo, and that oligodendrocyte differentiation is regulated by contact

with intact monolayers of type-1 astrocytes (Raff, Abney & Fokseang, 1985).

Our current understanding of the cell fate of 0-2A progenitors in vivo is that

it is guided by cell intrinsic and cell extrinsic factors, the latter of which are

more important in vivo. The point at which an 0-2A cell stops proliferating
and exits the cell cycle to differentiate was demonstrated in the rat optic

nerve. 0-2A cells have an intrinsic clock that registers the number of cell

divisions and induces differentiation once a set number of mitoses have

occurred (usually eight). Remarkably, the control of timing of

oligodendrocyte differentiation can be reproduced in vitro in the presence of

type-1 astrocytes; these cells are thought to provide the mechanism of

counting by growth factor signalling.

38



In summary, oligodendrocyte differentiation from 0-2A progenitors is

inhibited by the paracrine secretion of PDGF from astrocytes in vivo, thus

promoting 0-2A progenitor expansion. Then, proliferative stimuli are
overridden by the intrinsic clock as 0-2A cells become unresponsive to even

saturating levels of PDGF.

The characterization of four successive stages of oligodendrocyte

differentiation in rat brain is largely due to the discovery of mono-specific,

stage-specific antibodies to cell surface and myelin glycolipids and

glycoproteins. The sequential phenotypes of the 0-2A lineage have been
defined using antibody labelling, observations on the migratory capacity of

these cells and process morphology in combination. Commitment to the
0-2A lineage is generally represented by the appearance of the multipolar
0-2A progenitor cell specifically recognised by the expression of PDGF

receptors or with the A2B5 and GD3 gangliosides in combination with
vimentin. These cells are highly proliferative and can migrate considerable

distances in vitro and in vivo (Gonye et al., 1994; Small, Riddle & Noble, 1987).

Next in the ontogenic progression is the late 0-2A precursor, also classified

as the pre-oligodendrocyte or pro-oligodendroblast (pro-OL). Cells of this

lineage remain mitotically active, but lose their migratory capacity. They
were first distinguished on the basis of their typical multipolar morphology
and reaction with an 04 antibody developed by Sommer & Schachner, 1981.

This early phenotype is now identified with antibodies such as 04 and A007,

but not gal-C expression. Concurrent expression of the pro-oligodendroblast

antigen (POA) gave rise to the name, the pro-oligodendroblast (Bansal,
Stefansson & Pfeiffer, 1992). As the 04+ cell matures it can be detected by the

Ranscht monoclonal antibody (R-mAb) and gal-C antibody (Gard & Pfeiffer,
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1990). Expression of the best-defined pro-OL marker, 04, persists during

subsequent differentiation, but it is the expression of galactocerebroside

(identified initially with the Ol antibody) that marks the transition to a

mature phenotype. Concomitantwith this change is the cessation of mitosis.
The gal-C+ oligodendrocyte has a highly branching morphology and
correlates with commitment to terminal differentiation. The process of

differentiation can be traced by the sequential expression of about ten myelin

proteins, such as MBP and PLP, and the elaboration of segments of myelin
membrane (Knapp, Bartlett & Skoff, 1987). A summary of this information is

given in Table 1.1.

Table 1.1: Summary of oligodendrocyte differentiation markers.

Cell type (stages of maturation) Marker

Pre-progenitor (unipolar glial precursor cell) PSA-NCAM

02A progenitor cell (bipolar glial precursor cell) A2B5, GD3, NG2, PDGF-

AA receptor

Pro-oligodendroblast (branched processes) 04, A2B5, GD3

Immature oligodendrocyte (branched network) gal-C, 04

Oligodendrocytes (sheath-forming) gal-C, CNP, MAG, MBP,

PLP, MOG

(Adapted from van der Goes & Dijkstra, 2001).

1.1.4 Lineage differentiation in vivo

Early studies by Raff, Williams & Miller (1984) in the rat optic nerve

incontrovertibly demonstrated that differentiation of oligodendrocytes from
0-2A cells in vitro represent the constitutive pathway of 0-2A cell

development and occurs around the time of birth. Type-2 astrocytes are later
detected at 7 to 10 days after birth (Abney, Bartlett & Raff, 1981; Miller RH et
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al., 1985; Williams, Abney & Raff, 1985). In vivo type-1 astrocytes also control

the differentiation of type-2 astrocytes.

A fundamental difference between 0-2A progenitors cultured in defined

medium in vitro and those cultured in 10 % serum, co-cultured with type-1

astrocytes (or in vivo) is that 0-2A differentiation occurs asynchronously.
Hence the study of enriched cultures of oligodendrocytes versus the study of

oligodendroglia in pre-shaken primary cultures will be different. It has since
been established that 0-2A cell differentiation is the same in the neonatal rat

brain as previously observed in the rat optic nerve, and similar in mouse

brain in vitro.

The use of cell surface markers to identify stage-specific oligodendroglia is

complicated in vivo and in more complex glial cell systems in vitro. A2B5 is

an unreliable marker in vivo because it also labels neurons (Eisenbarth, Walsh

& Nirenberg, 1979). However, rat 0-2A progenitors can be specifically
labelled by NG-2 and GD3, (Gallo, Bertolotto & Levi, 1987; Goldman et al.,

1984; Goldman, Geier & Hirano, 1986; Levine & Stallcup, 1987). Likewise,

immature oligodendrocytes can be identified in vivo by gal-C expression.

Mature differentiated oligodendrocytes can be easily recognised in cryostats

of brain tissue using the Rip or CNP antibody (Freidman et al., 1989). The

transition between the 04 positive pro-oligodendroblast and the gal-C+

oligodendrocyte is marked by a variety of antibodies and the exact timing of

expression varies between studies. This is probably representative of the fact
that 04 positive cells are thought to be a transient developmental stage,
where the 0-2A cell commits to further differentiation along the

oligodendrocyte lineage.
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1.1.5 White matter disorders

Disorders of the white matter are caused by many disparate triggers

including viral infection; toxic insults; autoimmunity; B12 vitamin deficiency
and stroke. Oligodendrocytes are highly susceptible to anoxia and excitotoxic

insults (with kainite and glutamate). A frequent feature of many white
matter diseases is however the demyelinating lesion, most frequently
associated with inflammatory disease. Demyelination refers to damage and
loss of the myelin sheath as a result of direct attack on the membrane itself or

the oligodendrocyte that provides it, or secondary to the destruction of
neurons and their axons. Inflammatory demyelination is caused by a variety

of mechanisms. T-cell activation occurs early in the process and macrophage
activation and humoral responses are prominent features.

One important consequence of demyelination is the ensuing damage to

exposed axons that result in reduced nerve impulse conduction and hence

increasing disability. Extensive nervous system demyelination often has

devastating consequences for the individual including paralysis, dementia

and sometimes coma. Despite an enormous personal cost to the individual

and to society in general, disorders of the white matter are still only partially
understood. The following section gives a brief review of the pathological
insults that lead to human demyelinating disease of a non-infectious

aetiology.
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1.1.6 Non-infectious causes of oligodendrocyte pathology

1.1.6.1 Gliotoxins

The study of glial cell toxins has depended largely on the inoculation of

experimental animals to supplement observations made in accidental

poisoning of humans. Diphtheria toxin, cyanide, 6-aminonicotinamide

triethyl tin, and lysolethicin are all highly toxic to oligodendrocytes. The

cholesterol biosynthesis inhibitor AY9944 causes intoxication of young
animals whilst the CNS is still undergoing myelination. Ethidium bromide

and cuprizone are commonly used to cause demyelinating plaques in

experimental animals in studies on CNS remyelination.

1.1.6.2 Disorders of development / vascular disorders

Cerebral palsy describes the failure of the white matter of the cerebrum to

develop perinatally and therefore represents a set of diseases with complex

pathobiology. One example of cerebral palsy is focussed on here; a disease
called Periventricular leukomalacia (PVL). This condition is common in

premature babies that are born extremely underweight (< 1.5 Kg). Low birth

weight is associated with chronic ischaemia leading to coagulation necrosis
after reperfusion (Back & Volpe, 1997). The pathology is thought to be
caused by free radical attack initiated by activated microglia (Kenney & Back,

1998). In rat brain, immature (04+ / gal-C+) differentiating oligodendrocytes

display the greatest sensitivity to hypoxic-ischaemic insult and oxidative
stress compared to the other differentiation states (Back et al., 1998; Back et

al., 2000). These studies demonstrate how the maturational state of the

oligodendrocyte is integral to its ability to survive specific toxic insults.
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1.1.6.3 Genetic disorders

Many genetic diseases of the white matter are X-linked and this is certainly
true of Pelizaeus-Merzbacher disease (PMD), a hereditary defect of PLP

biosynthesis. Specific point mutations and deletions of the proteolipid

protein gene are associated with dysmyelination and hypomyelination,
evident at birth but significantly worsening around age seven. Despite a

paucity of oligodendrocytes in the brains of PMD patients, existing

oligodendrocytes continue to try and elaborate myelin unsuccessfully.

Oligodendrocyte death might be a feature of asynchronous myelin protein

expression or simply the absence of this protein. It is clear that mis-folding
of the PLP protein activates the endoplasmic reticulum (ER) stress response
and that oligodendrocytes die by apoptosis. In the jimpy mouse, an animal
model for PMD, apoptosis of oligodendrocytes is characterised by high levels

of caspase-12 cleavage, thought to be the initiator caspase of the ER stress

pathway (Cerghet et al., 2001).

1.1.6.4 Disorders of metabolism

Phenylketonuria (PKU) has an incidence of 1:12,000 neonates in the U.K. It is

caused by a mutation in the phenylalanine hydroxylase gene that results in

high levels of phenylalanine in the bloodstream. In the CNS this results in

hypomyelination and gliosis of type-2 astrocytes, possibly due to the

expression of aberrant myelin protein isoforms. One surprising finding from
a study of the Pahenu2 mouse is that the loss of myelin and the reactive gliosis

might be explained by the conversion of myelinating oligodendrocytes into

non-myelinating oligodendrocytes that express GFAP as well as MBP in the

presence of elevated phenylalanine (Dyer et al., 1996).

44



1.1.6.5 Oncogenesis

Oligodendrogliomas represent approximately 5 % of all primary glial cell
tumours and occur commonly in adults in the fourth and fifth decades of life

and less commonly in young children typically between the ages of seven
and ten years old. Tumours are most frequently located in the frontal and

temporal lobes of the forebrain and can be labelled using early neural

precursor markers such as nestin and markers of a high proliferative index
such as MIB-1. The question of cellular differentiation state remains

inconclusive because, to date, all oligodendrocyte specific markers fail to

label neoplastic oligodendrocytes. However, high levels of transcription of
the OLIG 1/2 transcription factors genes have been observed in transformed

oligodendrocytes, which may aid in the search for reliable diagnostic tests

(Lu et al., 2001; Marie et al., 2001). A comparison of in vivo studies of human

oligodendrogliomas revealed that they expressed a specific variant of a
common white matter glycolipid involved in cell-cell and cell-extracellular

matrix (ECM) interactions, CD44H. The expression of this marker in vitro

occurs in 0-2A cells through to 04 pro-oligodendrocytes, but was not

expressed on mature oligodendrocytes. These observations support the

theory that oncogenesis in oligodendrocytes is confined to cells which have

not completed terminal differentiation. The authors also note that CD44H

might reflect a marker of migratory tumour cells (Bouvier-Labit et al., 2002).

An exciting development was recently made during a study of resected
human medulloblastomas and glioblastomas from both children and adults,

(Singh et al., 2004). Oncogenesis appeared to depend upon a rare fraction of
cells with stem cell-like properties. The cancer stem cell theory applies to
leukaemia and breast cancers but had not previously been demonstrated in
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the CNS. This raises the possibility that rogue stem cells might be the

driving force behind CNS tumourigenesis.

1.1.7 Known infectious and parainfectious causes of oligodendrocyte

pathology

Central nervous system demyelination has been documented following

many virus infections such as mumps, measles, rubella, influenza and

human immunodeficiency virus (HIV). Myelin destruction and

oligodendrocyte loss can occur as a direct result of virus infection or by
virus-induced autoimmunity, immunosuppression or dysregulation (i.e.

para-infectious mechanisms). In the following section a few examples are

discussed in more detail with special attention to the mechanisms that

induce demyelination.

1.1.8 Progressive multifocal leukoencephalopathy (PML)

PML is a rare, but fatal demyelinating disease of the CNS caused by the

polyoma virus, JC virus, that predominantly affects immunocompromised
individuals. The virus is ubiquitous worldwide. Infection (of 80 - 90% of

population) usually occurs in the first decade of life, much like Epstein Barr
virus (EBV) infection (Padgett & Walker, 1973). This scenario is changing as

PML is now frequently observed in association with HIV infection. Indeed,
it is estimated that 85 % of reported cases occur where acquired

immunodeficiency syndrome (AIDS) is the underlying deficit (Berger &

Concha, 1995).

The virus persists in the kidneys and the lymphoid tissues until a breakdown
of immune control precipitates a productive infection. This is associated
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with the onset of visual disturbances, dementia and ataxia as a consequence

of cerebellar, cerebral and brain stem demyelination. Large lesions are

common and frequently show signs of necrotic cell death and axonal

neuropathy. JC virus is different from many viruses that cause

demyelination because it has a tropism for oligodendrocytes, which it is able
to infect via serotonin receptors (Elphick et al., 2004). Oligodendrocyte death
and demyelination are due to the direct cytolytic action of JC virus infection

(Astrom, Mancall & Richardson, 1958; Johnson, 1983; Walker, 1978). The

periphery of the lesion is characterised by abnormally large oligodendrocytes

containing inclusion bodies of viral nucleic acid (Dorries, Johnson & ter

Meulen, 1979) and the lack of a prominent inflammatory response in general.

1.1.9 Human T-cell lymphotropicvirus-1 (HTLV-1) associated myelopathy/

Tropical spastic paraparesis (HAM /TSP)

HTLV-1 belongs to the retroviridae and causes an asymptomatic infection in

most individuals. In rare cases, infection predisposes to T-cell leukaemia and

the demyelinating disease, HTLV-l-associated myelopathy, usually in the
fourth and fifth decades of life. A study conducted to establish seropositivity

to HTLV-1 serendipitously revealed that 60 % of the patients with TSP were

seropositive for HTLV-1, whereas only 4 % of the general population were

seropositive (Gessain et al., 1985). HTLV-1 is currently endemic in Japan,

central Africa, South America and the Caribbean.

At autopsy HAM features a thickening of the meninges and intense atrophy

of the thoracic spinal cord. The anti-viral inflammatory response is

prominent in the meninges and in the perivascular spaces. The most intense

demyelination is found in the thoracic spinal cord where there is axonal but
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not neuronal loss. In the brain, the pathology includes diffuse

demyelination, astrocytosis and hyaline thickening of the vessels and hence

these lesions do not resemble the plaques typified by multiple sclerosis

(Ogata et al., 1993). HAM is clearly an example of a virus-induced

inflammatory disease. Early in disease the CSF contains IgG synthesised

intrathecally, activated microglia, virus-specific CD8+ T-cells and other

abnormal cells. The peripheral blood contains higher quantities of CD4+ and

CD8+ restricted T-cells specific for HTLV-1, higher concentrations of proviral

DNA, and more anti-HTLV-1 antibodies than asymptomatic carriers and

patients with T-cell leukaemia. The death of oligodendrocytes has not been
well studied but probably occurs by immune mediated cytotoxic

mechanisms as a result of persistent infection. Infection of the Wistar-King-

Aptekman-Hokudai (WKAH) rat with a HTLV-l-producing human T-cell
line induces HAM, and has been used to model HTLV-1 infection (Ishiguro

et al., 1992). In this model, proviral DNA was evident in the spinal cord by 4

months. At 7 months post infection an upregulation of TNF-a mRNA

transcripts occurred, coinciding with apoptotic death of MOG+

oligodendrocytes (Ohya et al., 2000). White matter degeneration occurred at

12, 15 and 20 months, as did an increase in the number of activated microglia
and macrophages (Ohya et al., 2000).

1.1.10 AIDS and CNS involvement

The neurological findings in patients with HIV infection are hugely varied.
Vacuolation of the white matter is common in the 10 % of AIDS patients that

develop neurological disorder (Petito et al., 1985; Shaw et al., 1985).

However, central and peripheral demyelination have been recorded in AIDS

patients. Even less is known about the induction of this demyelination.
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AIDS patients are frequently co-infected with JC virus, a virus that can cause

cytolytic destruction of oligodendrocytes and other neurotropic viruses such
as cytomegalovirus (CMV) and Herpes Simplex virus (HSV). One possible

explanation is that HIV infected macrophages and microglia detect viral
infection within the CNS and initiate an inflammatory assault on

oligodendrocytes. Activation of this lineage by HIV infection has been
shown to trigger IL-1, IFN-y and TNF-a secretion. All of these cytokines are

toxic to oligodendrocytes specifically (Ludwin, 1997; Selmaj & Raine, 1988).

1.1.10.1 Post-infectious Encephalomyelitis and Subacute Sclerosing

Panencephalitis (SSPE)

Measles is a major health problem worldwide and it remains one of the three

commonest infectious causes of childhood mortality. Developing countries

bear the brunt of this burden due to inadequate vaccination programs. Data

from WHO's Global Burden of Disease (GBD) project demonstrated that:

"Approximately 1.7 million vaccine-preventable childhood deaths occurred in 2000, ofwhich

777,000 (46%) were attributed to measles." (MMWRWeekly Report, 2003).

Acute measles is a self-limiting condition because of the strong immune

response it elicits. During clinical disease there is a transient hypo

responsiveness of infected lymphocytes. CNS infection is an extremely rare
event. The virus accesses the brain by the haematogenous route, possibly via
infected lymphocytes representing a Trojan horse-style attack. Acute

encephalitis (post-viral encephalomyelitis) occurs in 1 in 1000 cases of

measles infection and accounts for 95 % of the neurological complications

(Johnson, 1978).
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Widespread perivenular infiltrates, largely consisting of mononuclear cells
are associated with regions of demyelination. This virus-induced

autoimmune disease shares a lot of the neuropathological features of

experimental allergic encephalomyelitis (EAE). By the time a diagnosis of
acute disseminated encephalomyelitis (ADEM) has been confirmed viral

RNA, envelope proteins and anti-viral antibodies cannot be detected in the

CNS (Gendelman et al., 1984, Moench et al., 1988). The virus is effectively
cleared but inflammatory damage is visited upon myelin by the

inappropriate activation of B-cells, and CD4 /CD8 restricted T-cells. Immune
cell dysregulation is further characterised by raised levels of soluble IL-2, C-
reactive protein, IgE and IFN-y. Post-infectious encephalomyelitis is also a

rare complication of vaccinia, varicella and rubella infections (Griffiths,
Salam & Adams, 1970).

A much rarer complication of early infection with Measles virus occurs when
the virus accesses the CNS and establishes a persistent infection. SSPE is a

fatal slow progressing demyelinating disease with an onset between 6 and 8

years. It follows the initial CNS infection (post-viral encephalomyelitis) by

years, sometimes several years. Persistence occurs in neurons and astrocytes

but particularly in oligodendrocytes. The conversion from lytic to persistent

infection is thought to be due to a failure of virus maturation. Measles virus

samples isolated from SSPE patients contain mutated copies of the viral
matrix (M) protein, a protein strongly implicated in viral persistence. The

characteristic inclusion bodies in oligodendrocytes contain viral

nucleocapsids but notmature virus particles. Anti-measles antibody

complexes have been observed on oligodendrocytes and myelin
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commensurate with high serum and CSF antibody titres (specific for several

measles virus proteins).

1.1.11 Post-vaccinal encephalomyelitis and experimental allergic encephalitis

(EAE)

Post-vaccinal encephalomyelitis was first documented following
immunisation with an attenuated Rabies vaccine, prepared in nervous tissue

by Pasteur in 1885. A small number of his patients suffered neuroparalytic
disease and their condition was later classified as autoimmune

encephalomyelitis triggered by the injection of nervous system tissue (Rivers,

Sprunt & Berry, 1933; Rivers & Schwentker, 1935). EAE is an experimental
disease as the name implies and has been studied as an animal model for MS.

Kabat, Wolf & Bezer, 1947 were the first researchers to develop a model of

EAE that was reproducible. Their contribution to this field was to

demonstrate in monkeys that EAE could be induced by a single injection of
rabbit brain extract only if the nervous tissue in question had been emulsified
in Freund's adjuvant. EAE can be induced in numerous strains of laboratory
rats and mice, as well as guinea pigs, dogs, sheep and primates. The

quintessential clinical correlate of EAE is ascending paralysis starting with
the tail and hind limb paralysis and spreading to the abdomen and forelimbs.

As a generalisation, EAE is a T-cell-mediated inflammatory demyelinating
disease characterised by perivascular and subpial infiltrates and focal regions

of demyelination. The neuropathology is caused by autoreactive T- and B-

cells. The finding that EAE could be induced with adult CNS homogenate
but not with fetal immediately suggested that CNS myelin was the

encephalitogenic component (Kabat, Wolf & Bezer, 1947). Extraction of
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myelin proteins yielded the identification of MBP and shortly thereafter PLP

(Folch & Lees, 1951). Both proteins are abundantly expressed in

oligodendrocytes and are essential for the compaction of myelin. The search
for a causative auto-antigen was honed in from encephalitogenic myelin

proteins to the encephalitogenic peptides of specific auto-reactive T-cells, and
also extended to non-myelin antigens such as GFAP and S-100 (Kojima et al.,

1994). A role for auto-antibodies against MOG was first demonstrated by

Kojima et al., 1994. Co-administration of anti-MOG antibodies with anti-MBP

specific T-cells caused Lewis rats to develop large persistently demyelinated
lesions in a specific model of EAE. Attention has since turned to include

myelin-associated oligodendrocyte basic protein (MOBP) as the potential

target antigen in MS after increased T-cell reactivity was detected in MS

patients (Kaye et al., 2000).

It is necessary at this juncture to mention the broad nature of EAE disease

models. The mode of sensitisation (in terms of antigen, route of inoculation,

use of adjuvant etc) and the genetic background of the species under study
all affect the manifestation and outcome of disease.

EAE can be divided into four categories: (i) acute, (ii) transfer, (iii) chronic

relapsing and (iv) antibody dependent. A classic approach for the initiation
of acute EAE is the inoculation of MBP (in complete Freund's adjuvant, CFA)

into Lewis rats (Paterson & Hanson, 1969). Transfer EAE requires adoptive

transfer of CD4+ T-cells that have been activated by immunisation with a

mitogen or MBP. Both of these models cause a monophasic disease (unlike

MS) and spontaneously resolve leaving protective immunity. Furthermore
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acute EAE does not always trigger demyelination; it is most reminiscent of

post-vaccinal encephalomyelitis.

The following two classes of EAE model many aspects of MS more closely
and have several interesting features. Chronic relapsing EAE (crEAE) is

induced in Lewis rats when cyclosporin in administered after the induction

of acute EAE or in DA rats inoculated with whole syngeneic CNS tissue (

Lorentzen et al., 1995; Polman et al., 1988). Mice, in comparison, do not tend

to develop cr(EAE) under the same conditions but success was achieved
with SJL and Biozzi ABH mice (Baker et al., 1990; Lublin et al., 1981). One

exception to this rule occurs when MOG is used to induce crEAE (Amor et

al., 1994). The disease course of crEAE can faithfully model that of MS,

following a relapsing remitting course that eventually progresses into a

chronic end-phase. Inflammatory demyelination typically develops at 12 to
24 months post-inoculation. B-cell responses are elevated in between disease

episodes and decrease during demyelinating relapses. crEAE is

characterised by less active demyelination than other models (although large
areas are involved) and a potent inflammatory response preferentially
directed against axons. MOG induced crEAE in particular represents a very

convincing model of the MS lesion because remyelination is poor and the

encephalitogenic insult required to initiate new lesions decreases with
disease progression.

Antibody dependent (enhanced) EAE (adEAE) is induced when inoculation
of CNS extract is followed by inoculation of anti-myelin antibodies at the

onset of clinical disease (Morris et al., 1997; Piddlesden et al., 1991). adEAE is

very similar to crEAE but demyelination is considerably more pronounced.
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The use of MOG and proteins normally exposed on the outer leaflet of

myelin membrane are thought to trigger antibody-mediated demyelination
more effectively and consequently exacerbate clinical disease symptoms.

1.1.12 Multiple Sclerosis

The most studied demyelinating disease of humans is undoubtedly MS, first

characterised by Jean Martin Charcot at L'hopital de la Salpetriere in Paris.

The clinical and pathological features of MS are described in detail in his

lecture series entitled "La sclerose en plaque disseminees" (Charcot, 1868).

MS represents the most common chronic neurological disease of young

people in the developed world. People of northern European origin, who
reside in temperate climates have a 1 in 400 lifetime risk of developing

prototypical MS (Compston & Coles, 2002) and the highest prevalence
recorded occurs in the north of Scotland. The onset of disease ranges

typically from age 18 to 50 with the majority of patients developing the
condition after 25 years of age. There is a female predominance (1.6 :1) of

the relapsing-remitting course of MS (present in 80 % of patients). Primary

progressive MS has a much shorter disease course typified by a more

aggressive neuropathology and is more common in men.

The neuropathology of relapsing-remitting MS (RRMS) is characterised by
acute focal lesions of demyelination initially showing a periventricular and a

perivascular distribution. The recently formed "active" plaque is different
from the older chronic "inactive" plaque in many respects. It is poorly

demarcated, oedematous and contains large numbers of infiltrating cells. The

inflammatory infiltrate is most conspicuous at the border between the active

plaque and the normal parenchyma. It is dominated by macrophages known
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as "gitter cells." These lipid-laden foamy macrophages are much larger than

macrophages found in the periphery, as they have scavenged the breakdown

products of myelin. Macrophages also contribute to the process of

demyelination by stripping myelin from the oligodendrocyte, and activated

microglia can cause lipid peroxidation of myelin membranes by the secretion
of reactive oxygen species and free radicals such as nitric oxide (NO).

Destruction of the oligodendrocyte is usually secondary to myelin

breakdown (Raine, Scheinberg & Waltz, 1981). Whilst the role of the

macrophage lineage cell in MS has traditionally been assumed to be a wholly

negative one; recent studies have challenged this view. Microglia perform a

multiplicity of functions in the CNS undergoing inflammation, infection or
trauma. Although activated microglia are often cytotoxic to neurons and

oligodendrocytes they can also act in an immunoregulatory manner in the

presence IFN-y and 11-4 (Butovsky et al., 2005). The primary function of
activated microglia is to scavenge debris thus preventing extended periods of

inflammation. They can destroy invading micro-organisms and promote
tissue repair by the secretion of insulin-like growth factor I (IGF-I) and

transforming growth factor pi (TGF-pl), for reviews see Gehrmann et al.,

1995; Kreutzberg, 1996.

Antibodies directed against myelin antigens, most notably MOG, play an

important role in experimental demyelination (Smith et al, 2005; van der
Goes et al., 1999). Injury can be caused by activation of the alternative

pathway of the complement system or antibody-dependent cell mediated

cytotoxicity. Activated T-cells are fundamental to the initiation of

inflammatory demyelination and in concert with activated microglia,

macrophages, astrocytes and B-cells, they drive the immune response by the
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secretion of pro-inflammatory, Thl cytokine expression. Pro-inflammatory

cytokines can potentiate myelin damage by their cytotoxicity (e.g. TNF-

a) and by amplifying the inflammatory response (e.g. IL-1, IL-6 and IFN-

y). Viral involvement in MS is implicated by the fact that CTL lymphocytes

frequently outnumber T helper cells. In one study the ratio of CD8+: CD4+ T-

cells present in the perivascular cuffs of MS lesions varied from 1:1 to 50:1

(Fiauser et al., 1986). The loss of oligodendrocytes from active lesions is

extremely variable, but the extent of oligodendrocyte pruning from MS

lesions appears to be associated with the extent of cell differentiation (i.e.

MOG and PLP expression) rather than the age of the lesion (Lucchinetti et al.,

1999). Conversely, axonal loss is active lesions has been grossly
underestimated (Kornek et al., 2000).

The effects of repetitive immune assault can be seen in the chronic "inactive"

plaque. Chronic lesions have a sharply demarcated border and are

frequently polygonal in shape and confluent. They extend along small to
medium sized venules giving an impression of the fingers of a hand, a
feature that is now called Dawson's fingers (Dawson, 1916). Chronic lesions

differ from acute lesions in that the inflammatory response is usually absent.

Glial scarring is caused when astrocytes wrap their processes around

denuded axons and damaged oligodendrocytes, and is easily demonstrable

in chronic plaques by the presence of densely packed GFAP filaments. As the
disease progresses the extent of axonal loss and astrogliosis increase,

correlating with cumulative clinical disability. Intriguingly, the level of

endogenous remyelination in areas of demyelinated tissue is far greater in
chronic lesions as opposed to younger active lesions (Ozawa et al., 1994).
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1.1.13 Risk factors associated with the development of MS

The prevalence of MS is extremely variable throughout the world. A high

prevalence is generally observed in the temperate latitudes and MS is

common amongst Caucasians, but almost unheard of in Africans and Asians.
Disease prevalence is determined by genetics (race), geography, exposure to
childhood infections and other, as yet unidentified factors.

1.1.14 Geographical location

As previously stated the incidence of disease increases in both hemispheres

with increasing geographical latitude from the equator. This trend abruptly

stops after 65° in each direction after which the incidence of MS is very low.
A high prevalence of MS has been observed in most of northern Europe,

northern USA, southern Canada, New Zealand and southern Australia

between the latitude of 44° and 64°. Medium disease prevalence is associated

with countries that fall within 32° and 47° latitude such as southern Europe,

southern USA, the Middle East, northern Africa and South Africa. The

lowest prevalence of MS is found in equatorial regions such as Latin and

South America and in latitudes above 65° e.g. northern Canada and

Greenland. Exceptions to this rule include both Japan and China, which

have very low prevalence rates of MS despite lying within medium risk

latitudes. They also imply that multiple factors must affect our susceptibility
to multiple sclerosis.

An association between a transmissible environmental factor and the

acquisition of MS was put forward following the observation that

poliomyelitis and MS shared similar prevalence patterns (Poskanzer, Scapira
& Miller, 1963). This theory was supported by a series of remarkable
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clustering of cases on island populations e.g. the Shetland Islands, Orkney,
the Faroe Islands and Iceland (Sosa et al., 1967). Evidence in favour of the

role of an environmental factor in the aetiology of multiple sclerosis, has

been convincingly demonstrated in a series of studies on population

migration by Kurtske in the 1970s and 80s.

One of the most impressive epidemics of MS ever recorded occurred on the

Faroe Islands shortly after the Second World War, a region associated with a

high risk of developing MS (Kurtzke & Hyllested, 1979; Kurtzke & Hyllested,

1988). Poser, Benedikz & Hibberd, 1992, argue that an epidemic can only be

assumed if equally reliable data on the incidence of MS is available before
and after the alleged "epidemic." Before 1942 there had been no recorded

cases of MS. Between 1942 and 1960 there were 24 definite cases recorded

and in the following 10 years only a single case was diagnosed in 1970. The

timing of the epidemic corresponds with the occupation of the islands by
British troops in the Second World War and suggests an incubation period of

only 6 years. Kurtzke et al., 1994 demonstrated that the development of MS
occurred in villages with a temporal and spatial relationship to the

occupation by British troops between 1945 and 1950. It is largely accepted
that an epidemic of MS did occur in the Faroe Islands.

A more recent epidemic occurred between 1977 and 1979 in an area of low

MS prevalence called Key West, a small Island of the West coast of Florida.
The incidence of MS was 14 fold higher when compared to neighbouring
Florida and it could not be explained by changes in diagnostic criteria, case
ascertainment bias or the immigration of populations from high-risk areas

(Helmick et al., 1989). Prior to the outbreak, Key West had fallen prey to
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several epidemics of infectious disease due to problems obtaining a fresh
water supply and sanitation. Hansen's disease was endemic between the

1940's and the 1960's and several epidemics of Poliomyelitis, meningitis,
arbovirus infections and Hepatitis A and B infections were reported that did

not occur in neighbouring Florida. Cook, Dowling & Russell, 1978,

correlated the extraordinary clustering of MS with a particularly high
incidence of Canine Distemper virus (CDV) that occurred between 1969 to

the mid-1970s.

The study of population migration was a significant step forward for the
environmental agent hypothesis. The first studies of this type compared

local and migrant populations in South Africa following the Second World

War. Dean, 1967) compared the annual incidence of MS in white South

African-born individuals to that of European immigrants arriving in South

Africa. The age-corrected frequency was highest in the European

immigrants, lower for the South African English but significantly lower in
native Afrikaaners. However, the prevalence of MS in coloured populations

of coastal regions such as the Cape was slightly higher where Caucasian and

African genes were frequently admixed (supporting the involvement of

racial factors e.g. genetic susceptibility in the acquisition of MS). However,

there was considerable variation in the frequency of MS in the cohort of

Caucasian English-speaking South African immigrants despite the fact that

they had all moved from an area of high risk (Europe) to an area of medium
risk (South Africa), Dean & Kurtzke, 1971. It became apparent that adults

who had migrated to South Africa had the same risk of developing MS as

their country of origin (i.e. high) whereas those migrating below the age of 15
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adopted the risk of their new environment, exhibiting the same prevalence of
MS as native-born inhabitants.

This dichotomy is illustrated in studies of several other migrant populations

although comparison is difficult due to the variation in methodologies used
to study this phenomenon. However, the importance of ones residence

during the pre-pubescent years, first noted in the South African study, still

appears valid today. This led Fishman, 1982, to conclude that the period
before puberty is the critical time during which geographical location
determines disease probability.

1.1.15 Genetics

Despite the fact that MS is a sporadic disease occasional familial clustering
are often cited to suggest a genetic predisposition to the disease. In high-

prevalence regions the lifetime risk of developing MS is about 0.00125 % for
the general population. Siblings have a 2.6 % risk whereas data from twin

studies suggest a concordance rate of 25 % for monozygotic twins and 2.4 %

for dizygotic twins.

There is no single locus that is necessary or sufficient for the development of
MS hence it seems likely that multiple unlinked genes confer susceptibility

(Bell & Lathrop, 1996). The major histocompatibility complex is thought to

be one of the genetic determinants of MS with the strongest association

involving the class II alleles DR15, DQ6 and Dw2 in Caucasians (Sadiq &

Miller, 1995). However, genome screens for MS prove that both genetic and

non-genetic factors are essential to the aetiology of the disease. The

likelihood that certain alleles contribute to disease acquisition is
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strengthened by the fact that race also affects susceptibility to disease. For

example, MS rarely occurs in Bantu people, Eskimo's, Hungarian gypsies

and the Hutterites of N. America and it is ten times less frequent in oriental

populations compared to northern European or northern American

populations.

1.1.16 The aetiology of MS

A complete picture of the aetiology and disease pathogenesis of MS is still

lacking after many decades of fervent research. A confounding factor for this
situation is the lack of material available for study. Neuropathological

findings are frequently made at autopsy and end-stage disease, due to the
accessible nature of the CNS. However, this tissue normally represents the

damage accrued from a lifetime of inflammatory episodes and failed

attempts at repair. However, the study of brains at autopsy where the

diagnosis of MS was recent or retrospective studies using biopsy samples
from previously undiagnosed patients, offers a unique yet rare chance to
catch a glimpse of the events surrounding early disease.

To counteract these problems animal model systems have been widely used

to study the mechanisms at work in demyelinating disease. It is important to

concede that there is currently no available animal model that recapitulates

all aspects of MS. Animal models can be broadly classified as either

"infectious" or "autoimmune". The infectious hypothesis states that a

pathogen (most commonly a virus) infects the CNS and through persistence

activates an inflammatory immune response that irreversibly damages the

CNS. The autoimmune hypothesis states that disease is caused by

autoreactive T-cells specific for components of the myelin sheath.
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1.1.17 Lessons from viral demyelinating models

The assertion that MS is caused by an environmental factor (consistentwith

epidemic outbreaks of MS) is one of the central tenets of the viral hypothesis.
The second is that all fully understood naturally occurring demyelinating
diseases of man or animals have an infectious aetiology (see Table 1.2).

Table 1.2: Naturally occurring viral infections that lead to demyelinating disease.

Virus & Taxonomy Disease Host Details

Measles virus

Paramxyoviridae
negative sense ss RNA

Subacute sclerosing
panencephalitis

Human Rare complication
ofMeasles virus
infection in the

young

Human T-lymphotropic
virus - I
Retroviridae

positive sense ss RNA

Tropical spastic
paraparesis

Human Highest
prevalence in
tropical regions
(except Japan)

JC virus (rarely SV40)
Papoviridae
ds DNA

Progressive multifocal
leukoencephalopathy

Human Affects the
immune

compromised

HIV
Retroviridae

positive sense ss RNA

Diffuse demyelination Human Rare complication
following
progression to
AIDS

Maedi-visna virus (also
CAEV)
Retroviridae

positive sense ss RNA

Inflammatory
demyelinating disease

Sheep (goat) Visna originates
from and is most

prevalent in
Iceland

Canine Distemper Virus
Paramxyoviridae
negative sense ss RNA

Mild to severe

demyelination
sometimes white
matter necrosis

Dogs
primarily, but
also lions,

mink, foxes &
seals

Disease

progression partly
based on the
immune status of
the animal

Theiler's murine

encephalomyelitis
(TMEV)
Picornaviridae

positive sense ss RNA

TO (Theiler's
original) strains cause

encephalomyelitis
followed by
demyelinating disease

Mice Demyelination is
associated with
viral persistence
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Infection of mice with the BeAn strain of TMEV, the A59 or JHM strain of

MHV and the A7 and A7(74) strain of SFV represent some of the best-studied

and informative models of virus induced demyelinating disease. All of the

above infections are characterised by mononuclear inflammatory cell
infiltrates and the evolution of inflammatory demyelination.

To take just one example, disease caused by TMEV of mice is characterised

by widespread infection and destruction of neurons in the substantia nigra,
the hippocampus and the hypothalamus. TMEV spreads along neuronal
interconnections and also infects astrocytes in the first two weeks. In strains

with a genetic susceptibility to disease (e.g. SJL mice) persistent infection of

microglia and oligodendrocytes is possible because the immune response is

mounted too slowly and is misdirected to a Th2 response (Dethlefs, Brahic &

Larsson-Sciard, 1997).

TMEV infection is an interesting model because involvement of the CNS is a

rare complication (like SSPE). Susceptibility to persistence and hence chronic

demyelinating disease is linked to numerous genes including those found at

the MHC H2D locus, the T-cell receptor-(3 chain and MBP loci. Finally, the

phenomenon of epitope or determinant spreading was demonstrated in the
TMEV model. Determinant spreading is a phenomenon normally associated

with experimental autoimmune disease models. When EAE was induced by
MBP in Lewis rats the overwhelming majority of activated T cell clones

recognised the pb8-86 sequence of MBP in the context of RT1.A1 MHC class

II (Vandenbark et al., 1985). However, many investigators noticed that in

subsequent episodes of disease freshly recruited T cells specific for

previously hidden (or cryptic) determinants were generated. The forces that

drive determinant spreading are poorly understood, but it is likely that the
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inflammatory response is a prerequisite. In the TMEV model anti-viral T-

cells initially illicit demyelination. However, over time Theiler's virus

infection drives the generation of autoreactive T-cells specific for myelin

(Miller et al., 1995). One might speculate that myelin damage (caused by
anti-viral cytotoxic T cells) in the context of inflammatory responses primes

the immune system against other myelin epitopes. The data obtained by
Miller et al. gives credence to the concept of virus-induced autoimmunity.

1.1.18 Lessons from autoimmune models

Of the EAE models currently under study, the CrEAE and adEAE models

represent the most complete and faithful reproduction of MS. There are no

other models (including viral models) that effectively reproduce the

relapsing-remitting course followed by chronic progression. In crEAE,

remissions and exacerbations are associated with the development of new

plaques at different sites in the CNS and changes in size within current

plaques as in MS. The crEAE and adEAE model many of the inflammatory
events observed in MS patients. For example, EAE induction can lead to

several grades of axonal loss, as a corollary of macrophage mediated

demyelination.

The adEAE model deserves particular attention as it helped to establish that

chronic demyelination is dependent on two autoimmune mechanisms: firstly
a T-cell mediated reaction that drives the inflammatory response and
activates resident and invading cells, and secondly a demyelinating

amplification factor such as anti-myelin antibodies that cause more

significant levels of demyelination (Linington et al., 1992).
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1.2 Introduction to Apoptosis

1.2.1 Cell death cannot be confined to a single process

Programmed cell death (PCD) is fundamental for the development and
maintenance of multicellular organisms. The field of cell death owes a great

deal to developmental biologists for their early studies of model organisms
such as the nematode worm, the fruit fly and chick embryos. The death of

cells as part of the enactment of a regulated developmental program was

termed "programmed cell death" by Lockshin & Beaulaton, 1974. Currently,
PCD has demonstrated a remarkable plasticity allowing several subsets of

cell death to be characterised (for a comprehensive review see Leist &

Jaattela, 2001). Although apoptosis and necrosis are largely considered to be

mutually exclusive, there is evidence that this is not the case in the

developing nervous system and in the mature nervous system following

excititoxicity. Studies by Portera-Cailliau et al. demonstrated that excitotoxic
neuronal cell death in the adult rat striatum exhibited morphological features
consistent with both apoptosis and necrosis (Portera-Cailliau, Price & Martin,

1997a; 1997b). Therefore, the view that cell death might represent a

continuum with classical apoptosis and necrosis defining opposite ends of

the spectrum is rapidly gaining validity.

The form of programmed cell death of particular interest to this work is
described as apoptotic cell death. "Apoptosis" is a Greek word that means
"the falling of leaves," a process itself governed by apoptosis. The term was

first coined by Kerr, Wyllie & Currie, 1972. The authors observed cell death

indistinguishable from PCD occurring in response to a wide range of (often

pathological) stimuli, which was also not confined to the process of

development. Apoptosis is now classified as type I PCD. Another form of
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cell death (necrosis) that is characterised by cytolysis has been recognised by

pathologists for many decades. The process of necrotic cell death (previously
termed coagulative necrosis) was distinguished from apoptotic cell death by

Wyllie, Kerr & Currie, 1980.

A newly recognised type of cell death distinct from both apoptosis and
necrosis has been termed "autophagy," and was first characterised in

Saccharomyces cerevisiae (Takeshige et al., 1992). Autophagy is based on self-

digestion via large autophagic vacuoles ranging from 400 to 900 nm. We
now know that autophagy is an evolutionarily conserved pathway used by

healthy cells to accomplish cytoplasmic turnover (by degrading long-lived

proteins and cytoplasmic organelles). It can also be utilised for recycling

protein during the stress response if cells face an inadequate supply of
nutrients. Protein degradation is initiated by the engulfment of target

proteins in a double membrane bound autophagic vacuole. Fusion occurs
between autophagic vacuoles and normal lysosomes and a structure called

the autophagosome is formed. It is within the autophagosome that the lytic

enzymes degrade cellular proteins.

Autophagy can continue until the process of cell death is complete.

However, under most conditions (e.g. tumourigenesis, cell stress etc.) it is

often used to prevent cell death in adverse situations. A particularly

interesting role of autophagy is the prevention or postponement of apoptotic
cell death. By degrading defective or malfunctioning proteins, some of the

triggers for apoptosis can be negated. The inter-relationships between these

types of cell death are not fully understood. It is known that autophagy can
end in apoptosis and, that apoptosis can occur following autophagy. In the
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case of the latter, cells may become autophagic if caspase activity is blocked

(Xue, Fletcher & Tolkovsky, 2001).

1.2.2 What is necrosis?

Necrosis or "coagulative necrosis" as it was known, can be likened to a form
of accidental cell death. If apoptosis represents cell suicide then necrosis

could conceivably be thought of as cell murder! Necrosis is a form of cell
death from which the cell cannot recover, caused by toxic insults. These

include injury by cytotoxins, mechanical deformation, hypoxia and
ischaemia. Necrotic cell death can be distinguished from apoptotic cell death

in so far as it generally affects cell in groups rather than singularly, and

triggers exudative inflammation. It is distinct from apoptosis in that the key

morphological feature is swelling of the cell as opposed to shrinkage.

1.2.3 Morphology of necrosis

Necrosis broadly represents what one might naively imagine happens when
a cell dies: the cell falls apart and is degraded by its own lytic enzymes.

Necrosis is first evidenced by the marginal clumping of loosely textured
chromatin throughout the whole of the nucleus. Concomitant with nuclear

change is the dilatation of the endoplasmic reticulum and mild dispersal of

ribosomes. Commitment to necrotic death is indicated by gross dilation of

the mitochondria as cellular swelling proceeds. As the nucleus swells the

heterochromatin clumps into discrete masses on the nuclear membrane

(except in neurons, where the chromatin remains equally distributed

throughout the nucleus, Clarke, 1999). Eventually the cell membrane is

compromised leading to a state of rupture. The rupture of lysosomes
releases degradative enzymes that cause the dissolution of the nucleus
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(karyolysis) following nuclear rupture. One of the hallmarks of necrosis is
the nuclear "ghost" that represents the hole where the nucleus used to be.

Necrosis classically occurs due to destruction of the cell membrane but it can

also be triggered by cell fusion and overwhelming viral parasitism.

1.2.4 What is apoptosis?

Apoptosis represents an autologous program of gene transcription and

protein translation that dismantles the cell in an orderly and predictable
fashion. "Cell suicide" is a commonly used metaphor for this process

because it can be an autonomous event. In general, apoptosis occurs in

response to milder pathological insults (cytokine signalling, oxidative stress

etc) than those that trigger necrosis and activation of a potent inflammatory

response is uncommon.

Widespread apoptotic cell death was first observed during the study of

mammalian development. For example apoptotic cell death facilitates the
deletion of mesodermal cells from the limb bud, a process essential for the

formation of the digits. In the CNS, mitogen deprivation induces apoptosis

as a mechanism for culling supernumerary neurons that is necessary for the

formation of functional neural networks. Once development is complete

apoptosis continues to be useful in tissue homeostasis. The silent disposal of
cells in tissues maintains tissue size and clears up damaged or senescent

cells.

In pathological situations, activated cytotoxic T-cells and natural killer (NK)
cells fight cancer and infection via apoptosis inducing effector mechanisms.

Cell binding via the T-cell receptor allows the formation of perforin pores
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used for the delivery of proteolytic enzymes (granzymes) that initiate DNA

degradation. Alternatively, Fas ligand binding can activate the death

receptor pathways to apoptosis.

Whilst the induction of apoptotic cell death by T-cells and activated glial cells

such as microglia, has long been recognized, the activation of apoptotic

pathways by individual cells in response to virus infection can occur

independently of the immune response. The focus of this discussion is

concerned with the fate of virally infected cells and their decision to commit

suicide in retaliation.

1.2.5 Morphology of apoptosis

Apoptosis is classically characterised by cell shrinkage, dramatic

reorganisation of the nucleus and the fragmentation of the cell into
membrane bound vesicles known as apoptotic bodies. The morphological

changes associated with apoptosis vary depending on whether they are
observed in vivo or in vitro; in single cells or in tissues; with the method of

visualisation and with the nature of the inducing stimulus. If apoptosis of

individual cells in a tissue is observed by light microscopy one of the earliest

events is the separation of the cell from neighbouring cells or the

extracellular matrix, leading to cell rounding. The cell extends and retracts

protrusions from the plasma membrane commonly referred to as "blebs."

When this process is viewed in cell culture by video time-lapse microscopy,
the flurry of surface blebbing gives the impression that the cell is literally

boiling (Collins et al., 1997). This process can last for several hours.

Throughout apoptosis the cell shrinks and shrinkage is observed in cellular

organelles. Dramatic changes in the cell nucleus occur concurrently. When
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viewed by light microscopy, convolution of the nuclear membrane can be

observed and as time progresses it becomes grossly indented. The nucleolus

increases in granularity and nuclear chromatin begins to condense.

Aggregates of chromatin amass at the nuclear periphery forming a hallmark
feature of apoptosis, crescentic caps. The condensed nucleus eventually
disassembles into several fragments, a process known as "nuclear

fragmentation."

At the same time, compaction of the cytoplasm leads to the formation of

lucent cytoplasmic vacuoles. Electron microscopic studies have revealed that

organelles such as mitochondria remain intact at least in the initial phase of
cell death. As apoptosis progresses however, they become disrupted by
either swelling or condensation (possibly as a function of cell type).
Dilatation of intracellular membrane bound compartments such as the ER

and the Golgi apparatus also occurs later in apoptosis. Complete
condensation of the cell via the extrusion of water results in marked

crowding of organelles and the extensive formation of protrusions at the cell

surface.

Dynamic reorganization of the plasma membrane leads to the inevitable

separation of surface blebs from the cell thus forming apoptotic bodies.

Apoptotic bodies are small spherical or ovoid membrane bound vesicles

encasing the condensed contents of the cell. Larger apoptotic bodies tend to

contain cytoplasmic elements whilst smaller ones retain pyknotic remnants
of the nucleus. Despite the dramatic condensation of cellular organelles in

apoptotic bodies their structure remains well preserved.
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In tissues, apoptotic bodies are rapidly phagocytosed by professional

phagocytes or neighbouring cells. Phagosomes containing apoptotic bodies
fuse with primary and secondary lysosomes to acquire the necessary lytic

enzymes for degradation. All that remains of the deleted cell is the non-

digestible material in secondary lysosomes of engulfing cells. Secondary
necrosis following apoptosis only occurs if apoptotic bodies are carried away

in the liquid phase before they can by engulfed by local phagocytes. They

spontaneously degenerate by swelling and membrane rupture.

1.3 The molecular and biochemical process of apoptosis

1.3.1 The caspases

Caspases (cysteine containing aspartyl proteases) are specialised proteases

that have cysteine at their active site and cleave on the C-terminal side of

aspartate residues. Although caspase-1, 4 and 5 are principally involved
with the inflammatory response, caspase-2, 3, 6, 7, 8, 9,10 and possibly 11

comprise the demolition machinery for apoptotic cell death and cleave

several hundred cellular substrates (Hisahara et al., 2001; Thornberry &

Lazebnik, 1998). Caspases as a family of proteins are capable of self-
activation (auto-proteolysis), activating other downstream caspases (by

cleavage at aspartyl residues) and activating unrelated effector proteins.
Activation of "upstream" caspases can trigger a cascade of caspase

activation. Like many proteases, to preclude unwarranted cell destruction,
each caspase is synthesised as an inactive zymogen or procaspase. The

structure of the procaspases is composed of three domains: an N-terminal

prodomain separated by aspartate residues from a large subunit and a small
subunit. In both functional and structural terms the caspases can be divided

into two groups: the initiator caspases and the effector caspases.
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The initiator caspases include caspase-2, 8, 9 and 10 and are thought to be

primarily responsible for initiating the activation of downstream caspases.

They all share long N-terminal pro-domains that contain protein-binding
motifs such as the caspase recruitment domains (CARDs) and death effector

domains (DEDs). Recruitment of the appropriate scaffolding proteins aids

auto-proteolysis or auto-activation of the initiator caspases. Sequences within
the long pro-domains are also involved in targeting the initiator procaspases
to the appropriate cellular locations.

The effector caspases have only short pro-domains because they are not

capable of auto-activation. They are generally activated by proteolytic

cleavage by an initiator caspase. The effector caspases then orchestrate the
direct dismantling of cellular structures using numerous mechanisms. The

caspases can be activated by one of two principal pathways that are
discussed in more detail below.

1.3.2 Initiation of apoptosis

The activation of apoptotic cell death is probably the most imperfectly

understood part of the apoptotic mechanism. Multiple triggers can initiate

signalling cascades that lead to cell death. For example, damage to DNA can

activate the p53 pathway, damage at the plasma membrane can result in the

hydrolysis of sphingomyelin and release of ceramide, and damage to the
mitochondria can lead to the loss of the transmembrane potential. The two

main initiator pathways characterised so far include the extrinsic pathway

(initiated at the cell surface) involving activation of the death receptors and

the intrinsic mitochondrial pathway (activated within the cell).
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1.3.3 Death receptor signalling pathways

The death receptors are a growing family of transmembrane receptors that

belong to the tumour necrosis factor (TNF) and nerve growth factor (NGF)

receptor superfamily. They are characterised by a sequence of 2 to 5

cysteine-rich extracellular repeats. Most cells express at least six different
death receptors, but the death receptor signal transduction pathways can be
illustrated by examining two of the best studied receptors: the TNF-R1 and

the Fas receptor (also known as APOl and CD95).

Obligated Fas recepior Fas

Active

Caspase-8

Caspase-3

1. Receptor
trinierisation

upon ligand
binding

2. DISC
formation

3. Active caspase-8
activates downstream
effector caspases

Figure 1.1: The Fas death receptor signalling pathway
The Fas signalling pathway is activated upon ligand binding at the cell surface receptor.

Binding of Fas induces trimerisation of the receptor subunits and clustering of the receptors'
death domains (see left and right areas in figure). An adaptor protein called "FADD" (grey

ellipse) binds to the FasR via it's own death domain (yellow circles). FADD also contains a

death effector domain (orange circle) that binds to an analogous domain in procaspase-8.

Upon recruitment by FADD procaspase-8 oligomerisation drives activation through self-

cleavage. Active caspase-8 is an initiator caspase than can activate effector caspases such
as caspase-3 by further cleavage reactions.
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The Fas pathway is triggered when the Fas ligand (Fas L) binds to the Fas

receptor (see Figure 1.1). Fas L is present on certain cell types, most notably
on cytotoxic T-cells where it was first discovered. Ligand binding induces
trimerisation of the Fas receptor subunits, and the subsequent formation of a

"death domain" (DD) on the cytoplasmic tail of the trimerised receptor. The

death domain acts as a binding site for adaptor proteins also containing a

death domain, in this case, a protein called FADD (Fas-associated protein

with a death domain). Once a death receptor has bound its intracellular

adaptor protein the resultant protein complex is termed the death-inducing

signalling complex or DISC. Binding of the adaptor protein FADD serves to

recruit the cell membrane associated initiator caspase (procaspase-8), as both

of these proteins express another protein motif, the death effector domain

(DED). On this molecular scaffold procaspase-8 can activate itself

proteolytically and transduce the pro-apoptotic signal downstream via

effector caspases such as caspase-3.

An analogous signal transduction pathway is triggered by TNFR1, but this

death receptor is unique in so far as it can bind a variety of DD containing

adaptor proteins. TNF-R1 typically recruits the TNFR associated death

domain protein (TRADD) but also receptor interacting protein (RIP), TNFR

associated factor 2 (TRAF-2) and RIP associated Ich-l/ced-3 homologous

protein with a death domain (RAIDD). Importantly, TNFR1 can indirectly

bind FADD through the TRADD protein and activate the caspase-8 pathway.

Fas receptor signal transduction is thought to utilise two different pathways

depending on the cell type undergoing cell death. Classically, Fas induced

apoptosis is accompanied by significant activation of caspase-8 at the DISC
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and subsequent cleavage of caspase-3. However, in some cells caspase

cascade activation followed more dramatic events at the mitochondrion

(Scaffidi et al., 1998). In these cells a cytosolic protein called Bid is activated

by caspase-8 at the DISC. Truncated Bid translocates to the mitochondrial
membrane where it acts as a pore. Charged molecules are lost from the

mitochondrion resulting in the loss of the transmembrane potential, an event

that in itself is sufficient to trigger apoptosis. Apoptosis induction via the Fas

receptor / caspase-8 / Bid pathway appears to serve as an amplification loop
for the activation of the terminal effector caspases.

1.3.4 The mitochondrial signalling pathway

This pathway represents a more ancient form of cell death induction. The

mitochondrion can act as a sensor for cell stress by responding to events such

as inadequate cytokine support, and diverse types of intracellular damage
such as heat shock, exposure to ionising radiation and the actions of

cytotoxic drugs. The initial signalling steps of the pathway are not fully
understood. However, the mitochondrion appears to respond to intracellular

damage (induced by cell stress) by releasing pro-apoptotic factors.

75



Figure 1.2: Apoptosome formation in the mitochondrial intrinsic signalling pathway.

The mitochondrial pathway is activated in response to cellular damage and can also act as
an amplifier of death signals initiated at the cell membrane. Upon sensing cell stress, pro-

apoptotic proteins such as Bak (normally resident in the mitochondrial membrane) and Bax

(a protein that migrates to the membrane) form pores in the mitochondrion allowing the efflux
of apoptogenic proteins such as cytochrome c (red circles). Cytochrome c binds to APAF-1

(grey flower-like structure). This interaction induces an allosteric change that facilitates the
binding of procaspase-9 proteins. Procaspase-9 cleavage occurs in association with APAF-
1 and cytochrome c on a structure termed the apoptosome. Active caspase-9 is able to
activate caspase-7 and caspase-3 thus inducing apoptotic cell death.

Cytochrome c is normally associated with the respiratory chain where it acts
as an electron transport receptor. Under conditions of cell stress, it plays a

second role in the induction of apoptosis. Cytochrome c is released from the

intermitochondrial space in the presence of dATP (see Figure 1.2). It binds to

a scaffolding protein called "apoptosis protease-activating factor 1" (APAF-

1). Binding induces allosteric change in APAF-1 that removes the negative

regulatory influence of the C-terminus of the protein. APAF-1 in now free to
bind procaspase-9, an interaction that is enabled by the fact that both
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proteins possess a CARD domain. Procaspase-9 activation is triggered by

binding alone (as opposed to cleavage). Binding of cytochrome c to APAF-1

also induces APAF-1 aggregation into a giant (1 megadalton) heptameric

scaffold and the association of all three components (cytochrome c, dATP

and APAF-1 oligomerised) is called the "apoptosome". The apoptosome (as

a multi-protein structure) initiates the caspase cascade by activating

procaspase-3 or procaspase-7 (by cleavage). To further explain the role of

mitochondria in apoptosis it is first necessary to introduce the Bcl-2 family of

proteins.

1.3.5 Regulation of the decision to die: the Bcl-2 family of proteins

The mitochondrial pathway is unlike the extrinsic cell death pathway

because the decision to die is regulated in the middle of the pathway by the

Bcl-2 family of proteins that reside, or amass at, the mitochondrial
membrane. They come in two distinct flavours: pro-apoptotic and anti-

apoptotic and their biological activity is dependent on their biochemical
structure.

1.3.6 The anti-apoptotic (pro-survival) members of the Bcl-2 family

Bcl-2 was the first member of this family to be studied in detail. Interest in

the apoptotic properties of this protein were sparked after a study by Vaux,

Cory & Adams, 1988, demonstrated that survival of cytokine-dependent

haemopoietic cells was possible in the absence of cytokine support when the
bcl-2 gene was expressed. Bcl-2 and its anti-apoptotic cousins (Bc1-Xl, Bcl-w,
A1 and Mcl-1) contain 1 to 4 regions of conserved protein sequence, aptly
named Bcl-2 homology domains (BH). The BH4 domain is highly conserved

amongst anti-apoptotic Bcl-2 family members, but they typically express the
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full complement of BH domains. The anti-apoptotic function of the Bcl-2

family proteins is achieved by binding to other pro-apoptotic Bcl-2 family

members, preventing target binding by stearic hindrance. The Bcl-2 protein

has a hydrophobic groove through which it binds to a subset of pro-

apoptotic Bcl-2 family members. Whilst Bcl-2 is an integral membrane

protein (found in the mitochondria, the ER and the nucleus) not all Bcl-2 anti-

apoptotic proteins are membrane associated in the normal cell. Mcl-1 for

example, is cytosolic.

1.3.7 The pro-apoptotic (pro-death) members of the Bcl-2 family

The pro-apoptotic members of the Bcl-2 family fall into two categories based
on structure and function. The "BH3-only" proteins include Bim, Bad, Bid,

Bik, Puma, Noxa and Bmf, and as the name suggests contain only one of the

four BH domains, BH3. The multi-BH domain proteins (containing BH

domains 1, 2 and 3) consist of Bax, Bak and Bok. Although both sets of

proteins seem to be required for apoptosis induction they act in very
different ways.

The BH3-only proteins (e.g. Bad, Bid, Bim) inactivate anti-apoptotic family
members by forming homo- and heterodimers, thus neutralising them.
Dimerisation is dependent on the presence of the BH3 domain in both of the

proteins involved. For example, Bcl-2 and Bc1-Xl form heterodimers with
Bad. The mechanism of action of the "multi-BH domain" proteins such as

Bax, Bak and Bok was suggested by their surprising similarity to a number of

bacterial pore-forming proteins. Whilst Bak is normally resident at the
mitochondrial membrane, most of the Bax proteins only become membrane

associated after allosteric change induced by cell stress signals. These
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proteins are able to form negatively charged pores on oligomerisation in the

outer mitochondrial membrane allowing efflux of apoptogenic proteins.
Hence the multi-BH domain proteins are an essential part of the

mitochondrial pathway to caspase cascade activation.

1.3.8 The ER stress pathway

Interest in the endoplasmic reticulum is linked to its role in stress-induced

apoptosis. However, the induction of the apoptotic response through the ER
stress pathway remains an enigma and requires further substantiation. A
novel mechanism of caspase activation, triggered by ER stress (signalled by

perturbed glycosylation, the accumulation of misfolded proteins or

perturbations in calcium homeostasis) was proposed by Morishima et al.,

2002, Nakagawa et al., 2000 & Rao et al., 2001. The ER is a major intracellular

store of calcium ions and one model of this pathway suggests that cell stress

is signalled by the release of intracellular Ca2+ ions, leading to the activation

of a new initiator caspase, caspase-12. Caspase-12 resides on the cytoplasmic

face of the ER and is thought to activate caspase-9 downstream of the

apoptosome, in an APAF-1 -independent manner. Another theory is that
calcium signalling between the mitochondria and the ER is possible through

the calcium binding annexin-V (Hawkins et al., 2002). Annexin-V might

induce a critical signal from the ER to the mitochondria, because cells lacking

annexin-V fail to release cytochrome c from the mitochondria.

1.3.9 The terminal effectors of apoptosis

Cell death is principally mediated by caspases that are thought to cleave
several hundred cellular substrates (Thornberry & Lazebnik, 1998). Caspase

3, for example, inactivates poly-ADP ribose polymerase (PARP) preventing
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the repair of cleaved DNA. Both caspase-3 and caspase-7 initiate the robust

proteolysis of nuclear chromatin by activating a dedicated DNase called

"caspase activated DNase" or CAD (Enari et al., 1998). CAD is held in a

quiescent state in the cytoplasm by a chaperone protein (inhibitor of CAD,

ICAD). Cleavage of ICAD by caspases releases the protease.

1.3.10 Apoptotic cell clearance

The final stage of the apoptotic process is the disposal of apoptotic cells and

apoptotic bodies. Condemned cells display cell surface molecules that signal
this to neighbouring cells and professional phagocytes. Phosphatidylserine

represents one of these "eat me" signals. Normally confined to the inner

leaflet of the plasma membrane, PS flips from the inner to the outer leaflet in

an effort to promote phagocytosis. Clearance of apoptotic bodies and

apoptosing cells might act in a two-fold manner to reduce the risk of
inflammation. Clearance of apoptotic bodies from the extracellular fluid by

phagocytes prevents the release of cytolytic enzymes should the apoptotic

bodies degenerate by secondary necrosis. Also, the process of ingestion itself

triggers a switch in macrophage phenotype to an anti-inflammatory role, as
evidenced by the secretion of TGF-P (Savill & Fadok, 2000).

1.3.11 Apoptosis is a strictly regulated process

Apoptotic cell death is a strictly regulated event and the protein mediators
involved act at all levels of the cascade. Apart from the obvious role of the

anti-apoptotic Bcl-2 family proteins, inhibitors of apoptosis act from the point
of cell surface signal transduction, to the integration of these signals at the

mitochondria and at the sites of caspase cleavage that occur temporally

throughout the whole cascade.
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Apoptosis is modulated, at the death receptor level, by c-FLIP (cellular-
FADD like interleukin-ip-converting enzyme (FLICE) like inhibitory

protein), also identified as I-FLICE / Casper, CASH and Usurpin (Tschopp,
Irmler & Thome, 1998). c-FLIP contains a DED that allows it to bind to the

Fas induced DISC in the place of caspase-8 (also known as FLICE), thus

preventing procaspase-8 activation. Interestingly, the discovery of c-FLIP
was a corollary of the discovery of similar proteins called viral or v-FLIPs
encoded by the y-herpes viruses such as human herpes virus-8 (HHV-8) and

herpes virus Saimiri (HVS). The use of redundant DED containing proteins
had evolved in many large DNA viruses to suppress the induction of host

cell apoptosis. Inactivation of the TNFR is achieved by a protein called the

"silencer of death domains" or SODD. It acts in a similar manner to c-FLIP,

by binding to the TNFR, thus preventing recruitment of TRADD. SODD is

constitutively associated with TNFR and is thought to do so to prevent non-

TNF ligand signals from inappropriately triggering the TNF receptor.

The activation of caspases is tightly regulated by a family of proteins called
the "Inhibitor of Apoptosis" (LAP) proteins. The IAPs were first discovered
in baculovirus. The activity of IAPs is dependent on the presence of 1 to 3

zinc-finger protein domains called the "baculoviral IAP repeat" or BIR motif.

Mammalian IAPs include c-IAPl and 2, NAIP, Survivin, Livin, Ts-IAP,

Apollon and the prototype X-chromosome linked IAP (Bergmann, Yang &

Srivastava, 2003).

IAPs can bind to specific activated caspases and prevent downstream
activation of their substrates. For example, the human IAPs (XIAP, c-IAPl

and C-IAP2) can specifically inhibit caspase-3 and caspase-7 in vitro. XIAP
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can modulate the activation of the caspase cascade by a second mechanism.

It contains a C-terminal RING domain that has ubiquitin E3 ligase activity.
Therefore XIAP is able to initiate ubiquitylation of certain caspases thus

flagging them up for removal by the proteosome. IAP binding is a reversible

event and XIAP, c-IAPl and C-IAP2 have also been observed interacting with

the TNF-R suggesting a role in the regulation of the death receptor pathway.

1.4 Viruses and apoptosis

A link between virus infection and apoptotic cell death was first established

in a study of HeLa cell infection with a deletion mutant of the adenovirus

(Pilder, Logan & Shenk, 1984). Since then many viruses have been identified

that can manipulate the apoptotic response (Roulston, Marcellus & Branton,

1999). In multicellular organisms, apoptotic cell death evolved as an innate

defence against viral infection. This strategy serves to limit viral spread and

attenuate disease progression. The efficacy of this response is evidenced by

the large number ofDNA viruses that have hijacked cellular anti-apoptotic

proteins {e.g. the CrmA protein of Cowpox virus, the BHRF1 protein of EBV
and the K13 protein (v-FLIP) of HHV-8). Of course, delaying or preventing
host cell suicide has a distinct advantage for DNA viruses. Replication of

their large genomes is a lengthy process. The virus life cycle may not be

completed in the event of apoptosis, for example, if the cell shuts down DNA
and protein synthesis.

However, different evolutionary pressures operate on RNA viruses. Most

RNA viruses multiply rapidly producing many virions before an immune

response can be mounted. The short time needed to replicate RNA genomes

means that altruistic cell death is not competed in time e.g. influenza virus
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infection (Kurokawa et al., 1999). Furthermore, mis-timed cell death late in

the virus life cycle can aid virus dissemination in apoptotic bodies by hiding

them from immune surveillance. In short, activation of the apoptotic

pathway can be advantageous for both host and virus. The focus of this
section will be restricted to a discussion of the strategies used by RNA
viruses to manipulate the apoptotic response to their end, and the inevitable

tripwires that they might trigger that alerts the host to the need for altruistic
cell death.

1.4.1 RNA life cycle events that trigger apoptosis.

For an antiviral apoptotic response to be possible, there must be coupling of
viral sensors to the activation of cell death pathways. Everett & McFadden,

1999, suggest several cellular mediators that may act as internal tripwires to

alert the cell to viral infection. It would advantageous to the host if virus

detection were to occur early in the infection cycle i.e. during viral entry,

uncoating or during early replicative events.

1.4.2 Viral entry and uncoating

Several RNA viruses inadvertently trigger cell death during viral entry and

uncoating. The a 1 capsid protein of reovirus is essential for attachment to its

target cell surface. Binding of the T3D strain of reovirus to murine L929 cells

via the a 1 capsid protein is sufficient in itself to induce rapid host cell
suicide (Tyler et al., 1995). However, when T3 reoviruses infect primary
neuronal cultures, cell death is induced by activation of a death receptor as

evidenced by activation of caspase-8 (Richardson-Burns, Kominsky & Tyler,

2002). Reovirus infection of neuronal cultures and neurons in vivo, revealed

that reovirus-infected cells are not the only casualties. Neighbouring cells
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also die by apoptosis suggesting the use of a paracrine mechanism of

apoptosis induction (Oberhaus et al., 1997).

SV infection triggers apoptosis during viral uncoating (Jan, Chatterjee &

Griffin, 2000). SV fusion with the endosomal membrane requires

acidification to induce a conformational change in the envelope spike (E1-E2

heterodimer) and the presence of ceramide-containing sphingolipids in the

endosomal membrane. Viral fusion with the endosomal membrane activates

an integral membrane protein, acidic sphingomyelinase (acidic SMase). This
is shortly followed by activation of a sister enzyme, neutral

sphingomyelinase (neutral SMase). Both enzymes degrade sphingomyelin, a

process that releases ceramide. Ceramide acts as a second messenger to

activate downstream apoptotic pathways, but the exact mechanism of action
is unclear. Since both SV-induced apoptosis and ceramide-induced

apoptosis could be blocked by z-VAD-fmk in this study, it can be concluded
that ceramide activates the caspase cascade either directly or indirectly. It is

likely that HCV is also at risk of triggering ceramide-induced apoptosis. Kim

et al., 2004, demonstrated that transfection of HCV core protein into human

embryonic kidney (HEK) 293 cells prevented ceramide-induced apoptosis by

the suppression of p21 and the sustained expression of Bcl-2.

1.4.3 In the cytosol: the mitochondria as a sensor of cell stress

Part of the apoptotic signalling pathway triggered by dengue virus (DEN-2

serotype) in human neuroblastoma cells was elucidated by Jan et al., 2000.

Events at the cell surface were not determined, but Dengue virus infection

triggered the activation of phospholipase-2 (PLA2). PLA2 activation induces
the sequential release of arachidonic acid (AA), which can induce apoptosis
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by a variety of mechanisms. In the study conducted by Jan et al., AA induced

rapid cytochrome c release from the mitochondria and provoked the

formation of superoxide anions. Superoxide anion, in turn, activated the

downstream transcription factor NF-kB. How Dengue virus triggers PLA2

release, or which pathway NF-kB later activates remains unknown.

However, this study revealed that apoptosis involved the sequential

activation of PLA2, superoxide anion and NF-kB: three factors that are
associated with mitochondrial malfunction. The activation of PLA2 in DEN-2

virus-induced apoptosis is of particular interest because this pathway of

apoptosis induction is utilised by mature primary oligodendrocytes in

response to cell stress caused by heat shock and oxidative stress (Goldbaum
& Richter-Landsberg, 2002).

1.4.4 Viral genome replication

Alphaviruses, as with all RNA viruses, are dependent on the formation of a
double stranded RNA intermediate for the replication of new virus progeny.

As dsRNA is completely foreign to the mammalian cell, it represents a

perfect target for viral detection. Two detection systems, (protein kinase R

(PKR) and toll-like receptor 3 (TLR-3)) act as cellular sensors for dsRNA. It is

difficult to dissect the role of these internal tripwires from their role in

inducing an anti-viral state when considering the triggers of apoptotic cell
death. TLR-3 is part of the innate immune system and signals to the cell that

viral infection is occurring. Activation of TLR-3 can lead to activation of the

Toll/IL-IR domain-containing adaptor inducing IFN-p (TRIF) protein that in

turn induces apoptosis by the death receptor pathways (Ruckdeschel et al.,

2004).
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PKR activation can trigger both apoptosis and the interferon response.

Activated PKR can phosphorylate the eukaryotic translation initiation factor

2a (eIF2a) and shut down host cell translation, an event that in itself triggers

apoptosis. Activated PKR also limits viral spread by the activation of NF-kB.
PKR phosphorylates the NF-k±> inhibitor, IkB, thereby releasing NF-kB and

activating IFN (a/(3) -inducible genes. Priming by IFN further upregulates
activated PKR and several other proteins such as oligoadenylate synthetase

(OAS) and RNase-L. These proteins are also capable of inducing apoptotic

cell death (Wu, Lima & Crooke, 1999; Tan & Katze, 1999; Wu, Lima &

Crooke, 1999).

To combat cellular recognition of viral dsRNA, and to protect viral genomes

from degradation by host cell RNases, many viruses replicate in membrane
bound vesicles. Alphaviruses such as SFV and SV replicate in small

vesicular invaginations on cytopathic vacuoles (Grimley, Berezesky &

Friedman, 1968; Grimley et al., 1972; Kujala et al., 2001). Replication of

Poliovirus takes place in double membrane bound vesicles (Bienz et al., 1992),
MHV replicates on endosomal membranes (van der Meer et al., 1999) and
flaviviruses use vesicles derived from the trans-golgi network (MacKenzie,

Jones & Westaway, 1999).

1.4.5 Viral protein synthesis and modification

Many viruses hijack the host's protein synthesis machinery in order to

produce vast numbers of viral structural proteins. The non-structural (NSs)

proteins of bunyaviruses are potent inducers of neuronal apoptosis

(Gonzalez-Scarano et al., 1992). Colon-Ramos et al., 2003, demonstrated that

the NSs proteins (like Reaper) can inhibit host protein translation and induce
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cytochrome c release from the mitochondrion. Viral protein synthesis can
often be so overwhelming that ER stress activates the unfolded protein

response (UPR). When unfolded proteins are detected by BiP, an ER

chaperone protein, stress proteins such as PKR-like ER kinase (PERK) are
released. The accumulation of large numbers of ER stress proteins,

ultimately leads to the activation of eIF2a and caspase-12 activation (Rao et

al., 2001). Bovine viral diarrhoea virus (BVDV) infection of cells in culture

triggered the ER stress response that culminated in down-regulation of Bcl-2
and caspase-12 activation (Jordan et al., 2002).

1.4.6 Summary

Apoptosis can be induced by both virus and host to achieve a myriad of
outcomes in relation to disease progression or prevention. Highly virulent

strains of Influenza A virus induce severe systemic lymphoid cell depletion

by apoptosis within 24 hours of infection (Fesq et al., 1994; Van Campen,

Easterday & Hinshaw, 1989). As lymphocytes are not permissive for
Influenza replication, apoptosis is not triggered by host cell recognition of

foreign RNA replication. This observation illustrates the point that viruses
can manipulate the host at the level of whole animal, as well as the single
cell. However, the same virus was caught out by the host precisely because

it is in obligate parasite. The NS1 protein is sufficient to trigger apoptosis
because it must utilise host cell proteins for post-transcriptional modification
of the genome (Lu, Qian & Krug, 1994; Schultz-Cherry et al., 2001), a

dependency that alerts the host cell to viral infection. Furthermore
neurovirulent strains of Influenza A trigger apoptosis in olfactory receptor

neurons (ORN) by a T-cell mediated mechanism including the Fas/Fas L

system (Mori & Kimura, 2000; Mori & Kimura, 2001). One might speculate
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that rapid cell death of ORNs has evolved to restrict viral spread to the

peripheral neuroepithelium and prevent further access to the CNS

(Kristensson, 1996; Mori et al., 2002).

1.5 Introduction to Alphaviruses

The Alphavirus and Rubivirus genera belong to the family Togaviridae

(reviewed by Schlesinger & Schlesinger, 1990). The genus Alphavirus
contains a variety of human and animal pathogens that currently number 28
viral species (van Regenmortel R.M.E. et al., 2000). Alphaviruses are small,

enveloped viruses containing a single stranded positive sense RNA genome.

Despite the fact that alphavirus structure and their molecular characteristics
are highly conserved, they cause a great variety of clinical syndromes and
disease ranging from mild arthritis to fatal encephalitis. In general, Old
World alphaviruses such as Chikungunya (CHIK) cause rash, systemic
febrile illness and polyarthritis in humans whereas those confined to the

NewWorld (the America's) cause more life-threatening diseases due to CNS

involvement. One such example is Eastern equine encephalitis virus (EEE)

that causes encephalitis sporadically in North and South America.
Outbreaks of human disease are rare, and although children fare better than

adults in general, infants are most likely to suffer permanent sequelae

including paralysis, mental retardation and continued seizures.

Alphaviruses fall into the category of arboviruses (arthropod borne viruses)
that establish zoonotic infections. They are usually transmitted to new hosts

by mosquito bites, although Sindbis virus (SV) has been isolated from ticks
and mites (Strauss & Strauss, 1994). The mosquito represents an essential
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host in the arthropod-vertebrate life cycle because virus infection is

asymptomatic and virus persists in the saliva and bloodstream for the life of
the mosquito (DeFoliart, Grimstad & Watts, 1987). Although alphaviruses
can infect many vertebrate hosts including mice, rats, guinea pigs, birds,

reptiles, amphibians, horses and humans; they cycle primarily through a

mosquito vector and small mammals or rodents. Whilst the true host of most

alphaviruses (including SFV) remains unknown, their amplification hosts are

typically aves and rodents. On the contrary, humans and horses are
incidental hosts of viruses such as EEEV, Venezuelan equine encephalitis

virus (VEEV) and Western equine encephalitis virus (WEEV). The frequency

of human infection depends on the population density in areas endemic for

virus and the propensity of specific mosquito species to feed on humans

(Johnson & Peters, 1996).

Alphaviruses as a group have an extremely broad geographical distribution.
Members of the alphavirus genus have been isolated from every continent

with the exception of Antarctica, and some island populations (Calisher &

Karabatsos, 1988). Individual members of the genus have a considerably

more limited distribution, for example, natural infection by Semliki Forest

virus (SFV) is restricted to sub-Saharan Africa. The distribution of

alphaviruses fundamentally represents the spread and colonisation of

regions by specific mosquito vectors and migration of infected bird

populations.

The prototype members of the alphavirus genus are SFV and SV. They are
the most characterised alphaviruses; their molecular virology has been

extensively studied for the last three decades (for reviews see Atkins,
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Sheahan & Liljestrom, 1999; Fazakerley et al., 2002). However, the focus of
this work is centred on the use of SFV as a model neurotropic virus that can

cause encephalomyelitis, inflammatory demyelination and under specific

conditions persist in the central nervous system.

1.5.1 Introduction to SFV

Semliki Forest virus was first isolated from wild-caught Aedes abnormalis

Theobald mosquitoes in the Semliki Forest in western Uganda (Smithburn &

Haddow, 1944). Other early isolations occurred in Nigeria and

Mozambique. All of the isolates are serologically related but they differ in
their virulence based on the outcome of intraperitoneal (i.p.) infection of

inbred adult mice (Bradish, Allner & Maber, 1971).

1.5.2 Strains of SFV vary in their virulence in laboratory mice

All strains of SFV are neuroinvasive, but neurovirulence varies between the

strains, and this particular difference was used to distinguish the different

isolates. The L10 strain of SFV was derived from the original Ugandan

isolate and was designated "L" because it is lethal in 100% of infected mice

following i.p. inoculation. Irrespective of age, L10 causes acute fatal

encephalitis. The virulent strains (which include the prototype laboratory
strain SFV4) can infect neurons and oligodendrocytes, but encephalitis is due

to virus-induced apoptosis of neuronal populations.

The strain used throughout this work (A7(74)) can be traced back to the

Mozambique isolate, the A strain. It was the first avirulent strain of SFV to

be identified. Other avirulent strains include A8, M9 and A7 from which

A7(74) was sub-cultured. Avirulent strains cannot induce lethal encephalitis
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in mice > P14 unlike virulent strains. All strains of SFV cause lethal

encephalitis in neonatal and suckling mice (i.e. mice <P12) within 24-48 hours

by all routes of inoculation (Bradish, Allner & Maber, 1971). However, i.p.
inoculation of avirulent strains causes a subacute, demyelinating disease in

immunocompetent adult mice or persists without inducing clinical disease in

immunocompromised adult mice (e.g. mice with severe combined

immunodeficiency (SCID mice) and athymic mice (nude mice).

1.5.3 SFV virion structure

Alphaviruses are amongst the simplest enveloped animal viruses. SFV
virions are spherical and measure 64 nm in diameter (Vogel et al., 1986). The

nucleocapsid core consists of a single copy of the genome surrounded by an
icosahedral shell constructed from 240 capsomeres of the capsid (C) protein.

The lipid envelope of SFV varies in composition depending on the host cell
membrane from which it was derived. Two envelope glycoproteins: El and

E2, are inserted into the envelope late in the virus life cycle. Each envelope

spike comprises three heterodimers of El and E2 that are held together by
El-El interactions. The proximal third of the El and E2 glycoproteins are

anchored in the transmembrane region of the lipid bilayer. A third protein,

E3, does not penetrate the lipid bilayer, rather it is non-covalently but stably
associated with the heterodimers on the cytosolic side of the envelope. The

El protein is essential for viral fusion with cell membranes whereas both the
El and E2 proteins are involved in viral attachment to cell surface receptors
to mediate infectivity.
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1.5.4 Organization of the SFV genome

The SFV genome consists of a positive-sense single stranded (ss) RNA
molecule approximately 11,442 nucleotides (nt) in length with a

sedimentation co-efficient of 42S. The genome has messenger polarity and is

capped and polyadenylated, allowing translation to occur as soon as the

genome has been uncoated. The genomic RNA encodes nine proteins. From
5' to 3' there are four non-structural replicase proteins (nsPl, nsP2, nsP3 and

nsP4) followed by the structural polyprotein that will subsequently be

processed into the capsid (C) protein, the envelope proteins E3 and E2, the
6K protein and the El envelope protein.

The 5' two-thirds of the genome encode the non-structural polyprotein that is

nsPl, nsP2, nsP3 and nsP4. They are translated into a non-structural

polyprotein P1234, and then proteolytically processed to form different

replication complexes. Three stop codons including a terminal opal codon

prevent the replicase complex from continuing to translate the genomic RNA
after the non-structural proteins have been translated. The terminal third of

the genome encodes the structural proteins. It is subsequently translated as a

polyprotein from subgenomic RNA and then processed to individual

proteins. The synthesis of the 26S subgenomic RNA depends on the

transcription of a negative-sense intermediate RNA species complementary

to the positive sense genome. It is also capped and polyadenylated. The non¬

structural polyprotein consists of NH2-capsid-p62(E3 + E2)-6K-El-COOH.

Control of viral replication is mainly governed by sequences contained in
untranslated 5' and 3' regions at either end of the genome and the avidity of

the RNA polymerase for the three different promoters.
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1.5.5 The life cycle of SFV A7(74)

Natural infection by SFV is initiated by the bite of an infected mosquito. This

situation is usually mirrored experimentally by i.p. inoculation of inbred

mice. The first target organs for viral replication include the skeletal

muscles, cardiac muscle and the visceral organs. Once the virus accesses the

bloodstream it causes a transient plasma viraemia followed by a systemic

infection (Pusztai, Gould & Smith, 1971).

(i)Virus-receptor interaction

A specific receptor for SFV has not yet been identified. It is likely that SFV
uses a molecule that is ubiquitously expressed on cell membranes because

the virus exhibits a broad species tropism (e.g. insect, rodent, equine and

human cells). Alternatively, a subgroup of related receptors could explain

this broad host range. Studies on the related SV revealed that the receptor

was at least in part proteinaceous (Smith & Tignor, 1980). There was

excitement at the possibility that the F1-2K and H-2D MHCI molecules might

act as receptors for SFV after Helenius et al., 1978 demonstrated SFV

glycoprotein binding. However, Oldstone et al., 1980 later showed that MHC
I binding was not necessary for SFV infection ofmurine F9 and

lymphoblastoid cells, and in vivo by the infection of neurons that

constitutively downregulate MHC class I expression.

(ii) Entry into the cell and viral uncoating

Receptor binding is mainly mediated by the E2 glycoprotein of the envelope

spike. SFV enters the cell by receptor-mediated endocytosis in clathrin-
coated pits and is delivered intact into the endosomal compartment

(Helenius et al., 1980; Marsh & Helenius, 1989). Low pH (under 6.0) triggers
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a conformational change in the virus envelope glycoproteins that enables
fusion with the endosomal membrane (Helenius et al., 1980; White,

Kartenbeck & Helenius, 1980). Both a highly acidic endosomal environment

and the presence of cholesterol in the endo-lysosomal membrane are

necessary for viral fusion and entry; the reason for the latter remains unclear.
Virus uncoating occurs on these smooth membranes. Once the nucleocapsid
is delivered to the cytosolic compartment, virus capsid binds to free
ribosomes and migrates towards the cell membrane. Assembly of the

nucleocapsid occurs late in the virus life cycle once the remaining structural

proteins have been synthesised.

(iii) SFVA7(74) genomic replication
SFV RNA synthesis takes place in the cytoplasm in association with
intracellular membranes, as is the case with all positive sense RNA viruses

infecting eukaryotic cells (reviewed by Kaariainen & Ahola, 2002). These
smooth membrane structures are originally termed "cytopathic vacuoles

type-1" or CPV-I (Grimley & Friedman, 1970) and are thought to derive from
endosomal and lysosomal membranes (Froshauer, Kartenbeck & Helenius,

1988). Further studies using electron microscopy and confocal microscopy
reveal that CPVs vary from 600 to 2000 nm and their surface is studded with

"spherules," (vesicular invaginations approximately 50 nm in diameter). The

nsPl protein anchors the replicase complex attached to nascent RNA to the

spherule membrane providing structural support for RNA synthesis

(Salonen, Ahola & Kaariainen, 2005). Another possible function of spherules

might be to protect the replication of "foreign" viral RNA from destruction

by host cell RNases.
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SFV replication essentially involves two tasks for the virus. The first step is

to copy the genome and the second is to translate enough structural proteins
to form the capsid and envelope. Both of these goals are achieved by
translation from a negative-sense intermediate RNA species. The first step in

viral replication is the translation of non-structural proteins and their

subsequent proteolytic processing. Immediately following uncoating the

ribosome binds to the 42S promoter and translates two polyproteins, P123

and P1234. The reason that nsP4 is not included in some of the polyproteins
is that an opal (UAG) codon separates nsP3 from nsP4. However, about one-

fifth of the time, read-through translation occurs to produce the whole

polyprotein. The C-terminal domain of nsP2 contains a protease that can

process these polyproteins into a variety of functional polyproteins and

eventually into individual proteins. Replicase activity is generally associated

with the polyprotein intermediates. In the first hour of infection the

replication complex synthesises the full-length negative-sense mRNA using
the genome as a template. Thereafter multiple copies of the genome are

transcribed. This process is most efficient during the early stages of viral

replication but continues throughout the replication cycle.

The negative strand RNA polymerase (P123-nsP4) can also use an internal

promoter (the 26S promoter) situated two-thirds along the genome after the
non-structural region. Thus, the negative strand also serves as a template for

transcription of a subgenomic RNA that corresponds to the final third of the

genome and is co-terminal with the 3' end. It is capped and polyadenylated
and functions as the RNA template for the translation of the structural

polyprotein. The viral structural proteins, like the non-structural proteins,
are translated as a polyprotein: capsid-P62-6K-El. The capsid is translated

95



first. It contains a serine protease and is capable of cleaving the capsid free

from the following polyprotein. The capsid protein cleaves itself free of the

rest of the polyprotein and is trafficked to the cytosol proximal to the plasma

membrane.
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Figure 1.3: SFV genome organisation and protein translation.

Removal of the capsid protein reveals a hydrophobic N-terminal signal

sequence in P62 that redirects protein synthesis to the cytoplasmic surface of
the rough endoplasmic reticulum (RER). Once the P62 polyprotein inserts

into the ER membrane it enters the host cell's secretory pathway. In the ER

the signal sequence is cleaved by host cell signalases. Subsequent signals in
the P62 protein direct the 6K protein to insert into the ER membrane which

precedes translocation and cleavage of El. Extensive post-translational
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processing of the structural proteins is required and begins with the covalent
addition of oligosaccharides and later with the addition of fatty acids. The

precise nature and composition of the carbohydrate chains varies with the
cell but their addition is necessary for appropriate protein folding. P62 and

El form heterodimers in the ER. The structural proteins move as a cohort

through the secretory vesicles of the Golgi apparatus where proteolytic

processing of the envelope glycoproteins takes place. Here, furin family

proteases cleave the envelope precursor protein P62 into the membrane
anchored E2 protein, and the smaller E3.

(iv) Virion packaging and vims budding

The formation of the nucleocapsid involves oligomerization of individual C

proteins and subsequent binding by the whole icosahedral capsid to the nsp2

region of the genomic RNA. The nsp2 encapsidation sequence ensures that

only genomic RNAs are packaged into the capsid. The P62-E1 heterodimer is

transported to the cell plasma membrane. The interaction of the intracellular
domain of the P62-E1 heterodimer with the capsid protein triggers budding

that continues until the membranes meet and form enveloped virions. The

final maturation event in the formation of virions is the cleavage of the P62

glycoprotein to form the mature E2-E1 heterodimer. This is a necessary late
event that prevents the formation of infectious virions within the same cell.

1.5.6 Course of intraperitoneal (i.p.) infection with SFV A7(74)

If adult BALB/c mice are inoculated intraperitoneally, the virus initially

replicates in peripheral tissues, then establishes a high-titre plasma viraemia.
The viraemia is detectable within 24 hpi (~108 PFU / ml blood), peaks at 48
but rapidly declines thereafter. The virus is cleared from the bloodstream by
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4 dpi as determined by infectivity assay (Fazakerley et al., 1993). SFV A7(74),

like all strains of the virus, is neuroinvasive and readily infects cerebral

endothelial cells (CECs) in mouse brain (Helenius, Marsh & White, 1982;

Soilu-Hanninen et al., 1994). It is postulated that SFV crosses the blood-brain-

barrier (BBB) following a receptor-mediated mechanism of active transport in

CECs (Pathak & Webb, 1974) after which perivascular foci of infection occur.

Neurons and oligodendrocytes are the key cell types targeted by SFV

(Fazakerley et al., 1993; Pathak & Webb, 1983). In general, type-1 astrocytes

are not infected and ependymal, choroid plexus and meningeal cells are

rarely infected (Balluz et al., 1993; Pathak & Webb, 1983). Avirulent strains of
SFV do not replicate as efficiently in neurons and oligodendrocytes as their

virulent counterparts in adult mice. When 3-4 week old mice were infected

with the L10 strain, brain titres rose tolO8-5 PFU / g wet brain tissue by 96

hours and the infection was fatal. Conversely, infection with the A7(74)

strain reached a maximal titre of only 105-5 PFU / g wet brain tissue; at 48 hpi

(Fazakerley et al., 1993). Therefore, the A7(74) strain appears to be restricted

(in terms of productive infection) and the initial perivascular foci of infection

do not dramatically enlarge over time. In summary, virulent strains of SFV

spread rapidly along the neurites of infected neurons and from cell to cell

giving rise to a widespread infection of neurons and oligodendrocytes.
Infected mice die of fulminant encephalitis within a few days. In adult mice

infected with an avirulent strain, the virus remains confined to small

perivascular sites (the initial sites of viral entry) resulting in a sub-clinical

encephalitis that is largely asymptomatic. In mice lacking normal T-cell

responses such as nude / athymic mice, virus persists in the CNS and the

pattern of infection described above continues for the life of the animal.

Plowever, in immunocompetent BALB/c mice virus is eliminated from the
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CNS around day 10. The actual length of time that SFV persists in the brain

is related to the methods used to detect the virus. Virions are not observed

by infectivity assay by 8 dpi whereas viral RNA is detectable by in situ

hybridisation until 14 dpi. This figure is extended to 12 weeks post-infection
if RT-PCR is used to detect viral RNA (Rennos Fragkoudis & Cat Dixon:

unpublished data).

Viral clearance is associated with focal inflammatory infiltrates and the first

signs of primary demyelination. Demyelinating lesions can be clearly
identified between 14 and 21 dpi and are scattered throughout the CNS

(Kelly et al, 1982; Suckling, Pathak & Webb, 1978). Although lesions of

demyelination can be clearly defined they do not produce serious clinical

sequelae.

1.5.7 The pathogenesis of SFV A7(74) i.p. infection in BALB/c mice is
determined by mouse (host) age

The neurovirulence of specific strains of SFV, SV and VEE is dependent on

the age of the host at the time of infection. For example, neonatal mice
inoculated i.p. with the A7(74) strain of SFV die within 48 to 72 hours of

fulminant encephalitis. When the same infection protocol is repeated in mice

3-4 weeks old, only subclinical encephalitis is observed. The virus

establishes a plasma viraemia equally effectively in mice irrespective of age.
In each case neuroinvasion is successful and infection manifests as small

perivascular foci as the sites of viral entry. The transition to reduced
neurovirulence was initially observed around the time of weaning. Studies

by Oliver et al., 1997, identified a narrow developmental window associated
with age-related virulence. When mice were inoculated at postnatal day 12
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(or under) the initial foci of infection rapidly enlarged and coalesced

establishing a panencephalitis. However, when virus inoculation was

administered at postnatal day 14 or thereafter, perivascular foci did not

enlarge.

Interestingly, i.p. infection of adult athymic nu/nu or SCID mice resulted in

the same limited foci of infection, although virus is not cleared as is the case

with BALB/c adult mice (Amor et al, 1996). Therefore the age-related

difference in viral spread and virulence cannot be explained by the fact that
the adaptive immune response has matured in adult mice. There is a strong

correlation with the maturity of the nervous system and age-related
virulence as described in a study of the developing mouse olfactory bulb

(Oliver & Fazakerley, 1998). The processes of axonogenesis, synaptogenesis,

gliogenesis and myelination continue into the first two postnatal weeks when
avirulent SFV infection causes fulminant encephalitis. The developing

nature of the nervous system at this point facilitates productive viral

infection of neurons and transneuronal spread along interconnected axons

and dendrites. Once process extension and synapse formation is complete

however, viral spread is limited and the mature neuronal populations are no

longer permissive for virus replication. The restriction of viral replication in
mature neurons might be a feature of two particular maturational events in
this cell type. Mature neurons do not continue to synthesise smooth
membranes essential for SFV replication. If adult mice are treated with gold

compounds such as sodium aurothiolate, smooth membrane synthesis is
induced. Infection of treated mice with avirulent SFV resulted in a

panencephalitis characteristic of infection with virulent SFV. Hence smooth
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membrane synthesis induced in adult neurons enables productive virus
infection once again (Scallan & Fazakerley, 1999).

1.5.8 The role of the immune response

The role of the immune response to SFV A7(74) is most apparent when

comparing the infection of severe combined immunodeficiency (SCID) mice
with that of immunocompetent BALB/c mice. In the absence of adaptive
immune responses, (i.e. SCID mice), virus persists in neurons and

oligodendrocytes that remain morphologically normal and there are no

lesions of demyelination (Amor et al., 1996). On the contrary, infected adult

BALB/c mice develop focal lesions of inflammatory demyelination scattered

throughout the white matter after viral clearance.

One of the earliest events in the innate immune response to SFV is the up-

regulation of interferon (IFN) genes. Following i.p. inoculation of SFV

A7(74), type-I IFN synthesis parallels virus replication in the bloodstream

(Bradish, Allner & Fitzgeorge, 1975). The importance of the IFN response is

underscored by the fact that mice with a genetic deletion of functional type-1
interferon receptors die within 48 hours of infection with SFV A7(74) (John

Fazakerley: unpublished data).

Virus enters the CNS after infecting cerebral endothelial cells and the BBB is

most compromised around 4 dpi and regains integrity by 10 dpi. During this

period infiltration of mononuclear cells occurs and CNS inflammation peaks

at 7 dpi. The time required for the complete resolution of brain inflammation
varies from 14 to 28 dpi (Parsons & Webb, 1982).
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In BALB/c adult mice, clearance of virus infection is due to a rapid

neutralising antibody response. IgM antibodies are detectable as early as 4

dpi and are ideally suited for controlling peripheral viraemia as its structure

maximises the antigen binding capacity. Unfortunately, it cannot protect the
CNS because it cannot pass between the tight junctions between cells of the

BBB. Anti-viral IgG2a is synthesised rapidly to a high titre and is followed by
a second wave of IgGl synthesis. These antibodies cannot be detected in the

CSF until 5 dpi. After 9 dpi B-cells can be detected in the brain and these cells

remain after the resolution of inflammation (Parsons & Webb, 1989).

Infection of adult athymic mice (nu/nu or nude mice) with SFV A7(74) does

not resolve, rather mice develop a persistent CNS infection for the remainder
of their lives. In the periphery, viraemia is controlled by an anti-viral IgM

response. Infection of adult mice with severe combined immunodeficiency

(SCID) causes paralysis and death around 23 dpi (Amor et al., 1996). The

virus persists in the CNS and the bloodstream. Demyelinating lesions do not

occur in nude or SCID mice.

Passive transfer of splenocytes or immune serum can clear infection in T-cell-

depleted mice (Fazakerley & Webb, 1987) and passive transfer of antibodies
to SCID mice is again able to clear infectivity (Amor et al., 1996). These

experiments demonstrate that antibodies alone are sufficient to clear virus

infectivity.

Whilst the humoral response is credited with clearing the infection, T-cell

responses are also activated. In the brain, CD8+ T-cells outnumber CD4+ T-
cells (John Fazakerley: unpublished observations). T-cells are protective by
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providing help for synthesis of IgG antibodies. T-cells are however also

pathogenic, CD8+ T-cells are necessary and sufficient for virus induced
lesions of demyelination (Subak-Sharpe, Dyson & Fazakerley, 1993).

1.5.9 Alphaviruses and apoptosis

Human encephalitis can follow infection with many natural alphaviruses
and represents a significant medical problem in the Americas (Calisher,

1994). There has been a shift in focus within alphavirus research to ascertain

the mechanisms by which alphaviruses kill their target cells. Until recently,
it was assumed that alphaviruses like many other viruses defeat their hosts

by inhibition of cell macromolecule synthesis, general disruption of cell
metabolism or complete exhaustion of cellular factors necessary to maintain
viral replication. However, a different picture has emerged, whereby

alphaviruses frequently cause host cell death by the induction of apoptotic

pathways.

1.5.10 The induction of apoptosis in vitro (in continuing cell cultures)

The first clear study to demonstrate alphaviral-induced apoptosis was

accomplished by Levine et al, 1993. Wild-type SV infection (strain AR339)

induced apoptosis in three mammalian cell lines: BHK cells, N18

neuroblastoma cells and AT-3 adenocarcinoma cells. Cell death was

characterised by dramatic nuclear changes such as chromatin condensation

and DNA fragmentation. Time-lapse video microscopy and electron

microscopy were used to demonstrate blebbing at the surface of infected cells

and the formation of apoptotic bodies.
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A similar study by Scallan et al., (1997) demonstrated that SFV also induced

apoptotic cell death in AT-3 cells as determined by morphological criteria
and TUNEL staining and at the same time Glasgow et al., 1997 demonstrated

SFV induced apoptosis in BHK cells by DNA fragmentation. Both of these
studies compared the effects of an avirulent strain of SFV (A7) with a

virulent strain (L10 and SFV4) in apoptosis induction. Scallan et al. (1997)

demonstrated that cell death occurred more rapidly when induced by a

virulent strain of SFV and Glasgow et al. showed that the mechanism of

apoptotic cell death was the same irrespective of the virulence of the strain.

1.5.11 The induction of apoptosis in CNS neuronal populations

In general, infection of primary cultures of CNS cells is thought to yield more

reliable data than that obtained from cell culture studies. Allsopp et al., 1998

was the first to study the outcome of SFV infection of mouse embryonic

sensory neurons. This population of cells is dependent on NGF for survival

and hence withdrawal of growth factor support can trigger apoptosis in

itself. Infection of neuronal cultures with the A7(74) strain and the L10 strain

of SFV caused apoptosis identical to that observed following growth factor
withdrawal. Virus induced cell death was characterised by neurite

fragmentation and cell surface blebbing as well as TUNEL staining.

However, SFV infection of primary cerebellar granule neurons derived from

neonatal rat with either A7(74) or SFV4 did not result in apoptosis (Glasgow

et al., 1997). The conflicting data provided by these two studies might reflect

that fact that different populations of neurons have differing susceptibilities

to cell death. Furthermore, Levine et al., 1993, showed that DRG neurons

become resistant to apoptosis after a set time in culture, thus highlighting the
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disparity between in vitro and in vivo studies in the field of cell death.

Perhaps the most enlightening studies concerning alphavirus induced

apoptosis come from infection studies of whole animals rather than isolated

targets in culture.

1.5.12 Alphaviral induced apoptosis in the rodent brain (in vivo)

The induction of apoptosis in rodents is attributable to both virus and host

factors. Neurovirulent strains of SV and SFV cause fulminant

encephalomyelitis and death in mice irrespective of age. Induction of

apoptosis by SV in neurons in vivo correlates with mortality and the

apoptogenic ability of the TE strain has been mapped to the E2 glycoprotein

(Lewis et al.r 1996).

However, host cell factors cannot be ignored. Entry into the death cascade

involves the participation of the Bcl-2 and Bax-like proteins in most cell

types. The extent of SFV A7(74) infection in mice that over-express Bcl-2 in

the CNS was reduced compared to wild-type mice and the amount of

apoptotic death was diminshied (Fazakerley & Allsopp, 2001). The

expression of anti-apoptotic proteins in SV infected cells has been achieved

by engineering double subgenomic SV vectors that contain the bcl-2, crmA or

beclin genes. The vector was based on the TE strain of SV and when
inoculated into mice they prevented SV-induced neuronal cell death in vivo

(Levine et al., 1996; Liang et al., 1998; Nava et al., 1998). It also prevented SV-

induced death in suckling mice. This is not surprising given that the over-

expression of Bcl-2 has been known to protect neurons from NGF
withdrawal induced apoptosis for sometime (Garcia et al., 1992).

105



It is likely that the expression of pro- and anti-apoptotic proteins in neurons

and oligodendrocytes varies over the lifetime of the cell and plays a key role

in their susceptibility to viral-induced apoptosis. Apoptotic death of

supernumery neurons during development constitutes approximately 50 %

of the total cell death during this time. Consistentwith this finding is the fact

that Bax expression is high during development but decreases as neurones

mature (Vekrellis et al., 1997). Interestingly Bax levels remain high in adult
cerebellar purkinje cells, a population of neurones that readily die in
ischaemia (Krajewski et al., 1995).

Studies of avirulent SFV infection in vivo demonstrates that whilst most

immature cells undergo rapid apoptosis, terminally differentiated cells are

highly resistant. SFV infected oligodendrocytes, whilst infected and

damaged are capable of carrying out remyelination (Butt et al., 1996).
In rats infected intranasally with SFV, mature neurons exhibit resistance to

apoptosis that is not dependent on Bcl-2 expression (Sammin et al., 1999). It
is therefore possible that the decreased susceptibility of mature CNS cells to

natural alphavirus-induced apoptosis is more closely related to the

suppression or absence of pro-apoptotic proteins rather than the

upregulation of anti-apoptotic ones.

1.5.13 Virus-induced apoptosis and the specialised case of nervous system

Altruistic cell suicide represents a logical form of innate immunity to

systemic viral infection so long as the cells in question are not fundamental
to the survival of the organism. Hence the mature terminally differentiated
non-renewable cells of the CNS are often less susceptible to apoptotic cell

death than poorly differentiated precursor cell (Allsopp & Fazakerley, 2000).
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None-the-less virus infection of mature neurons and glial cells leaves the
CNS in an unpalatable situation. The response of these non-renewable cells

is to abandon the generally accepted strategy of committing suicide and to

accept life at the expense of persistent viral infection.
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1.6 Hypothesis

0-2A progenitors and / or immature oligodendrocytes are more susceptible

to virus-induced apoptosis than mature differentiated oligodendrocytes.

1.6.1 Aims

To test this hypothesis using SFV A7(74) in three systems:

(i) Rat cell lines

(ii) Mouse primary culture

(iii) Mouse brain sections (paraffin embedded and cryostat)

1.6.2 Objectives

(i) To determine if SFV A7(74) infects rat cell lines and murine

primary cultures and causes cell death

(ii) To determine whether cell death occurs by apoptosis or necrosis

(iii) If apoptotic death occurs to demonstrate this using more than one

assay

(iv) To set up and characterise murine primary cultures

(v) To grow both immature 0-2A progenitors and mature

oligodendrocytes as separate cultures for comparison of cell death

processes.

(vi) To also address these questions using mouse brain sections as an

"in vivo" system.
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Chapter 2: Materials and Methods
2.1.1 Chemicals and Reagents

Most reagents were obtained from Sigma (Poole, Dorset, UK), Invitrogen /
GIBCO (Paisley, Renfrewshire, UK) and Promega Life Sciences

(Southampton, UK). The composition of buffers, media and solutions are

listed in Appendix I and II unless they form part of the discussion in
individual chapters. Specific reagents selected for a procedure are followed

by supplier details in parentheses.

2.1.2 Virus Stocks

Where SFV is used to describe virus infection in this thesis it refers to the

A7(74) strain. This was originally obtained from Professor H.E. Webb at St.

Thomas' Hospital, London, UK. In November 1990 the virus stock was

plaque purified 3 times and subsequently amplified in Baby Kidney Hamster

(BHK-21) cells. It was labelled 'A7(74)/C3 seed stock' and was not passaged

again until November 2000 to provide a working stock (see section 2.1.4).

Mixed glial cell cultures were infected using virus that had been purified

using sucrose gradients by Dr Martina Scallan (1996). This change was

necessary because of the considerably higher cell yields obtained using

primary culture. Large volumes of the BHK supernatant working stock were

required due to a low titre and this increased the risk of interferon (IFN)

contamination. All virus stocks were stored as working stocks in 100 |il and
500 (il volumes at a titre of >107 plaque forming units per ml (PFU / ml) at
-80 °C.
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2.1.3 Virus-like particles (recombinant SFV particles) stocks

The two-helper RNA system for the production of recombinant SFV and

virus-like particles (VLP's) were designed by Professor P. Liljestrom

(Liljestrom & Garoff, 1991; Lundstrom et al., 2001). DNA plasmid stocks of

pSP6-SFV4 and the helper plasmids pSFVl-3 were kindly supplied by
Professor Liljestrom (Karolinska Institute, Sweden, Stockholm). In vitro

transcription in BF1K cells was performed by Victoria Marlow and Dr

Audrey Graham. The VLP stock they kindly provided had a titre of 1.8 x 10"
VLP / ml.

2.1.4 Preparation of a Working Stock of SFV

The SFV A7(74) C3 seed stock (dated 11/90) was originally found to have a

titre of 3 x 108 PFU / ml but had been stored in a -80 °C freezer for 10 years.

To prepare a new working stock three 175 cm2 flasks (Nunclon, Nalge Nunc

Int., Hereford, UK) of confluent BHK-21 cells were infected at an MOI of 0.01.

Two flasks were mock infected with the virus diluent (0.75 % bovine serum

albumin in phosphate buffered saline (PBSA)) for use as controls. The spent

media was removed and the monolayers were washed in pre-warmed

phosphate buffered saline (PBS). 1 ml of virus diluent was added to control
flasks. Virus stock was diluted to an MOI of 0.01 in 1 ml of virus diluent and

added to each of the flasks designated for virus production. All flasks were

incubated for 1 hour at room temperature (RT) in a category II hood and

rotated every 15 minutes to maximise virus contact with the monolayers.

After 1 hour the monolayers were washed and covered with fresh media

consisting of Glasgow minimal essential media (GMEM) supplemented with
2 mM L-glutamine; 100 U/ml penicillin and 100 pg/ml streptomycin; 10 %

110



tryptose phosphate broth and 10 % newborn calf serum (NBCS, 26010) all
from GIBCO, UK (hereafter referred to as "BHK media"). The flasks were

incubated at 37 °C in a humidified atmosphere containing 5 % CO2.

At 24 hours post infection (hpi) and 48 hpi flasks were removed from
incubation and the supernatants harvested. They were clarified by

centrifugation at 1664 RCF (relative centrifugal force) and the supernatant
was aliquotted as a working stock and stored at -80 °C until use. Control

supernatants were also titred to check that the viral titre of infected flasks
was solely due to SFV A7(74) infection.

2.1.5 Virus Titre Determination by Plaque Assay

Three six-well plates (Nunclon) were seeded with 2.5 x 105 BHK-21 cells per
well and incubated for 24 hours at 37 °C in BF1K media. Serial ten-fold

dilutions in PBSA were prepared and 0.2 ml of each dilution added to the

monolayers in duplicate. Two wells were mock infected with virus diluent
to provide controls. The plates were incubated on a gyratory rocker for 1

hour to disseminate the virus. A 15 ml aliquot of 4 % agar was heated to

56 °C and mixed with 50 ml of GMEM (containing 2 % NBCS and 2 mM

L-glutamine) at 37 °C. Two mis of the agar overlay were added to each well
after the virus samples had been removed by pipetting. Once the overlay

had solidified the plates were moved to an incubator for 2 days at 37 °C.
After incubation the monolayers were fixed in 4 % formol saline for 2 hours,

then stained with 0.1 % toluidine blue for 15 minutes and washed repeatedly.

When calculating the number of plaque forming units (PFU) the lowest
dilution with > 4 easily distinguishable plaques was used and the average of

the duplicate wells taken.
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2.1.6 General Cell Culture

All tissue culture procedures were carried out aseptically in a category II

hood unless otherwise stated. Cells were cultured and maintained in plastic
flasks and incubated in a humidified atmosphere at 37 °C in a mixture of air /

5 % CO2. Only reagents certified as "tissue culture grade" were purchased.

Alternatively, liquids and glassware were autoclaved at 121 °C for 15
minutes or sterile filtered using a 0.22 pm Minisart syringe filter (FSY080010,
React Scientific Ltd., Troon, Ayreshire, UK). Antibiotics were frequently

added to basal media but sister flasks were cultured without antibiotics once

every six weeks to check for low-grade bacterial contamination.

(i) Thawing cell lines

Cell stocks retrieved from liquid nitrogen storage were transported in dry ice

and thawed immediately in a 37 °C waterbath. The cell suspension (0.5 - 1

ml) was placed at the bottom of a 15 ml conical tube and overlaid gently with
10 ml of appropriate fresh media. Centrifugation was carried out at the low

speed of 200 RCF and cells were resuspended in media containing 20 %

serum for the first 24 hours, after which media was replaced to reduce the

serum content to the appropriate level of 5 - 10 %.

(ii) Passaging cell cultures

Passaging was carried out twice a week or at confluency depending on cell

growth rate. Monolayers were rinsed with versene [see Appendix I] and
incubated in 0.5 % - 2.5 % trypsin for 5 minutes. When cell detachment could

be discerned by eye the flasks were tapped gently to complete this process.

The cell suspension was triturated using a 5 ml plastic pipette and
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centrifuged at 420 RCF for 5 minutes. After resuspension a 20 ql sample was
taken and diluted into an equal volume of 0.4 % trypan blue (15250, GIBCO)
for counting on a haemocytometer. Five squares were counted excluding

cells straddling the right hand side and lower boundaries of the

haemocytometer and trypan blue stained dead cells. The number of cells per
ml was calculated and the cell suspension diluted in fresh media to an

appropriate seeding density (usually equivalent to 30 % confluency).

(iii) Preparation ofcryovials for permanent storage at -80 °C
Cells were frozen for storage in liquid nitrogen every 15 passages (or until 15

vials had been stockpiled). A suspension of 1 - 5 x 106 cells / ml was

collected following trypsinisation and cell counting. The pellet was

resuspended in 0.5 ml of 90 % dimethyl sulfoxide (DMSO) and 10 % fetal calf
serum (FCS) and aliquotted aseptically into polypropylene cryovials.

Cryovials were cooled using a 5200 Cryo 1 °C freezing container filled with

isopropanol (Nalge Nunc Int., UK). Following transfer to a to -80 °C freezer
the cooling rate is slowed to 1 °C / minute to prevent cell damage during the

freezing process. After 24 hours at -80 °C cryovials were transferred to

liquid nitrogen storage.

2.1.7 Cell Culture of BHK-21 cell line

BHK-21 cells (clone 13, ref. no. 85011433) were obtained from the European

Collection of Cell Cultures (ECACC), Wiltshire, UK. BF1K media was

replenished twice weekly. Once confluency was observed, cells were
removed by treatment with trypsin for 2-5 minutes (0.05 % trypsin / 0.53
mM EDTA solution, 25300, GIBCO). The combined use of versene and

trypsin was necessary to prevent clumps of cells forming with increasing
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passage number. Trypsin was inactivated by the addition of an equal
volume of media containing 10 % NBCS.

2.1.8 Cell Culture of B104 rat neuroblastoma cell line

The B104 cell line was a kind gifts from Dr Sue Barnett, Cancer Research UK
Beatson Labs, Glasgow University, Glasgow and Professor Brophy, Division
of Preclinical Veterinary Sciences, R(D)SVS, University of Edinburgh,

Edinburgh. B104 cells were propagated in Dulbecco's modified Eagle media

(DMEM, 31551, GIBCO) supplemented with 5 -10 % fetal calf serum, (FCS,

10099, GIBCO), 2 mM L-glutamine and 50 qg/ml gentamicin as adherent

monolayers in plastic culture flasks. At confluency cell monolayers were
washed twice with pre-warmed sterile PBS and incubated with 0.25 %

trypsin, 25050, GIBCO) for 2 minutes. Following neutralisation with serum,

cells were collected by centrifugation at 310 RCF for 5 minutes. Cell pellets

were processed and plated as described above. Flasks of B104 cells were
incubated in an atmosphere of 7 % CO2 where possible but could be

passaged without a noticeable deficit at 5 % CO2. B104 cells were cultured
for the production of media conditioned (Schubert et al., 1974).

2.1.9 Production of B104 conditioned media (B104-CM)

Four to twelve 175 cm2 flasks were seeded with B104 cells at 20 % confluency

(usually 3.5 x 106 cells / flask). Monolayers were used at approximately 24

hours when flasks were 30 - 50 % confluent. This represented the highest
cell density without extensive cell-to-cell contact. Monolayers were washed
three times with pre-warmed SPBS to remove all traces of serum. The

monolayers were covered with 25 to 30 ml of Sato's media (see Appendix II).
Media was usually conditioned for 3 days before collection, but if this were
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not possible a two-day incubation was carried out. The CM was centrifuged
at 3000 RCF at 4 °C for 10 minutes to pellet sloughed off dead cells. Sub¬

cellular debris was removed from the supernatant by filtration through a 0.45

pm cellulose acetate Minisart syringe filter (FSY-090-020, React Scientific

Ltd.), using 20 ml syringes or a 1000 ml Stericup flask (Millipore, Livingston,

UK) and vacuum pump. Aliquots of conditioned media with batch

processing information were stored at -20 °C until use. CM was not used

until samples taken at the end of this process had been tested for bacterial
contamination by growth in glucose broth [see Appendix I].

2.1.10 Production of B104-CM for use with Central Glia -4 (CG-4) cells

Minor substitutions to the method outlined above were necessary to follow

the Louis et al., 1992 protocol. B104 cells were seeded at a density of 100 -150

cells / mm2 in 175 cm2 flasks and washed with Hanks balanced salts solution

(HBSS) instead of PBS. Sato's media for use with CG-4 cells was prepared

according to Louis et al., 1992 [see Appendix I]. The conditioned media was

harvested and treated with 1 pg/ml phenylmethylsulfonyl fluoride (PMSF)

before centrifugation and filtration.

2.1.11 Coating tissue culture plastics

(i) Poly-L-lysine (PLL)
PLL (P 1274, Sigma) was dissolved in dHaO and stored as freezer stocks at 4

mg/ml. PLL stocks were diluted to a final concentration of 13.3 pg/ml in
dH20 and filter sterilised using a 0.22 pm cellulose acetate (CA) filter (FC800-

15, Fred Baker Scientific Ltd., Leicestershire, UK). Sterile PLL was pipetted

into tissue culture vessels until the growth surface was completely covered

and then flasks were incubated at 37 °C for 15 minutes. PLL was removed
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and the flasks were washed with SPBS twice and left to dry in a category II

hood. Any remaining PBS was removed with a glass Pasteur pipette before
flasks were packaged into plastic bags and sealed for storage. All coated

flasks were stored at RT in the dark for no longer than two months, and all

coating reagents were stored at -20 °C before use unless otherwise stated.

(ii) Poly-D-Lysine (PDL)
Freezer stocks were made by dissolving PDL (P 7280, Sigma) to a

concentration of 10 mg/ml in dLLO. Stock PDL was further diluted to 1

pg/ml for use followed by filter sterilisation (as above). Once flasks had been
coated they were left at RT in a category II hood for a minimum of two
hours. Flasks were rinsed twice in sterile Milli-Q water and left to air-dry.

They were stored as detailed in section 2.1.11.

(Hi) Poly-L-Ornithine (PLO)

Freezer stocks were made by dissolving PLO (P 3655, Sigma) in borate buffer

[see Appendix I], to a stock concentration of 1 mg/ml. Stock PLO was used

at 0.1 mg/ml diluted inMilli-Q water and filter sterilised for use. The growth

surface was completely covered with PLO and incubated for 1 to 2 hours at

RT. Flasks were rinsed twice in autoclaved Milli-Q water and incubated

overnight with DMEM. PLO coated flasks were used immediately; they
were not stored.

(iv) Fibronectin

One ml of sterile Milli-Q water was injected into the vial of freeze-dried

bovine plasma fibronectin (33010, GIBCO) under sterile conditions. The vial

was sealed with parafilm and heated to 30 °C for 1 hour to aid solubilisation.
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The 1 mg/ml stock was aliquotted into 10, 20 and 50 pi volumes and stored at

-20 °C until use. Flasks were not stored before use.

(v) Laminin-2 / Merosin

Tissue culture plastics were pre-coated with 10 pg/ml PDL overnight and

rinsed in Milli-Q water. Stock laminin-2 (CC085, Chemicon Int., Hampshire,

UK) was diluted with PBS into 25 pg/ml and 50 pg/ml aliquots under sterile

conditions. Flasks were coated with laminin-2 for 4 hours at 37 °C. The

surfaces were blocked with 0.3 % heat-inactivated bovine serum albumin

(BSA, A 6003, Sigma) prepared by incubation in a water bath at 80 °C for 30
minutes.

2.1.12 Cell counts on 13 mm glass coverslips

13 mm glass coverslips were routinely coated with the polymers and
secreted proteins listed above. To ensure sterility they were prepared as

detailed below and stored in sterile 24-well plates ready for coating. Each

coverslip was dipped in 70 % ethanol (EtOH) and held in the blue flame of a

bunsen burner (in a category II hood). Coverslips were allowed to cool and

dipped in 1M HC1. They were washed several times in Milli-Q water, rinsed

once more in absolute EtOH and air-dried.

2.1.13 Cell Culture of CG-4 cells

CG-4 cells (Louis et al., 1992) were a kind gift from Professor Brophy,

University of Edinburgh. CG-4 cells were propagated on PLO-coated 25 cm2

and 75 cm2flasks [see Appendix I]. Growth media for oligodendrocyte-type
2 astrocyte (0-2A) cells consisted of 70 % Sato's medium [see Appendix II]
and 30 % B104-CM. Subculture was required every 5 to 6 days. This
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consisted of washing the monolayers with 10 ml of Ca2+/Mg2+ free HBSS and

incubating in 0.25 % trypsin for 5 minutes. Trypsin activity was terminated

by the addition of an equal volume of soybean trypsin inhibitor (SBTI, T-

9003, Sigma). Cells were collected by centrifugation at 225 RCF for 2 minutes
and were replated at a density of 100 -150 cells /mm2. Differentiation of CG-
4 cells was induced by changing the media from the mix of 70 % Sato's / 30 %

B104-CM to 100 % Sato's media.

2.1.14 Sato's medium

DMEM (31885, GIBCO) was used as the basal medium for this version of

Sato's. DMEM was supplemented with 25 pg/ml gentamicin, 0.028 % (v/v)

BSA path-o-cyte 4,10 pg/ml insulin solubilised in 10 mM HC1,100 pg/ml

human transferrin, 2 mM L-glutamine, 16 pg/ml putrescine, 395 ng/ml

thyroxine, 334 ng/ml tri-iodo-thyronine, 61.5 ng/ml progesterone and 30 nM

sodium selenite. Specific details of these additives and their storage can be

found in appendix II. Media was made in 70 and 150 ml volumes and sterile

filtered (0.22 pm, CA). Before use it was heated in a water bath set to 37 °C

and then equilibrated for 30 minutes in a 7% CO2 incubator. The pH was

adjusted to 7.4 immediately before use. Sato's media was not stored for

longer than one week before discarding.

2.1.15 Cell Culture of SS5 and BC30 rat cell lines

SS5 and BC30 cells (kindly donated by Dr Sue Barnett, University of

Glasgow) were transported from Glasgow in insulated 75 cm2 plastic flasks

or sent on dry ice in cryovials. Tissue culture flasks were coated with 1.3

Pg/ml PLL and left to air dry before use. Cultures of SS5 and BC30 were
treated identically. They were propagated in 70 % Sato's medium and 30 %
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B104-CM which was filter sterilised and adjusted to pH 7.4 before use. To

passage 75 cm2 flasks, two thirds of the existing media was removed and 160

pi of 0.25 % trypsin was added. When the cells had detached, an equal

volume of soybean trypsin inhibitor (see Appendix II) was added to

neutralise the trypsin. The cells were centrifuged at 310 RCF for 5 minutes

and the cell pellet was resuspended in 50 % Sato's medium / 50 % B104-CM

(using 2-day CM) and 70 % Sato's medium / 30 % B104-CM (when using 3-

day CM). Flasks were incubated at 37 °C with 7 % CO2 and fresh media was

added every other day.

2.1.16 Supplementation of Sato's media with growth factors

During optimisation of SS5 and BC30 culture, cell lines were also cultured in
Sato's medium supplemented with growth factors. Human recombinant

platelet derived growth factor-AA (henceforth referred to as PDGF) was

routinely used at 15 ng/ml (221-AA-050, R&D Systems, Oxford, UK).
Cultures were also supplemented with 15 ng/ml of human recombinant

fibroblast growth factor-basic (FGF-b, 100-18B, Peprotech EC Ltd., London,

UK) alone and in combination with PDGF. When PDGF was used in

combination with neurotrophin-3 (NT-3), the latter growth factor was used at

5 ng/ml (N 1905, Sigma). All growth factors were diluted in buffer according
to the manufacturer's instructions and at 1000 x of the working

concentration. Storage was at -20 °C in polypropylene eppendorf tubes and

aliquots were not re-used following thawing.

2.1.17 Cell culture of A2B5 and 04 hybridoma cell lines

The hybridoma cell lines secreting antibodies to A2B5 and 04 (Eisenbarth,
Walsh & Nirenberg, 1979; Sommer & Schachner, 1981) were kind gifts from
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Dr Tom Gilbey & Dr Sue Barnett, Beatson Laboratories, University of

Glasgow, UK. Cells were grown in suspension in 75 cm2 flasks in 5 % CO2 at

37 °C. Media (DMEM supplemented with 10 % FCS, 2 mM L-glutamine and

25 pg/ml gentamicin) volume was doubled every 48 hours and the flasks
were incubated in a raised position to accommodate the additional media.

At confluency cells were collected by centrifugation at 490 RCF and passaged

at a 1:3 dilution.

2.1.18 A2B5 and 04 hybridoma supernatant preparation

Flasks were incubated with 10 mis of Sato's medium [Barnett's version, see

Appendix II] until they were slightly over-confluent and cells were

sloughing off into the supernatant. At this point dying cells release high

concentrations of IgM further enriching the supernatant. Antibody

conditioned supernatants were pooled from 4 flasks and clarified by

centrifugation at 2000 RCF at 4 °C for 10 minutes. Pooled hybridoma

supernatant was filtered sterilised (0.45 pm, CA) using a 20 ml syringe or a

vacuum pump. This step was necessary to remove dead cells and their debris

to prevent protease activity affecting the hybridoma antibody yields.

Hybridomas were stored at -20 °C and sterile filtered upon thawing for use.
If the A2B5 and 04 hybridomas [AB61 and AB63 /64, see Appendix III] were

to be used for extended periods of time (i.e. overnight) 0.05 % sodium azide

was added.

2.1.19 Preparation of mixed glial cell culture from neonatal mouse brain

This protocol was based on the protocol set out by Armstrong, (1998). All
media and buffers were prepared the day before and the equipment was set

up in a category II hood the night before. Mixed glial cell cultures were
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prepared from C57BL/6 x CBA Fi hybrid mice at postnatal day (P) 1 to 2.

Cultures could be prepared from animals in multiples of 3, but 12 pups were

ideally required for the preparation of one primary culture. Mice were

sacrificed by terminal anaesthesia (0.1 ml sodium pentobarbitone injected

intraperitoneally). The fur covering the neck was sprayed with 70 % EtOH

before decapitation and the heads were placed on sterile filter paper for one
minute before being placed in 12-well plates on ice for transport.

Dissections were carried out in a category II hood using a Schott KL 1500

fibre optic light source and a magnifying glass (6 x magnification) or a

dissecting microscope. The whole brain was removed using sterile scissors

and forceps. The heads were sprayed once again with 70 % ethanol. Using
sterile scissors the skin was opened at the base of the skull to the mid-eye
area on each side of the head. A second smaller pair of scissors, were used to
cut through the cranium following the same path, taking care not to cut the
brain tissue. The cranium was moved forwards in a rostral direction with

forceps and the brain lifted free of the skull cavity using Koehnes forceps or a
sterile spatula. Dissection equipment was washed in 70 % EtOH in between

each animal and stored in a large sterile petri dish through the dissections.

After the brains had been removed from half of the litter, a new set of

autoclaved equipment was used. These measures were necessary to reduce

the number of cultures lost to bacterial infection. Each dissection brain was

placed in a petri dish and covered in HBSS until the whole litter had been
dissected.

The meninges were removed by gently rolling the brains on 3MM

chromatography paper pre-wetted with ice-cold HBSS (as advised by the
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Barres lab). Olfactory bulbs were removed before the brain tissue was diced

into cubes (approximately 1 mm3 in width) in dissection media [see

Appendix II]. The brain fragments were divided between four 15 ml conical

tubes containing 3 mis of enzyme digestion mix [see Appendix II] and

incubated for 30 minutes at 37 °C in 7% CO2. The tissue was mixed every 10

minutes by gently swirling and after 30 minutes, the old enzyme mix was

replaced with fresh and incubated as described above for a further 30
minutes. Tissue digestion was stopped with 6 ml of DMEM:F12 (21331,

GIBCO) containing 10 % horse serum (HS, 16050, GIBCO) per tube. Media

containing serum was removed by centrifugation at 225 RCF for 10 minutes.
The partially digested tissue was resuspended in 1 ml of DMEM:F12

containing 15 mM hepes for cell dissociation through a series of needles

(McCarthy & de Vellis, 1980).

The tissue suspensions were passed 5 times through a 19-gauge needle, 3

times through a 21-gauge needle and 3 times through a 23-gauge needle.

Cells were collected by centrifugation at 820 RCF for 10 minutes and seeded

into PDF coated 75 cm2 flasks each containing 9 mis of pre-equilibrated
media [see Appendix II], Flasks were incubated at 37 °C / 7 % CO2 without

disturbance for 4 days before refreshing 60 % of the spent media. Culture

media was completely replaced every 3 days thereafter until the confluent

astrocyte monolayer was supporting a high enough density of 0-2A

progenitors and oligodendrocytes for further enrichment to be feasible.

2.1.20 Oligodendrocyte Enrichment (Chapman & Rumsby, 1982)

When oligodendrocytes (small dark-phase cells) were approximately 70 %

confluent, flasks were selected for oligodendrocyte enrichment (usually at 7 -

122



11 days in vitro (DIV)). The cultures were washed three times with complete
medium to remove poorly adherent cell and incubated with 10 mis fresh

medium containing 25 mM hepes for 2 hours to allow for equilibration

before shaking.

Flasks were then taped on to the platform of an orbital shaker and shaken for
1 hour at 200 rpm on an IKA KS 260 basic orbital shaker, (IKA-Werke GmbH,

Staufen, Germany) with a stroke volume of 1.5 inches. The supernatant

containing detached microglia was discarded and 10 mis of media / hepes
was replaced. The flasks were left to equilibrate in the incubator for 2 hours
and then the lids were secured to prevent CO2 loss by wrapping in parafilm.

The cultures were re-shaken at 350 rpm overnight (typically for 22 hours).

Upon collection, the oligodendrocyte containing supernatant was filtered

through a range of nylon Monodur® meshes (Cadisch precision meshes Ltd,

London, UK) or a 70 pm cell strainer (BD Biosciences) to remove cell clumps.
Cells were collected by centrifugation at 230 RCF at 4 °C for 10 minutes. The

supernatant (24 hour-old primary culture media containing 10 % serum) was

retained and placed in the 7 % CO2 incubator to maintain CO2 saturation.

Pooled cells from all flasks were plated onto an uncoated 175 cm2 flask to

remove contaminating fibroblasts, meningeal cells and astrocytes. Loosely

adhered 0-2A cells were dislodged by gentle pipetting after a 15-minute

incubation and collected by centrifugation (as described above). The total

cell yield was resuspended in a mixture of 50 % primary culture medium

(from the previous 24 hours) and 50 % Sato's medium [see Armstrongs

Sato's, Appendix II] resulting in a 5 % serum concentration. The cells were
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plated at a density of three brains per PDL coated 75 cm2 flask in a volume of
10 ml media and incubated at 37 °C and 7 % CO2.

2.1.21 Routine culture of primary oligodendrocytes

Media was changed after the first 12 - 24 hours post-enrichment. Cultures

intended for the obtention of immature progenitors were grown in Sato's

media containing 30 % B104—CM or Sato's media supplemented with 15

ng/ml PDGF and 5 ng/ml NT-3. After 2 days media was changed to Sato's

containing 15 ng/ml PDGF and 15 ng/ml FGF-b. Differentiation was induced

by culture in Sato's containing 2 - 5 % serum or 15 ng/ml FGF-b. Fresh media
was added every 3-4 days. Cultures were transferred to Lab-Tek 2-well

chamber slides or Falcon 8-well chamber slides (177380, Nalge Nunc Int.;

354108, Fred Baker, Winsford, Cheshire, UK) for infection and

immunostaining experiments. All cultures were incubated in a humidified

chamber to prevent media evaporation, which took 24 to 48 hours in the

absence of containment.

2.1.22 Routine culture of primary astrocytes

Astrocyte cultures were prepared from mixed glial cell cultures following the
removal of the top-dwelling oligodendroglia. After orbital shaking the

bedlayer was covered in DMEM containing 20 % FCS at 37 °C in an

atmosphere of 5 % CO2 / air. A two-day incubation was allowed for the cells

to recover before subculture, at which point the serum content of the media

was dropped to 15 %. The media was refreshed every three to four days and
once the cell density had reached 90 % confluency the media was

supplemented with 0.25 mM dibutryl cyclic adenosine mono-phosphate

(dbcAMP). Supplementation with dbcAMP has been used to simulate the
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effects of noradrenergic innervation in astroglial cultures (Hertz, Peng & Lai,

1998). It also reduces macrophage contamination and can be attributed to

the pronounced morphological and biochemical differentiation of type 1

astrocytes. Primary cultures of astrocytes were used to prepare astrocyte-

conditioned medium and an astroglial matrix as a substrate for enriched

oligodendrocyte cultures.

2.1.23 DNA fragmentation assay and gel electrophoresis

Cell lines were cultured in 75 cm2 flasks until 90 % confluent. Twelve hours

prior to the assay, media was replaced to remove dead cells left behind from

seeding and to allow fresh media ample time to equilibrate in the incubator.
Two flasks were infected at an MOI of 10 (in 1 ml of 0.75% PBSA) whilst two

sister flasks were mock infected with PBSA alone. Mock infection of control

flasks was carried out first to prevent contamination with the live virus. The

flasks were incubated at RT in a category II hood on a gyratory rocker for

one hour. Any virus that had not infected the cultures after one hour was
removed when media was replaced.

After 24 or 48 hpi cells were harvested using a cell scraper (353086, BD

Biosciences) and collected by centrifugation at 220 RCF for 5 minutes. The

supernatant was removed and cell pellets were lysed with 2 ml of lysis buffer

[see Appendix I]. Cell loss was minimised by transferring the lysate back to

its original flask and swirling to pick up any islands of missed adherent cells.

The flasks were incubated for 1 hour at 37 °C. 10 mg/ml RNase A was added

for 2 hours at 37 °C. Finally lysates were treated with 20 pg/ml proteinase K

for 18 hours. DNA was separated by gel electrophoresis. Samples were

loaded into a 1.5 % (w/v) agarose gel containing 0.5 qg/ml ethidium bromide
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in 1 x TBE buffer [see Appendix I]. Two DNA ladders were included as

controls: 100 bp ladder (9210A, Promega) and 1 kb ladder at a 1:100 dilution

(N3232S, New England Biolabs). 70 pi of cell lysate per sample was

electrophorised for 4 hours at 55 V and visualised using a UV

transilluminator.

2.1.24 Preparation of control lysates suitable for apoptotic proteins analysed

by Western blotting

Western blots for Bcl-2 were validated by loading 5 pi of an AT3-Bcl-2 cell

lysate (for details see Levine et al., 1993). Several lysates were prepared for

general use as positive and negative controls because different apoptotic
inducers activate different pathways and are therefore positive for a only a

subset of apoptotic proteins to be tested. B104 cells were harvested at

approximately 90 % confluency (9 x 106 cells / 75 cm2 flask). Monolayers
were washed in pre-warmed basal media to removed contaminating dead

and dying cells.

(i) Positive control 1: Staurosporine

Apoptosis positive control lysates were prepared by treating B104 cells with
1 pM staurosporine (S 4400, Sigma) diluted in complete medium for several
incubation times at 37 °C and 7 % CO2.

(ii) Positive control 2: Etoposide

The same protocol was repeated using 100 pM etoposide (E 1383, Sigma).

(iii) Positive control 3: Infection with SFVA7(74)
B104 cells were infected at an MOI of 10 for 12 hours.
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(iv) Negative control 1: Untreated

One flask of cells was washed twice and prepared as above for use as a

negative control. All control cells were lysed as described in section 2.1.27(i).

2.1.25 Measurement of protein concentration in B104-CM using the Lowry
method

The RC DC protein assay kit II (500-0122, Bio-Rad, Herts, UK) is based on a

modification of the Lowry protocol (Lowry et al., 1951). The kit was used as

per the manufacturer's instructions for the microfuge tube assay format. A
standard curve for protein concentration was calculated using a range of

concentrations (2 pg/ml to 500 pg/ml) of BSA (fraction V) in PBS as known

protein standards.

2.1.26 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) and Western blotting I (for Bcl-2)

(i) Sample preparation and loading

SS5 and BC30 cells were diluted in standard lysis buffer [see Appendix I] at a

ratio of 10 volumes of lysis buffer to 1 volume of cells for 20 minutes. The

lysates was heated to 95 °C for 4 minutes and centrifuged at 10,000 RCF for 3
seconds before being diluted in 2 x SDS gel loading buffer [see Appendix I].

Each lysate was prepared from a 75 cm2 flask containing 1 x 106 cells.

(ii) gel electrophoretic separation ofproteins by PAGE and protein transfer to
nitrocellulose

SDS PAGE was performed using a Protean II gel electrophoresis tank (Bio-

Rad) according to Laemmli, 1970. Polyacrylamide gels were made
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comprising a 5 % stacking gel supported on a 12 % resolving gel [see

Appendix I]. The gel tank was filled with lx tris-glycine electrophoresis

buffer [see Appendix I]. Protein was denatured by heating to 95 °C for 4

minutes. The gel was loaded with the appropriate samples, a full-range
rainbow marker (RPN 8000, Amersham Biosciences, Bucks, UK) to check for

protein transfer and an enhanced chemiluminescence™ (ECL) molecular

weightmarker (RPN 2107, Amersham Biosciences). Gel electrophoresis was
carried out at 200 V for 1 hour.

The proteins were transferred to nitrocellulose filters (RPN 78D, Amersham

Biosciences) in transfer buffer [see Appendix I] using a Bio-Rad Trans-Blot

Semi-Dry transfer cell set to 12 V for 40 minutes. The filters were then

stained with Ponceau S [see Appendix I] to visualize proteins and check

complete transfer of proteins had occurred. The nitrocellulose membrane
was cut into appropriate strips before an overnight incubation in 5 % non-fat

dried milk (Marvel) in 0.1 % Tween-20 dissolved in tris buffered saline

(TBST) at 4 °C with rocking.

After washing with 0.1 % TBST (4 changes over 30 minutes) to remove milk

proteins, the filters were probed with primary antibody diluted in 10 %
serum (of the same species as the secondary antibody) in 0.1 % TBST. All

primary antibody incubations lasted for 1 hour. The membrane was washed
four times as above. Secondary antibodies [see Appendix III; AC13, AC02]

were applied to the membrane (in the same diluent) for 2 hours. A

streptavidin horse radish peroxidase (HRP) reagent [see Appendix III;

AD01] was diluted 1:1500 or 1:3000 in 0.1 % TBST and used to detect

biotinylated ECL markers and biotinylated secondary antibodies. The
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streptavidin incubation lasted for 45 minutes hour with rocking. Conjugates
were detected by autoradiography using either the ECL™ or ECL Plus™

Western Blotting detection reagents according to the manufacturer's

instructions (RPN 2109 & RPN 2132 respectively, Amersham Biosciences).

(iii) immunodetection for Bcl-2
A mouse anti-human Bcl-2 monoclonal antibody [AB18], used at a 1:1000 and

1:1500 dilution and a rabbit anti-mouse Bcl-2 polyclonal antibody [AB38],

used at 1:200, 1:400,1:800,1:1000 and 1:1500 dilutions, were tested. A panel
of HRP conjugated secondary antibodies [AC08; AC09; AC12; AC15] were
also tested at a 1:2000 dilution. Two biotinylated goat anti-rabbit IgG

antibodies [AC07, AC20] were used in conjunction with AB38 at 1:1500 and

1:2000 dilutions [for further antibody details see Appendix III].

2.1.27 SDS PAGE and Western blotting II (for all other apoptotic proteins)

All of the reagents used in this protocol were purchased from the NuPAGE®

range by Invitrogen, except where alternative suppliers are quoted.

(i) Sample preparation

Primary cell cultures were cooled on ice for 10 to 20 minutes. Before cell

harvesting, 15 ml centrifuge tubes and HBSS (Ca2+/Mg2+ free) were chilled on

ice. Cells were detached using a cell scraper and collected by centrifugation
at 560 RCF for 5 minutes. They were immediately washed twice in ice-

cooled HBSS (560 RCF for 7 minutes). After the supernatant had been

aspirated the centrifuge tubes were placed upside down on sterile filter

paper to drain for 10 minutes. Cell pellets containing 1 x 106 to 1 x 107 cells
were resuspended in 125 pi of lysis buffer [see Appendix I] or a proportional
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amount if fewer cells had been collected. Genomic DNA was sheared by

placing lysates on to a rotating wheel (at 90° to the bench surface) for 15
minutes at RT. Cellular debris was then removed by centrifugation for 15

minutes at 22,000 RCF at 4 °C. Samples were prepared for loading by

dilution in 4 x LDS sample buffer (NP0007) and 10 x sample reducing agent

(NP0004) inMilli-Q water. Finally, samples were denaturated by heating to

98 °C for 2 minutes or 85 °C for 3 minutes and loaded adjacent to a See Blue

Plus 2 rainbow marker (LC5925). Samples not analysed immediately were

stored at -20 °C.

(ii) Separation and transfer ofproteins to polyvinylidene difluoride (PVDF)
membranes

SDS PAGE was performed using an Xcell Surelock™ Mini-Cell Blotmodule.

Samples were separated on a Novex 4-12 % bis-tris gradient gel (NP0322) in
1 x MES SDS running buffer (NP0002) for 30 to 40 minutes at 200 V.

Horizontal transfer of proteins to an Invitrolon PVDF membrane (LC2005)

was done via wet transfer using a Hoefer TE series Transfer electrophoresis

unit filled with transfer buffer [see Appendix I]. The transfer apparatus was

set to 30 V for 1.5 hours. Protein transfer was checked as above with

Ponceau S and membranes were blocked in 3 % Blot Block [see Appendix I]

for 3 hours at 4 °C. Following immuno-labelling, protein bands were

detected using the chemiluminescent Super Signal®West Dura extended
duration substrate (37071, Perbio Science, Cheshire, UK), according to the

manufacturers instructions.

(iii) Immunodetection of caspase-3
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The primary antibody was a rabbit IgG monoclonal specific for a synthetic

peptide found at the aspartic acid cleavage site of caspase-3 (Oncogene, San

Diego, USA) referred to as AB44 [see Appendix III]. AB44 was diluted 1:500

in 0.5 % Blot-Block / 0.05 % TBST and applied to the membrane overnight at

4 °C with rocking. Membranes were washed 3 times (10 minutes) in TBST

before incubation with the secondary antibody, a goat anti-rabbit IgG

antibody conjugated to HRP (AC28). AC28 was diluted 1:5000 in the same

blocking solution and applied to the membrane for 2 hours at RT with

rocking.

2.1.28 WST-cell viability assay

The first assay of this type commonly used was the MTT tetrazolium salt,

developed by Mosmann, 1983. In this study the WST-1 assay was chosen
over the MTT assay for two reasons. Firstly, it is five times more sensitive

than the prototype assay and secondly it does not require a solubilisation

step to release formazan. This step can be problematic because removal of
the dye containing-medium can often lead to the aspiration of living cell

aggregates (Giuliani et al., 1994; Sawyer, 1999).

SS5 and BC30 cells were seeded into 96-well plates in a volume of 100 pi /

well and at a density of 1.4 x 104 / well. 96-well plates were incubated for 24

hours at 37 °C / 7 % CO2 before use in the assay. On the day of the assay, the
cell viability reagent WST-1 (1 644 807, Roche Diagnostics, East Sussex, UK)

was aliquotted into separate virus and control stocks and incubated for 10

minutes at 37 °C to dissolve any precipitate that might have formed during

storage. The outer wells of the plate were filled with 150 pi dlUO to plates

131



were stored in humidified chambers to limit evaporation over the course of

the experiment.

At time = 0, plates were infected with either SFV at an MOI of 10 or mock
infected with virus diluent, using a multi-channel pipette to reduce the

amount of time required to seed a 96-well plate. As a function of the small
volumes involved, reagents were added using reverse pipetting against the

side of the well without allowing the pipette tip to touch the meniscus of the

media. WST-1 was added to 4 to 8 adjacent wells at the appropriate times, at

a dilution of 1:10 in a total volume of 100 pi. The contents of each well were

mixed by moving the plates in an anti-clockwise circle, then a clockwise
circle on the surface of a category II hood.

96-well plates were incubated for 2 hours with WST-1. Spectrophotometry
was performed on a Dynex ELISA microtitre plate reader (MRX, Dynex

Technologies Ltd, Worthing, West Sussex, UK) and absorbance was

measured at 450 nm with a reference wavelength of 650 nm. The plate reader

was programmed to use 36 wells filled with dTEO for blanks. Eight wells

containing cells and media alone were used to control for fluctuation in cell

density and therefore OD. Results were normalised using control wells

containing media and WST-1 alone and Student's f-test was used to analyse

the cell viability of infected versus uninfected cells. Differences in viability

were considered statistically significant when P < 0.05.

2.1.29 Immunofluorescence staining for cell death of cells in culture

Staining with propidium iodide (PI, P 4170, Sigma) and Hoechst 33342 (B

2261, Sigma) was carried out according to the method described by Thuret et
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al., 2003. Both dyes were added to the media of live cell cultures at 1 pg/ml

and incubated for 15 minutes at 37 °C, protected from the light. Cultures
were rinsed twice in pre-warmed SPBS to remove unattached dead cells and

fixed in 4 % paraformaldehyde in 0.1M phosphate buffer. Chamber slides

were dismantled, rinsed briefly in SPBS and mounted in Citifluor

fluorescence mounting medium (AF1, Citiflour, London).

2.1.30 Cell counts and Microscopy

Cell death and cell phenotype were quantitated following DNA and

immunostaining experiments. Cultures were prepared in 2- or 8-well
chamber slides, on 13 mm glass coverslips or 35 mm 4-well petri dishes

(Greiner Labortechnik, Gloucester, UK). 10 fields of view were randomly
selected along the equatorial line of the culture vessel and scored for various

parameters at x 20 magnification. Representative counts were checked on

the digital photographs taken at the same time as the original counts were

performed on the microscope. Cell counts were repeated three times for each

experiment.

2.1.31 Confocal microscopy

In vivo experiments analysed by confocal microscopy were done with the

assistance of LindaWilson (Medical School, Department of Medical

Microbiology, Edinburgh) using a Leica TCS NT Confocal system.

2.1.32 Transmission Electron microscopy

Mice were sacrificed by CO2 inhalation before dissection to remove the whole

brain was undertaken. The brains were placed into a rat brain slicer to isolate

a mid-coronal slice (Zivic Miller Labs Inc., Philadelphia, USA; for use see
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Jacobowitz, 1974). A 1.5 mm section was removed using razor blades and

transferred into a large petri dish with a few drops of ice-cold HBSS. A piece

of the corpus callosum (approximately 1x2 mm) was removed under a

dissecting microscope using a pair of fine scalpels and transferred to a glass

Linde vial containing 3 % gluteraldehyde [see Appendix I]. Sections were

post-fixed in 1 % osmium tetroxide in 0.1 M sodium cacodylate buffer for 45
minutes and washed three times (10 minutes each) in sodium cacodylate.

Sections were dehydrated in graded acetones and embedded in Araldite

resin. Ultrathin sections (60 nm) were cut on a Reichert OMU4

ultramicrotome (Leica Microsystems), stained with uranyl acetate and lead

citrate and viewed in a Phillips CM12 transmission electron microscope (FEI

Ltd, Cambridge, UK). Tissue processing was kindly provided by Stephen

Mitchell at the Electron Microscopy Lab, Division of Veterinary Biomedical

Sciences, Edinburgh University.

2.1.33 Immunofluorescence staining of cells in culture

(i) with SFV

Several primary antibodies were used to detect the envelope protein of SFV.

[for details see Appendix III; AB01, AB06, AB07, AB14, AB24, AB53]. MOM

blocking (see section 2.1.40) was performed before the use of murine primary
antibodies and the incubation time varied from one to two hours at RT or

overnight at 4 °C. A panel of fluorescently labelled secondary antibodies [see

Appendix III; AC17, AC22, AC23, AC30] were used on cells and tissues at a

variety of dilutions that are further detailed in Chapter 4.

(ii) with glial cell markers
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Staining of cell surface glycoproteins and glycolipids (A2B5, 04, gal-C) was

performed on live cultures that had not been permeabilised with detergents

or fixed with hybridoma supernatants [see Appendix III; AB61, AB63, AB64,

AB67] or monoclonal antibodies [see Appendix III; AB37, AB62, AB65, AB66,

AB68]. Generally, primary antibodies were diluted in media and stained in

an incubator for 40 minutes to 1.5 hours. Intracellular proteins such as GAP-

43 [AB19], CNPase [AB17; AB25; AB69] and MBP [AB42; AB70] were labelled

following fixation and permeabilisation at RT. Both secondary and tertiary

antibody dilutions and incubations were varied for each primary antibody to

optimise antibody labelling.

(iii) with apoptotic markers

Cultures were stained with 300 nM 4',6 - diamidino-2-phenyindole (DAPI, D

9564, Sigma) in PBS for 10 minutes at RT. Alternatively, cells and tissue were

mounted in Vectashield mounting media for fluorescence with DAPI (H-

1200, Vector Labs). In double and triple labelling experiments apoptosis was

detected using a rabbit monoclonal antibody against caspase-3 [see

Appendix III; AB44] at a 1:10 - 1:20 dilution.

2.1.34 Animals

All animals were kept in specific pathogen free conditions with access to

water and food ah libitum in the Animal Unit in the Division of Biomedical

Sciences at the College of Medicine and Veterinary Medicine, University of

Edinburgh. All experimental procedures were carried out using aseptic

technique under qualified supervision. All procedures were approved by the

Edinburgh ethical review committee and carried out under the authorisation
of a United Kingdom Home Office Animal Licence (Animal Scientific
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Procedures Act, 1986). Mice were purchased from Harlan and Olac

(Banbury, UK). The birth dates of all litters were recorded and designated

postnatal day 0.5. Mice used for primary culture were Fi hybrid mice

derived from male CBA x female C57BL/6 mice, and were aged between PI -

P3. Where indicated primary cultures were also prepared from PI - 3

BALB/c mice. The infection studies presented in chapter 5 were carried out

on female BALB/c and BALB/c nu/nu mice. All animals were age and sex

matched (5-week old females).

2.1.35 Intracranial (i.e.) inoculations

Mice were anaesthetised with halothane. 1000 PFU of SFV A7(74) in 0.02 ml

sterile PBSA was inoculated at the approximate intersection of the intra-aural

and rostralcaudal midlines in order to ensure targeting of the underlying

corpus callosum.

2.1.36 Preparation of tissue for histology

(i) processing ofbrain tissue for paraffin embedding
Mice were terminally euthanised and the brains removed following standard

protocols. Whole brains were bisected sagitally, and the right halves were
stored in IBF tissue fixative (00681, Surgipath). Samples were sent to the

Histology Service at Easter Bush Veterinary Centre, in Edinburgh for paraffin
wax embedding and sectioning at 5 pm intervals. Consecutive sections were

arranged in series (with a total of four sections per slide) on Superfrost
microslides X-tra (00210, Surgipath). Kind thanks are owed to Debbie Hall

and Neil Maclntyre.

(ii) processing ofbrain tissuefor cryostat sectioning
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The remaining half brains (left side) were fixed in 2 - 4 % paraformaldehyde
then processed through a sucrose gradient (dissolved in SPBS). Half brains
were immersed in 14 % sucrose at 4 °C for 4 brain hours, followed by a

similar incubation in 16 % sucrose and finally storage overnight in 18 %

sucrose. Half brains were snap-frozen in isopentane cooled by dry ice.
Frozen tissue was stored in bijouxs at -80 °C. When all of the sampling for

one experiment was complete they were sent on dry ice to Debbie Hall at the

Histology service for sectioning at 5-7 pm intervals as above.

Cryostat sections used for the studies in chapter 5 were prepared by Grace
Lee. Brain samples were fixed in either 2 % paraformaldehyde for 2 hours or
4 % paraformaldehyde for 4 hours (if samples were harvested from perfused

mice). Brains were immediately processed through a gradient of sucrose

solutions in PBS (5 % sucrose for 1 hour, 10% sucrose for 1 hour and 25 %

sucrose overnight). The following day individual brains were placed with

the cut mid-sagittal surface facing down in a disposable embedding mould

(Tissue-Tek, R.A. Lamb, East Sussex, UK). Brains were submerged in OCT

embedding matrix (KMA 0100 00A, CellPath, Powys, Wales) and were snap-

frozen in isopentane cooled by liquid nitrogen at -30 to -40 °C. Once frozen

samples were immediately transferred to a -80 °C freezer. Cryostat

sectioning was performed on a Leica CM 3050S cryostat (Leica Microsystems,

Heidelberg, GmbH, Germany) at 15 pm intervals and consecutive sections

were arranged in series on Superfrost® Plus slides (J1800AMNZ, Menzel-

GmbH, Lower Saxony, Germany). Kind thanks for this work are due to

Grace Lee.
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2.1.37 Luxol Fast Blue (LFB) staining

Slides of mouse brain sections were prepared as previously described.

(i) Luxol Fast Blue staining

This method was originally described by Kluver & Barrera, 1953 and

performed here as described withminor modifications. Firstly, paraffin wax
was removed by a 15-minute incubation in clearene (Surgipath,

Peterborough, UK), followed by a 5-minute incubation in 100 % EtOH and a

further 5-minute incubation in 95 % EtOH. Slides were incubated in LFB dye

[see Appendix I] for 16 -19 hours at 50 °C. Care was taken to seal slide

containers in a humid chamber to prevent evaporation halfway through the
incubation period. Slides were rehydrated by rinsing for 1 -2 minutes in a

series of graded alcohols (95 % to 30 %). After a brief rinse in dH20 each
slide was handled individually for the following stage.

(ii) Differentiation ofLFB in Lithium Carbonate
Slides were placed in a solution of 0.05 % LiCOs for 5-10 seconds followed by
70 % EtOH for 5 seconds and then washed in copious amounts of water. The

differentiation process was checked at this point to make sure that LFB stain

was only detected in the white matter tracts of the brain. If necessary slides
were differentiated further, then rinsed thoroughly in water.

(iii) Counterstaining with Cresyl Fast Violet (CFV)

Slides were batch processed once again and incubated in 0.1 % Cresyl Fast

violet dye (see Appendix I) for 5 minutes. Cresyl violet was rinsed off in

copious amounts of dHzO. Dehydration was achieved by passing the slides
the opposite way through the series of graded alcohols for 2 minutes each.
The final incubation in 100 % EtOH was maintained for 5 minutes. Slides
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were cleared in two changes of clearene over 15 minutes and mounted in

Vectamount permanentmounting medium (H-5000, Vector Labs, UK).

2.1.38 TUNEL (Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labelling)

This protocol is based on that published by Gavrieli, Sherman & Ben-Sasson,

1992 with minor modifications. Mouse brain sections were processed as

before (see section 2.1.36). Sections were incubated in 0.2 M HC1 for 10

minutes to quench endogenous peroxidase activity in the brain and then

permeabilised by incubation in 1 % Triton-XlOO / PBS for 90 seconds. The

samples for this experiment had been arranged in a series of 3 to 4 brain
sections per microscopes slide. They were separated from one another by

encircling with a hydrophobic pap pen (00-8877, Cambridge Biosciences,

Cambridge, UK). Poor penetration of the digoxigenin antibody in paraffin-

processed tissue in previous attempts at this protocol led to the inclusion of
an antigen retrieval step. Sections were treated with proteinase K [see

Appendix I] for 15 minutes. For optimal activity proteinase K (PK) was pre¬

heated to 37 °C and the incubation was carried out at 37 °C in a humidified

atmosphere. The enzymatic action was stopped with glycine buffer [see

Appendix I].

Both positive and negative controls were washed separately and kept

physically isolated throughout the protocol by using sections on separate

slides. Positive controls were prepared by exposing tissue sections to DNase

I to create degraded DNA for labelling with digoxigenin. They were first

equilibrated in DNase I buffer [see Appendix 1] for 15 minutes and then

incubated in 5 p.g/ml RQ1 RNase-free DNase I (M6101, Promega) in DNase
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buffer* (see section 2.1.39) for 30 minutes at 37 °C in a humidified

atmosphere. Sections were rinsed in copious amounts of PBS before

proceeding to the TUNEL labelling step.

All sections were pre-incubated in TUNEL buffer [see Appendix I] for 20
minutes. With the exception of negative controls all samples were incubated
with 0.6 U/|d TdT (M1875, Promega) and 20 gM digoxigenin-ll-dUTP (1 093

088, Roche) in TUNEL buffer. These reagents were omitted from the reaction

mix for negative controls. The TdT incubation lasted for 2 hours at 37 °C in a

humidified atmosphere. Each section was covered with a piece of parafilm
to reduce evaporation and the lower the risk of the tissue drying out.

A 5-minute incubation in 2 x SSC buffer [see Appendix I] was used to

terminate the TUNEL step. Sections were rinsed in PBS before antibody

blocking was carried out using 10 % normal goat serum (NGS) in PBS for 30
minutes. Sections were probed with a sheep anti-digoxigenin IgG antibody

conjugated to alkaline phosphatase (see Appendix III; AC21) at a 1:400

dilution in 2 % NGS / PBS for 45 minutes. Unbound antibody was washed

off in 3 changes of PBS (5-minute incubations) before digoxigenin labelled
DNA breaks were visualised using the colorimetric substrate for alkaline

phosphatase, BCIP/NBT (SK-5400, Vector Labs, UK). The incubation length
varied and was determined by assessing colour development using light

microscopy. If no further staining was required sections were dehydrated

through a series of graded alcohols and cleared in fresh clearene. Slides were

mounted in Vectamount permanent mounting medium (H 5000, Vector

Labs). If double labelling for SFV protein was required it was carried out the

following day and slides were stored in PBS at 4 °C overnight.
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2.1.39 Optimisation of TUNEL staining

Initial protocols for TUNEL staining involved the preparation of TUNEL
buffer and the DNase I buffer from individual components before adding

TdT and digoxigenin purchased as above. In the first protocol TdT was used
at 0.6 U/pl before being lowered to 0.3 U/pl based on earlier results. Then the

"homemade+" buffers were abandoned for those specifically designed for use

with the enzymes i.e. RQ1 DNase 10 x buffer (M6101) and terminal
transferase 5 x buffer (M 1893, both Promega, UK). Finally the concentration

of TdT was reduced again to 0.15 U/^il.

2.1.40 Use of murine antibodies in mouse brain tissue: Mouse on Mouse

(M.O.M.) immunodetection protocol

The Vector MOM kit (BMK-2202, Vector Labs) was employed to reduce

background staining of murine secondary antibodies. These antibodies can

bind non-specifically to mouse IgG present in perivascular regions of the
brain. The proprietary reagent: the mouse IgG blocking reagent, was the

only component of the kit used. It was applied to mouse brain sections or

primary oligodendrocyte cultures for 1 hour to pre-block endogenous

antibody. If antibodies of different species origin were to be used for double

immunostaining this step was followed with a 4 -10 % serum-blocking step

for the second primary antibody.

2.1.41 Immunostaining for SFV envelope proteins

This method was used in single and double immunostaining protocols.

Paraffin wax was removed with two 8-minute rinses in Clearene. Following
a 5-minute incubation in 100 % EtOH, sections were quenched in 0.3 % H2O2
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[see Appendix I] for 2 minutes. Sections were rehydrated by rinsing for 1 to

2 minutes in a series of graded alcohols and incubated in 0.85 % NaCl for 5

minutes.

Antigen retrieval was necessary and first involved microwaving the sections
in citrate buffer [see Appendix I] for 12 minutes at 750 W. The slides were

left in citrate buffer to cool for 20 minutes to prevent heat-induced shrinkage.

Antibody epitopes were exposed further by incubating sections in PK [see

Appendix I] for 15 minutes at 37 °C. The enzymatic action of PK was stopped

using EDTA / glycine stop solution [see Appendix I] for 10 minutes. After 3
rinses in PBS (consisting of 5 minutes each) sections were isolated with a pap

pen. Each slide was handled individually for the rest of the protocol, as

opposed to the "in bulk" approach used up until this point.

All sections were blocked in 10 % NGS / PBS at RT for 30 minutes. Rabbit

polyclonal antiserum against SFV [AB24] was used at a 1:400 dilution. The

primary antibody incubation lasted for 1.5 hours and was washed off by 3

rinses in PBS (5 minutes each). A goat anti-rabbit IgG monoclonal (AC07)

was diluted 1:500 in 2 % NGS / PBS and applied for one hour at RT.

Antibody detection involved an amplification step using the Vectastain®

Elite ABC kit (see section 2.1.42) and detection of conjugated streptavidin

with diaminobenzidine (DAB) according to the manufacturer's instructions

(Sigma Fast 3,3'-diaminobenzidine tetrahydrochloride tablet set, D 4168,

Sigma). Slides were dehydrated by rinsing for 1 to 2 minutes in a series of

graded alcohols, cleared in two fresh changes of clearene and mounted in
Vectamount permanent mounting medium. Sections were analysed using a

Leitz Dialux 22 EB microscope (Leica Microsystems Ltd).
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2.1.42 Signal enhancement in formalin fixed paraffin embedded sections

The avidin-biotinylated enzyme complex system (Vectastain® Elite ABC

kit, Vector Labs, UK) was most frequently employed to increase the signal:

ratio background for immunostaining experiments where neural tissue was

being stained with antibodies that had low binding affinities. This protocol

was routinely used for immunostaining to detect SFV proteins with AB24

and a biotinylated secondary antibody, AC07. The binding of pre-formed

avidin-biotin complexes (ABC reagent) serves as a massive amplification step

at the biotin-conjugated Fc receptor ends of the secondary antibody
molecules. The Vectastain kit was used according to the manufacturer's

instructions and detected with DAB.
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Chapter 3: SFV infection of rat 0-2A
cell lines

3.1 Introduction

The experiments described in this chapter centred on the use of two rat

oligodendrocyte / type-2 astrocyte (0-2A) glial cell lines; SS5 and BC30, to

test the central tenet of this thesis, namely that immature oligodendrocytes
are more susceptible to virus-induced apoptosis than mature

oligodendrocytes. The first objective was to discover whether SS5 and BC30

cells die in response to infection with SFV. If this proved to be the case, the

second objective was to determine whether cell death occurred by apoptosis.

Assuming that the cell lines would be susceptible to virus-induced death, the

third objective was to ascertain whether cellular differentiation has any

bearing on virus-induced cell death. Rat 0-2A cell lines were kindly

provided by Dr Una Fitzgerald and Dr Sue Barnett from the Cancer Research

UK Beatson Labs in Glasgow. The cell lines were particularly valuable for

these studies because they had retained the capacity for differentiation into

mature oligodendrocytes upon withdrawal of trophic support. In vitro, 0-2A

cells also differentiate into type-2 astrocytes in the presence of animal sera

(see Figure 3.1).
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Figure 3.1: Differentiation states of BC30 0-2A / c-myc cell lines.

A. Bipolar 0-2A cells cultured in SATO's media and B104-CM for 3 days. B. Multi-

processed mature oligodendrocytes, cultured in Sato's media alone for 3 days. C. Stellate

type-2 astrocytes, cultured in DMEM /10 % serum for 3 days. Note that astrocytes have a

dark phase flattened cell body (arrow) when compared to oligodendrocyte lineage cells.

Photographs are courtesy of Dr Una Fitzgerald (Fitzgerald & Barnett, 2000).

3.1.1 Genetic engineering of the SS5 and BC30 cell lines

The SS5 and BC30 cell lines were derived from 7-10 day old rat optic nerve

cultures (Barnett 1995). In this study several oncogenes were stably

incorporated into 0-2A progenitors via retroviral vectors. However, only the
0-2A / c-myc line and the 0-2A / ts SV40 large T antigen line became

immortalised and retained the capacity to differentiate into

oligodendrocytes. The 0-2A / c-myc line was further engineered by
FitzGerald & Barnett, 2000, in an attempt to distinguish the effects of cell
differentiation from cell death by apoptosis. 0-2A/c-myc cells were

transfected with the pBabe-neo vector containing bcl-2. Of the many neo-
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resistant Bcl-2 expressing clones that were generated, BC30 demonstrated the

most stable expression of Bcl-2. The control vector (pSSFV) was transfected
into a separate population of 0-2A cells to generate several control clones.

Again, SS5 was one of the clones that displayed the most desirable
characteristics i.e. the ability to differentiate and be expanded in culture.

3.1.2 Media composition controls differentiation state of the 0-2A cell lines

The cell lines were maintained in vitro as bipolar 0-2A progenitors by growth
in a mixture of Sato's media (Fitzgerald & Barnett, 2000) and media

conditioned by a rat neuroblastoma cell line, B104 (Schubert et al., 1974).

B104 conditioned media (B104-CM) was used as a serum supplement

because the inclusion of animal sera in culture medium triggers

differentiation into the type-2 astrocyte lineage (Raff, Miller & Noble, 1983).

The first half of this chapter will describe the optimisation of cell culture

practices necessary to maintain cultures of SS5 and BC30 0-2A progenitors.

This is followed by a discussion of the culture conditions necessary to

produce mature differentiated oligodendrocytes from SS5 and BC30 0-2A
cells. The second half of this chapter describes the outcomes of SFV infection

of these cell lines.

3.2 Optimisation of Glial Cell Cultures

3.2.1 Growth characteristics of SS5 and BC30 cells

Initial culture of SS5 and BC30 cells following removal from liquid nitrogen

storage represents a delicate stage in the culture of these cells. Sato's media

and B104-CM (called BS-BCM) are mixed at a 50:50 % ratio to mimic the
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general use of 20 % serum in thawing other cell lines. Under normal
circumstances BS-BCM is mixed at a 70:30 % ratio. Typically SS5 and BC30

cells are cultured in 75 cm2 Falcon flasks and require passage twice a week

(Una Fitzgerald, personal communication). SS5 cells proliferate at a

marginally slower rate than BC30 cells and are more susceptible to physical
trauma (i.e. shear forces during pipetting). Cells are passaged upon reaching
80 % confluency and are seeded at 30 % confluency. It is imperative that
cultures are not allowed to reach higher seeding densities because secretion

of paracrine factors triggers oligodendrocyte differentiation.

Oligodendrocytes do not adhere easily to plastic surfaces and flasks must be

coated with a positively charged polymer such as poly-L-lysine. Adherence
takes 2 to 3 hours at which point tiny processes are just visible. Bipolar

morphology is established between 12 and 24 hours. On the withdrawal of
B104-CM or peptide growth factors, cell differentiation is induced within 24

hours. In the absence of proliferative signals, SS5 and BC30

oligodendrocytes undergo apoptosis within 4 to 7 days of differentiation

(FitzGerald & Barnett, 2000).

3.2.2 Initial Culture of SS5 and BC30

SS5 and BC30 cell culture procedures were observed during visits to the

Beatson Institute in Glasgow. SS5 and BC30 cells were obtained in the form

of live cultures from Dr Una Fitzgerald in Glasgow. On transfer to

Edinburgh cell cultures did not proliferate at a similar rate to that observed

in the Barnett lab. The poor growth of these cells in culture was not

sufficient to support experimental use (see Figure 3.2). All media

components sourced or made in Edinburgh were checked for sterility and
found to be sterile. Over the course of a year attempts were made to
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successfully culture these cell lines by addressing the following issues: (i)

altering the formulation of Sato's media; (ii) maintenance of a stable
environment concerning pH; (iii) cell passage; (iv) optimising the production

of conditioned media (CM) and (v) supplementation with recombinant

growth factors.

Figure 3.2: Poor survival of SS5 and BC30 cell lines.

A. SS5 cells cultured in Sato's B104-CM (50:50) for 4 days. Arrows denote cells that have
failed to attach and are dying. B. BC30 cells cultured in identical conditions. Flasks (25

cm2) were both seeded with 1 x 105 cells. BC30 cells were slightly more resilient following
sub-culture.

3.2.3 Formulation of Sato's media

The bipotential nature of the 0-2A progenitor cell imposes several
restrictions on the culture of this cell type. Many of the known components

of serum such as transferrin and triiodothyronine are supplied by Sato's

media (Sato & Hayashi, 1976). My first hypothesis was that cell proliferation
had been adversely affected because of an error in the production of Sato's
medium or an inherent difference between components sourced from

different commercial suppliers. I also hypothesised that other less tangible
environmental differences might be overcome with an improved version of
Sato's media. Sato's media was originally formulated by Bottenstein & Sato,
1979a. Since then numerous modifications and major overhauls have been
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made to the composition of Sato's media. The version used by the Barnett
lab is given in Table 3.1.

Table 3.1: Original and modified recipe of Sato's medium.

Additive Bottenstein & Sato, 1979b Barnett lab, 2001

L-glutamine - 2mM

antibiotics 100 U/ml penicillin & 25 pg/ml gentamycin

100 pg/ml streptomycin

bovine insulin 5 pg/ml 10 pg/ml

human transferrin 100 pg/ml 100 pg/ml

BSA pathocyte IV - 0.0275% (v/v)

progesterone 6.3 ng/ml 61.5 ng/ml

putrescine 16 mg/ml 16 pg/ml

thyroxine (T4) 395 ng/ml

tri-iodo-thronine (T3) 334 ng/ml

sodium selenite 5 ng/ml 38.2 ng/ml

Base Media DMEM/F12 1:1 DMEM

A thorough literature search was carried out to better understand the

formulation of Sato's media in an attempt to remedy the unusual growth

characteristics of the 0-2A cell lines. There are a multitude of proteins,

sugars, vitamins and hormones required for normal metabolic function (see

Table 3.2). This may be in part due to the fact that oligodendrocytes as a cell

type have a particularly high metabolic rate necessary to support their role in

myelin formation (Norton, 1984).
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Table 3.2: Essential additives for serum free media (SFM).

Additive Addition or

modification

Effect on cell

metabolism

Reference

Water Sterile MilliQ -

treated water

Reduces heavy metal
contamination

Philips &

Cristofalo, 1995

Selenium Maintained at 30

nM

Removes free radicals,

general antioxidant

Eccleston &

Silberberg, 1984

Pyruvate Supplemented with
1 mM Sodium

pyruvate

Basic metabolism Selak, Skaper &

Varon, 1985

Barres et ai, 1993

Transferrin Maintain at 100

Pg/ml

Transports oxidised
iron into the cell

Philips &

Cristofalo, 1995

L-glucose Increase to 4.5 -

6.0 mg/ml

Energy source for
basic metabolism

Zuppinger et al.,
1981

Eccleston &

Silberberg, 1984

Insulin Store at 4°C Cell proliferation Eccleston &

Silberberg, 1984

BSA

(Cohn's

fraction)

Change to fatty
acid-free

Required for SFM Gard, Pfeiffer &

Williams, 1993

Sodium

Bicarbonate

Decrease to 1.2 -

2.4 g/L

Regulation of pH GIBCO

catalogue, 2004

d-biotin Included for differ¬

entiation media

Aids process

extension

One common variable in basal media is the concentration of glucose. The

DMEM used in house contained 4.5 mg/ml glucose. The concentration was
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increased to 6.0 mg/ml to improve nutritive support based on the analysis of

glucose titration by Zuppinger et al., 1981. Another difference between the

basal media used in Edinburgh compared to Glasgow was the

supplementation of pyruvate. Selak, Skaper & Varon, 1985, demonstrated
that neural cells cultured in vitro require pyruvate for metabolism. It is

thought to aid cell growth because it bypasses a rate-limiting step in the

glycolytic pathway (pyruvate is the end product of glycolysis). Pyruvate is

provided by astrocytes in mixed primary cultures and in vivo. According to

Barres et al., 1993, it is also essential for oligodendrocyte growth at a 1 mM

concentration in vitro. Hence the second change made was to supplement

the Sato's media with 1 mM pyruvate.

In general, it is hormones as a class of compounds that have the most prolific

affect on cell growth. In the original formulation of Sato's media these

included progesterone, hydrocortisone, insulin and the thyroid hormones.

The concentration of insulin in Sato's media quoted in the literature varies

from 5-10 pg/ml. The Barnett lab protocol had opted for the higher
concentration of 10 pg/ml and storage at -20 °C. However, according to

many authors insulin should be stored for no longer then 6 weeks and at

4 °C. I decided to follow the advice of Bottenstein & Hunter, 1990, and Louis

et al., 1992 and freshly prepare insulin as and when it was needed.

Protection of glial cells from toxic minerals and metal ions is also an area for

concern because another function of serum is to adsorb these irritants. In

Sato's media this role has been fulfilled by the addition of Cohn's fraction V

bovine serum albumin. BSA also acts as a carrier protein for low

concentration of hormones and growth factors. However, oligodendrocytes
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require fatty acid-free Cohn's V BSA (John Crang: personal communication),
so BSA path-o-cyte IV was substituted for a de-lipidated version from Sigma

(A 6003). The water used for diluting media supplements should be double

distilled or purchased as "tissue culture grade." Once I became aware of

this, I changed to Millipore treated water rather than purchase it due to cost

implications. Milli-Q water is prepared by reverse osmosis and resin

cartridge purification to remove minerals, organic contaminants and

pyrogens. A final resistance of 10 - 18 MQ / cm was achieved and this is on

the upper limit of the acceptable range tolerated for oligodendroglial culture
in serum free media (Philips & Cristofalo, 1995). Selenium salts are

classically included in serum free media because they are powerful
antioxidants that can reduce free radical formation. The cell biology of

oligodendrocytes is such that they are very susceptible to oxidative stress

(Richter-Landsberg & Vollgraf, 1998). The amount of selenium used in

media was carefully titrated by Eccleston & Silberberg, 1984. They found

that selenium was toxic at concentrations higher than 30 nM. The amount of

selenium in the Sato's media was reduced accordingly.

Although these changes improved the longevity of BC30 cultures they made

no significant contribution to the survival of SS5 0-2A progenitors.

Although the improvement in BC30 cell viability was encouraging, my aim
was to compare the response to virus infection between both cell lines,

because SS5 cells represent wild type 0-2A cells that have not been

manipulated in regards to their cell death pathways (whereas BC30 cells

have abnormal Bcl-2 levels). Therefore Sato's media prepared at Edinburgh
was tested at the Beatson Institute. Culture was carried out using plastic

ware, reagents, cell stocks and B104-CM all prepared at the Beatson Institute.
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The only variable (apart from unavoidable differences between the sites) was

the substitution of Sato's media prepared in Edinburgh. SS5 and BC30 cells

were cultured and expanded in an identical manner. Therefore I concluded

that Sato's media was not the source of the problem.

3.2.4 Maintenance of stable pH

The concentration of buffer in culture media is a critical determinant of pH.

However, buffering capacity is moderated by amount of CO2 available in the

atmosphere. Culture media rapidly becomes alkalinized from exposure to

air especially in a laminar flow hood. Rapid shifts in pH upon the removal
of cultures from the incubator were revealed by a phenol red indicator in the

basal media. Upon testing, the pH was between 7.7 - 7.9. Rat

oligodendrocytes require a pH of 7.3 - 7.4 and oligodendrocytes in general
are particularly sensitive to pH shifts (Bottenstein & Hunter, 1990; Saneto,

1990). My first action was to increase the percentage of CO2 in the incubator.

According to Sue Barnett (personal communication) and Armstrong (1998),
0-2A cells require an atmosphere of 7 - 10 % CO2 for successful culture.

Unfortunately, these conditions were not initially possible due to lack of

equipment. After 6 months, an incubator became free and the CO2 levels
were increased from the standard 5 % required by most cell lines to 7 %, as

used in for 0-2A culture in Glasgow.

Unexpectedly, this change had little effect on the condition of the SS5 and

BC30 cultures. Further investigation revealed that the concentration of the

sodium bicarbonate buffer required reducing from 3.7mg/ml to 2.4 mg/ml

because it was too effective at buffering acidic pH in serum free media. To

prevent pH increasing (occurs when basal media based on Earle's salts are
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exposed to atmospheric conditions), media was heated to 37 °C in a

waterbath and pre-incubated at 7 % CO2 tension before cell culture was

carried out. The pH was then corrected to 7.3 (± 0.1 unit) using 0.1 M HC1 or

NaOH. Reducing the fluctuation in pH had a dramatic effect on cell

viability. An immediate improvement in cellular morphology was observed.
The number of cell bodies without processes was reduced and cell

morphology was easily delineated by bright phase cell bodies and

undamaged processes (compare Figure 3.2 to Figure 3.3).

Figure 3.3: Improved survival and morphology of BC30 cells.

Incubation in 7 % C02 / air improved cell adherence and morphology. Compare with Figure
3.2 cultured in an atmosphere of 5 % C02 / air.

3.2.5 Cell passage and trypsinisation

To quantify the differences observed between SS5 and BC30 cell

proliferation, cell counts were performed at cell seeding and trypsinisation.

Unexpectedly, the total cell yield of 75 cm2 flasks seeded 12 hours previously
was frequently lower than that recorded for the original confluent 25 cm2

flask immediately following trypsinisation. Attempts were made to improve
cell yields following trypsinisation in several ways:

(i) Centrifugation
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The RCF was increased from 320 for 3 minutes to 390 RCF for 7 minutes

without being detrimental to cell survival. A different model of centrifuge
was used so that the braking speed could be reduced and applied in a

staggered manner. Centrifuge tubes were changed to 15 ml Falcon

centrifuge tubes instead of 25 ml Sterilin tubes. Centrifuged cells formed

tighter pellets and hence were less prone to detach during aspiration of the

supernatant.

(ii) Trituration

The length of time spent triturating the cell pellet was reduced to prevent

possible cell loss due to mechanical shear forces. Aspiration of the

supernatant was routinely done using a 5 ml plastic pipette and a battery

charged pipette aid. This practice was modified by the use of a rubber ball as
a pipette aid for gentle aspiration. The final millilitre of cell supernatant was
removed using a P200 Gilson pipettor to prevent the pellet from becoming

dislodged or reduced.

(iii) Inclusion ofFCS
I was initially advised to transfer freshly thawed cells in 50:50 % BS-BCM.

When I learned of a change in this procedure (thawing new vials into Sato's

media containing 10 % FCS) adopted in Glasgow I tested it for 0-2A culture

here. The inclusion of FCS did improve cell survival of the first passage.

However, stringent washing of cell suspensions was necessary to remove
traces of serum.

(iv) Trypsination

Having found no significant improvement in cell yield using these

modifications I began to investigate whether or not the cells were dying or
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being lost during trypsinisation. A low seeding density often results in a lack

of cell proliferation (Saneto, 1990). The number of cells present at successive

stages of the trypsinisation process was assayed. Each piece of equipment
used during passage was rinsed with versene / EDTA solution followed by

trypsin. Cells were harvested by washing three times in complete media.

Equipment used during trypsinisation (i.e. glass pipette, 15 ml centrifuge

tube) and any residual cell suspension remaining in the original flask and the

centrigue tube, were processed separately. Recovered cells were plated in

separate wells of a six-well plate and stained with trypan blue after 24 hours
in culture. Table 3.3 shows the loss of cells from specific steps during

trypsinisation.

Table 3.3: BC30 cell recovery following specific procedures during trypsinisation.

Cells present at
trypsinisation
(collected by
centrifugation)

Cells attached to

the original flask
post- trypsination

Cells adhered
to glass

(5 ml pipette)

Supernatant
left over in

centrifuge
tube

5.2 x 103 4.34 x 104 0 20

6.3 x 105 2.0 x 104 0 173

5.4 x 103 9.0 x 10J 0 72

7.1 x 10* 8.39 x 104 0 29

4.4 x 105 1.2 x 104 0 54

This data revealed that there were no significant causes of cell loss during

trypsinisation that could account for the poor cell proliferation observed. In

conclusion, approximately 10 % of the trypsinised cells were lost during this

process. SS5 cells yielded similar results to BC30 but cell yields were lower
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in general. Therefore, reduced cell yields following trypsinisation were due

to cell death within the first 24 hours post plating.

3.2.6 Formulation of B104-CM

The most critical period for cell survival during passage is the first 12 hours

post plating. During this time it is especially important that environmental

conditions are optimal. Conditioned media is used by many researchers as

an effective substitute for serum because of the numerous growth factors and

hormones it contains (Brunner et al., 1982; Louis et al., 1992; Smith &

Blakemore, 2000; Vitry et al., 1999). Having assessed the effects of Sato's

medium on the proliferation of 0-2A progenitors, investigations into the

competency of B104-CM to support cell proliferation were initiated.

B104-CM was prepared by seeding 175 cm2 flasks so that monolayers were 30
- 50 % confluent. Cell attachment and proliferation was allowed for 24 hours

prior to use. Cell monolayers were extensively washed in SPBS to remove

trace amounts of serum. Each flask was refilled with 50 ml of Sato's media

and incubated for 3 days. After conditioned Sato's media has been

harvested, flasks were discarded so that they could not be used for the

production of CM a second time.

B104-CM has two roles in the support of glial cells. Firstly it provides the

necessary growth factors to support culture in the absence of serum.

However, a second role is to act as a brake on cell differentiation by

providing hormones that keep the cell population cycling through the G1

phase of the cell cycle thus maintaining the bipolar morphology typical of an
0-2A progenitor cell. I had observed poor cell growth in the context of poor
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cell morphology. Cultures frequently represented a mixture of
differentiation states from bipolar progenitors to immature oligodendrocytes.
1 had previously attributed this to problems with cell seeding and cell

number and varied the proportion of B104-CM added to cultures from 30 %

to 60 % to no avail. To establish if the B104-CM I had prepared was

detrimental in some way I tested it against a batch sent from Glasgow. After
7 days in culture there was a clear difference in cell morphology (see Figure

3.4).
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Figure 3.4: Variation in the potency of B104-CM.

A. BC30 cells cultured for 4 days in 30% B104-CM (Edinburgh). B. A sister culture of BC30
cells cultured for 4 days in identical conditions in B104-CM made by Una Fitzgerald / Sarah
Williams.

3.2.7 Assay of secreted protein in B104-CM using the Lowry protein assay

The ability of B104-CM to support 0-2A growth and prevent differentiation
was tested as a function of the total protein content. Batches of B104-CM

made at different times over an 18 month-period were assayed for protein

concentration. The total amount of protein in the media (minus the

contribution of insulin and transferrin) was measured using the Lowry

protein assay (Lowry et ah, 1951). Bottenstein & Hunter, 1990 reported that
B104-CM typically contains 24 - 36 pg/ml protein. Protein standards ranging

158



from 25 pg/ml lo 1000 pg/ml were prepared using Cohn's fraction V BSA in

PBS to calculate a standard curve (data not shown). Figure 3.5 compares the

protein concentrations or four different batches of B104-CM, protein-free
media and media containing 500 pg/ml protein. Clearly, there is

considerable variation between different batches of B104-CM. CM prepared

in Edinburgh also frequently contained low levels of protein, insufficient to

support 0-2A culture.
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Figure 3.5: Variation in total protein concentration between different batches of
B104-CM.

The total protein content of samples was assayed using the Microfuge tube assay protocol of
the RC DC protein assay kit II (Bio-Rad). A standard curve for protein concentration was

calculated using a range of concentrations (2 g/ml to 500 g/ml) of BSA (fraction V) in PBS.
Leibovitz media does not contain protein and was tested here as a negative control.

Conversely 500 g/ml BSA was diluted in Leibovitz media for use as a positive control. All
other samples contained unknown quantities of protein. The protein concentration provided

by insulin and transferrin (components of conditioned media) was measured and subtracted
from the values measured for total protein. This assay was performed only once.
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There are numerous reasons why B104-CM might lack the appropriate

nutritive support for 0-2A cells. The original cell stock did not have a

passage number supplied with it. If the cells had exceeded the Hayflick

limit, entering senescence or crisis could result in the disruption of cell

metabolism (Mathon & Lloyd, 2001). Fluctuations in temperature and CO2

tension remained a problem in the incubators available to me.

Following discussions with the Beatson laboratory, it became apparent that

using dissimilar tissue culture equipment might have a bearing on the

quality of CM, although this was considered unimportant during my initial
visits to Glasgow. Large scale B104-CM production was done at the Beatson

Institute using 800 ml roller bottles. As I did not require those volumes it

was decided that copying this system would prove false economy. Instead I

used 175 cm2 flasks as and when needed. After extensive discussions with

Dr Fitzgerald I realised that the volume of media routinely used to cover a

monolayer in a 175 cm2 flask was disproportionally greater than that used to

cover the turning surface of a roller bottle.

CG-4 cell culture had been set up to provide an alternative cell culture

system should SS5 and BC30 culture became unfeasible. Comparison of the
CG-4 protocol for CM production revealed that it was not performed in roller

bottles, but in 175 cm2 flasks as I had been using. However, according to

(Louis et al., 1992) the volume of Sato's medium conditioned in a 175 cm2

flask was 25 -30 ml (half the volume I had previously used for the same task).

Increasing the ratio of cells to media caused a dramatic improvement in the

culture of BC30 cells but had little effect on SS5s.
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This earlier faux-pas led me to question other aspects of the protocol for

B104-CM production. B104 flasks were seeded using a density of 30 % - 50 %

confluency, assessed visually. I titrated the total number of cells required for

seeding. 30 % confluency represented approximately 2.2 x 106 cells whereas

50 % represented a 4 x 106 cells seeding stock. Flasks were seeded with a

range of known seeding densities (falling between 30 - 50 % confluency) and
the resultant CM was tested on BC30 cells. Flasks were fed every other day

for 6 days and compared for cell proliferation and morphology. Flasks
seeded with 3.5 x 106 cells provided an ideal density of cells to condition 25-

30 mis of Sato's media. This concentration provided media with a total

protein content that did not fall below 30 pg/ml and represented a

confluency of around 50 % in a 175 cm2 flask. When used at a 30 % ratio in

BS-BCM there was a significant increase in live bipolar cells (data not

shown). Further culture of CG-4 cells was abandoned at this point in part

due to the fact that I found that they did not differentiate as reported in Louis

et al, 1992.

3.2.8 Use of recombinant growth factor(s) as a substitute for B104-CM

According to Dr Fitzgerald (personal communication), the control cell line,

SS5, proliferated at a slower rate when compared with BC30 cells and was

killed more easily during passage, by trituration for example. At this point
in my studies SS5 was not a viable option for use in large-scale experiments
and I was considering abandoning it for use as such. However, glial cells are

also regularly cultured in Sato's media supplemented with purified growth
factors instead of using CM. The primary mitogenic factor in B104-CM is

PDGF (Bottenstein & Hunter, 1990), although new factors are frequently
defined.
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Following the repeated failure of changes in other parameters to make an

improvement on the culture of SS5 cells I tested their response to purified

growth factors. BC30 cells were also used as a control to see if growth factor

supplementation could affect growth characteristics of an 0-2A/c-myc line in

general.
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Figure 3.6: The effects of growth factor supplementation on SS5 cell proliferation.

SS5 cells were cultured in 8-well chamber slides in Sato's media and the additives listed

above separately. Cultures were incubated at 37°C in 7 % C02 for 4 days and

supplemented with either 30% B104-CM, 15 ng/ml PDGF, 15 ng/ml PDGF & 5 ng/ml NT-3 or

15 ng/ml PDGF & FGF-b daily. At the end of this period cell counts were performed using an

eye-piece graticule and cells were scored for cell viability (judged by bright-phase spherical
cell bodies and intact processes). The number of bipolar cells versus all other cell

phenotypes was also enumerated. Fields of view were randomly selected from the

equatorial axis. 10 fields of view were counted per chamber and 6 chambers were counted in
total. The experiment was repeated 3 times. The results were expressed as the total
number of cells counted in the total area assessed (480 mm2). Error bars represent the ±

SEM for 3 separate experiments. The proportion of bipolar (0-2A progenitors) cells is

expressed as the percentage of the total number of cells counted in 60 fields and is also the
mean from 3 separate experiments (indicated on the bar chart by the black line and

quantitated above).
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Figure 3.7: The effects of growth factor supplementation on SS5 cell proliferation
and morphology.

SS5 cells cultured in Sato's media supplemented with: A. 30 % B104-CM. B. 15 ng/ml
PDGF. C.15 ng/ml PDGFand 5 ng/ml NT-3. D. 15ng/ml each of PDGF + FGF-b.

Figure 3.6 shows that all growth factors tested increased the total cell yield of

SS5 cells compared with the use of B104-CM without supplementation.

PDGF alone increased cell yields by 270 %. Lines across individual bars on

the graph represent the percentage of cells per field expressing bipolar

morphology versus all other morphologies. Cells with no processes or

indeterminate morphology were ignored and also not included in the cell

counts. 15 ng/ml PDGF was found to induce 50 % of the cells per field to

adopt a bipolar morphology. Although the main protein secreted into Sato's
medium by B104 cells is PDGF, the addition of high concentrations of

purified PDGF explains the considerable increase in cell proliferation (see

Figure 3.7). Barres et al., 1994, reported that there was a synergistic effect

when PDGF and NT-3 were combined, promoting greater 0-2A cell
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proliferation. 15 ng/ml PDGF and 5 ng/ml NT-3 resulted in a 72 % increase in

cell proliferation over the use of PDGF alone and increased the proportion of

bipolar phenotypes by 12 % (see Figure 3.3). This combination of growth

factors was selected on the basis that although PDGF and FGF-b combined

increased cell proliferation 795 % more than B104-CM, only 17 % of these

cells were bipolar 0-2A progenitors. There was considerable variation in cell

phenotype and mature oligodendrocytes were not uncommon.

Unfortunately my objective was to obtain cultures with a high cell yield that

clonally represented a specific stage of cell maturity, namely, immature 0-2A

progenitors and differentiated oligodendrocytes.

BC30 cells responded in a similar manner to the supplementation of PDGF

and the combination of PDGF / NT-3 (see Figure 3.8). However, there was

not such a marked difference in the response to B104-CM compared with

PDGF / FGF, as was the case for SS5 cells. The proportion of bipolar

progenitor cells present was only 5% higher in PDGF / FGF supplemented

cultures compared with B104-CM supplemented cultures (see Figure 3.8 and

Figure 3.9).

The results of these investigations were that BC30 cell could be successfully
cultured in 30 % B104-CM or via growth factor supplementation. SS5 cells

would only proliferate in response to specific growth factors. It was therefore

possible to use these cell lines for experimentation although cost and total

cell yields had to be considered in the planning of each experiment. These

results are supported by the finding of Fitzgerald and Barnett, 2000 who

argue that B104-CM is a better substitute for SS5 and BC30 cell lines than 5

ng/ml PDGF / FGF-b. None-the-less, they also admit that B104-CM has no
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Figure 3.8: The effects of growth factor supplementation on BC30 cell proliferation.

BC30 cells were cultured in 8-well chamber slides in Sato's media and the additives listed

above separately. Cultures were incubated at 37°C in 7 % C02 for 4 days and

supplemented with either 30% B104-CM, 15 ng/ml PDGF, 15 ng/ml PDGF & 5 ng/ml NT-3 or

15 ng/ml PDGF & FGF-b daily. At the end of this period cell counts were performed using an

eye-piece graticule and cells were scored for cell viability (judged by bright-phase spherical
cell bodies and intact processes). The number of bipolar cells versus all other cell

phenotypes was also enumerated. Fields of view were randomly selected from the

equatorial axis. 10 fields of view were counted per chamber and 6 chambers were counted in
total. The experiment was repeated 3 times. The results were expressed as the total
number of cells counted in the total area assessed (480 mm2). Error bars represent the ±

SEM for 3 separate experiments. The proportion of bipolar (0-2A progenitors) cells is

expressed as the percentage of the total number of cells counted in 60 fields and is also the
mean from 3 separate experiments (indicated on the bar chart by the black line and

quantitated above).

advantage over higher concentrations (10 -15 ng/ml) of the above factors.

Both supplements improved cell proliferation and aided cells to withstand

passage to a greater degree as judged by the presence of viable bright phase
cell bodies and increased cell yields.
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Figure 3.9: The effects of growth factor supplementation on BC30 cell proliferation
and morphology.

BC30 cells cultured in Sato's media supplemented with: A. 30 % B104-CM, B. 15 ng/ml

PDGF, C. 15 ng/ml PDGF and 5 ng/ml NT-3, D. 15ng/ml each of PDGF and FGF-b.

3.3 Maintenance of cultures as mature oligodendrocytes

3.3.1 Optimisation of differentiation

Differentiation of 0-2A progenitor cells into oligodendrocytes is triggered by

the withdrawal of proliferative stimuli such as B104-CM and PDGF. At this

point the cell exits the cell cycle and extends multiple branching processes.

Over time myelin in synthesised and spread over the surface of the culture
dish in "shovel like" extensions (Knapp, Skoff & Sprinkle, 1988).

Upon culture of BC30 cells in Sato's media alone, the cells began to die before

exhibiting signs of differentiation. This situation was grossly premature

compared to the observations made by FitzGerald & Barnett, 2000. The
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authors checked for apoptotic cell death in differentiating SS5 and BC30 cells

using DAPI staining and TUNEL staining. The cell lines were highly

apoptotic at 4 days post B104CM withdrawal (SS5 cells) and 7 days (BC30

cells). Early death of 0-2A progenitors transfected with c-myc was in fact the

reason that Bcl-2 was originally over-expressed in the BC30 line. It was

hoped that Bcl-2 would extend the lifespan of differentiating cells long

enough to reach terminal differentiation. Switching to Sato's media without

B104-CM also caused new technical problems. The reduction of protein

concentration in the media was observed to lead to decreased cell yields

following trypsinisation. Four approaches were tested to extend the lifespan

of BC30 cells following B104-CM withdrawal:

1. Supplementation of Sato's medium with serum

2. Supplementation of Sato's medium with BSA and d-biotin

3. Changing DNase I concentration in soybean trysin inhibitor (SBTI).

4. Supplementation of Sato's media with 15 ng/ml FGF-b.

3.3.2 Serum

It is not uncommon for oligodendrocytes (in primary culture) to be

supplemented with a low proportion of serum (typically between 0.5 % - 3

%). Serum contains a multitude of known and as yet undiscovered growth

promoting factors to counteract cell death or reduced proliferation associated

with growth factor withdrawal. Supplementation of Sato's media with 1.5 %

FCS did improve BC30 survival and proliferation rates. However, the

increase in cell survival was outweighed by the increase in astrocytic

differentiation and the formation of bizarre enlarged cells (Figure 3.10A and

D).
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Figure 3.10: Optimisation of BC30 cell differentiation.

A. The appearance of astrocytes in cultures supplemented with 1.5 % serum. B. The effects
of a low initial seeding density is cell death in BC30 cells. C. The effects of overcrowding due
to high seeding density of BC30 cells. Cells are two closely associated to count and score

morphology. D. BC30 cells cultured in 1.5 % serum exhibit mixed differentiation states and
varied enormously in size. E. Cell clumping before DNase I treatment was optimised (inset

picture is another example, at half the magnification of main image).
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3.3.3 BSA and d-biotin.

If viable, the addition of low proportions of serum to cultures represented a

quick-fix strategy to the problem of BC30 differentiation and survival.

Attempts were made to rectify cell loss following trypsinisation upon CM
withdrawal, d-biotin is frequently included in Sato's media at a

concentration of 10 ng/ml to support the morphological changes associated
with differentiation. The concentration of BSA was increased to 0.05 % to act

as a carrier protein and reduced physical damage of cells post B104-CM
withdrawal. Whilst these changes caused a definite increase in cell survival

during trypsinisation they were not sufficient to induce differentiation alone.

3.3.4 DNase I concentration controls cell clumping

Uneven distribution of cells across the growth surface due to poor

dissociation of cell pellets into a single cell suspension (see Figure 3.10) was

repeatedly a problem. If cells were seeded at a lower cell density (40 cells /

mm2) they died due to lack of cell-to-cell contact (see Figure 3.10B). A

medium to high cell density (120 cells/mm2 - 160 cells/mm2) was necessary

for initial seeding (due to cell loss as a consequence of passage). However,

using a high seeding density resulted in one of two eventualities. BC30 cells

were so over-confluent that counting was unfeasible (see Figure 3.10C) or

cell clumping occurred (see Figure 3.10E) and disrupted normal cell

attachment. In the latter case 0-2A progenitors attached together in

"islands" and their close proximity to one another induced maintained the

population as bipolar progenitors. A small proportion of single cells were

found scattered evenly over the growth surface of the flask. These cells

either died due to a lack of cell-to-cell support or quickly differentiated.
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Consequently, cultures contained cells of mixed density and differentiation

as opposed to a clonal population of differentiated oligodendrocytes.

The key change that prevented the formation of islands was to increase the

concentration of DNase I in soybean trypsin inhibitor (SBTI) from 40 pg/ml

to 80 pg/ml. This was an effective approach because the debris from sheared

cells is responsible for binding single viable cells together in clumps. Greater

DNase I degradation reduced cell-to-cell binding. To combat uneven cell

distribution within circular petri dishes or multi-well plates, cell cultures

were also left in the category II hoods for 15 minutes post seeding to prevent

vortexing. The reduction of cell clumping was found to vastly improve cell

survival and maturation but 0-2A differentiation still lagged behind that

normally observed for the BC30 and SS5 lines.

3.3.5 Supplementation with 15 ng/ml FGF-b

Finally the efficacy of fibroblast growth factor as an inducer of

oligodendrocyte maturation was tested. FGF-b has a multiplicity of

biological effects on oligodendroglial cells. In combination with PDGF it has
been shown to revert gal-C labelled oligodendrocytes to the 04 positive stage

of differentiation (Bogler et al., 1990). It is also known to be mitogenic for

0-2A progenitors and oligodendrocytes alike when administered at an

appropriate time post-differentiation (Besnard et al., 1989; Eccleston &

Silberberg, 1985; Noble et al., 1988) and probably acts to induce terminal

differentiation through FGFR3 signalling (Luke et al., 2003). BC30 cells were

maintained in Sato's medium alone for 12 hours and then supplemented

with 15 ng/ml FGF once daily for 3 days. This protocol maintained BC30 cell

survival for 4 days providing enough time for differentiation to occur (see
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Figure 3.11). Their extensive branching morphology is typical of gal-C

positive oligodendrocytes and when cultures were seeded to a slightly lower

density of 80 cells/mm2, MBP expression was detected by

immunofluorescence (see Figure 3.13C).

Figure 3.11: BC30 cell differentiation using 15 ng/ml FGF-b.

3.3.6 Overall conclusions from the optimisation of SS5 and BC30 cultures

I have not been able to explain the requirement for extensive optimisation of

the SS5 and BC30 cell lines during culture at Edinburgh. I would therefore
conclude that the difficulties incurred whilst initially due to inexperience,

were fundamentally the result of environmental differences between the two

sites.
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Of the approaches tested for optimisation, stabilisation of pH by maintaining
an atmosphere of 7 - 10% CO2 and the appropriate provision of trophic

support were the key parameters for improving cell viability. 0-2A
differentiation required the combined effects of FGF-b supplementation for
mitotic support and the correct cell seeding density.

The large amount to time attributed to the fulfilment of this aim was

necessary as insufficient mitogenic support of neuronal cells (Allsopp et al.,

1998; Chang, Poser & Xia, 2004; Liu, Biswas & Greene, 2004) and

oligodendroglial cells (Barres et al., 1992b; Barres et al., 1993; Casaccia-

Bonnefil, 2000) are frequently associated with the induction of apoptosis. In

general, BC30 cells were used more frequently than SS5 cells because they
were less susceptible to cell death induced by other factors and because of

their superior proliferation rate.

3.4 Outcomes of SFV infection of SS5 and BC30 cells

3.4.1 Detection of Bcl-2 protein

Before infection studies were carried out, each cell line was checked for the

over-expression of Bcl-2 using Western blotting. It was necessary to rule out

the possibility that in over a year of subculture the two cells lines had not
been mislabelled and mixed up. Figure 3.12 shows the presence of Bcl-2 in

BC30 cells as expected and that Bcl-2 expression was below the levels of

detection in control SSb cells.
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Figure 3.12: Western blot for Bcl-2 expression in SS5 cells and BC30 cells.

Cell lysates from 1 x 106 cells were run on an SDS PAGE gel and transferred to a

nitrocellulose membrane. Bcl-2 was detected with a goat anti-mouse Bcl-2 antibody [AB38]
and a rabbit anti-goat antibody conjugated to HRP (AC24). Lane 1: ECL molecular weight
marker. Lane 2: SS5 cell lysate. Lane 3: BC30 cell lysate. This Western blot was

repeated twice.

3.5 Does SFV infection result in cell death of BC30 cells and is

the outcome based on cellular differentiation state?

The colorimetric measurement of cell proliferation, based on the reduction of

tetrazolium salts (MTT, WST-1, XTT) is a widely accepted technique to study
cell viability (Ishiyama et al., 1995). The rate of proliferation can be assayed

to reveal the reverse process, i.e. the reduction in cell viability. The assay is

based on the conversion of WST-1 into water-soluble formazan by the

mitochondria of viable cells. The intensity of the colour change induced by

actively proliferating cells is greater when compared to that caused by
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senescent or dying cells and this change can be quantitated using a

spectrophotometer.

3.5.1 Experimental design

Before the assay was used the optimum incubation period was assayed to

ascertain the time required for WST-1 conversion in this particular

experimental system. The absorption was measured after 0.5,1, 2, 3 and 4-

hour incubations. Identical cell populations were used for the assay, and an

equal and constant amount of product was formed from 2 to 4 hours after the

addition of WST-1. Therefore a 2-hour incubation was chosen as the earliest

incubation period that would provide an appropriate constant amount of

WST-1 reduction in a culture of healthy cells.

Following 96-well plate cell seeding, the remaining cell stock was used to

inoculate a glucose broth tester to confirm that the cells were free from

bacterial infection at the point of viral infection. Sterility of control wells was

maintained by using separate stocks ofWST-1 for control wells, SFV infected

wells and etoposide treated wells. It was also necessary to seed wells so that

they were sub-confluent at the start of the assay. Cell density was an

important consideration, if populations were to remain specifically immature
or mature in phenotype. The number of plaque forming units of SFV was

titrated before experimentation began. An MOI of 1,10 and 20 produced

similar results whereas an MOI of 100 induced complete cell death in under

14 hours. Therefore an MOI of 20 was chosen as an appropriate MOI for this

experiment.
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3.5.2 Reduction in well-to-well variability

It was immediately obvious from initial experiments that the results from

identical quadruplicate wells varied significantly. The effects of evaporation
were limited by filling the outer (unused) wells with a greater volume (of

dhhO) then inner test wells. Humidified chambers were made that

contained large reservoirs of water for use during incubation, and these

changes reduced inter-well variability to acceptable levels.

Cell seeding and adherence represented two other problems that required

addressing. It was essential that the cultures were not moved for 20 minutes

post-seeding to prevent the cells from vortexing. Despite coating 96-well

plates with poly-L-lysine, cell attachment remained weak. It was necessary

to add WST-1 at a 1:10 dilution at various points throughout the assay.

However, mixing the 10 pi volume with a P20 Gilson pipettor was difficult

without disrupting cell adherence. This issue was addressed by pre-mixing

WST-1 at a 1:3 dilution before use. When a 30 pi volume was added to the

side of the well above the meniscus of the media both problems were

eliminated.

3.6 Results

Figure 3.13 illustrates that SFV infection caused BC30 cell death when

cultured as 0-2A cells and differentiated oligodendrocytes that express MBP.
t he results of the WST-1 assay are shown in Figure 3.14. Although the assay

was designed to measure cell proliferation it was used here to measure the

converse i.e. cell loss. Etoposide was used to induce cell death for a positive

control. Staurosporine was also tested but was deemed unsuitable because it
induced dramatic apoptosis within a few hours. Etoposide induces single
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strand DNA breaks that ultimately activate caspase-3 and is usually used at a

concentration varying from 1 pM to 10 pM. However, morphological signs
of cell death did not occur for 48 hours, therefore, the concentration was

raised to 75 pM to provide an appropriate cell death curve.

Figure 3.13: SFV infection of BC30 0-2A cells and oligodendrocytes.

Immunofluorescence staining of BC30 cells cultured as 0-2A progenitors (A and B) and
mature oligodendrocytes (C and D). Immunolabelling experiments were performed on sister
cultures to those used for the WST-1 experiments. Eight wells were labelled for each repeat
of the WST-1 experiment. A. Uninfected immature 0-2A BC30 cells stained with AB62

against A2B5 and a secondary antibody conjugated to Texas red [AC29], B. Same culture

(different field of view) following SFV infection at an MOI of 20 at 14 hpi. C. Uninfected
mature BC30 oligodendrocytes stained with AB70 against MBP and a secondary antibody

conjugated to FITC [AC90], D. Same culture (different field of view) following SFV infection
at an MOI of 20 at 18 hpi.
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Figure 3.14 clearly shows a statistically significant difference between the

amount of cell death in virally infected 0-2A cells compared with

oligodendrocytes at 12, 18 and 24 hpi. As a population, MBP+

oligodendrocytes are less prone to virus- induced death than their precursor

cells. However, during the late stages of the time-course there is little

difference between the numbers of cells surviving the infection. Irrespective

of their differentiation state or Bcl-2 over-expression, all BC30 cells died by 36

hpi. One possible anomaly in these data is the apparent increase in viability

of immature BC30 cells at 28 hpi. It is extremely unlikely that the process of

cell death was reversed at this point or even reduced in rate (given that all

cells were dead and necrotic by 48 hpi). It has been shown thatWST-1,

unlike MTT, can be efficiently reduced by NADH and NADPH in the

absence of cells and enzymes (Berridge, 1996). Therefore one explanation is
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Figure 3.14: Infection of BC30 cells with SFV A7(74) at an MOI of 20: Survival of
0-2A progenitor versus mature oligodendrocytes.

Cell viability was measured at serial time points post infection with SFV or mock-infection
with virus diluent. Cells were incubated with 100 I of 10 % (v/v) WST-1 in serum-free
DMEM medium at 37°C for 2 hours. The absorbance of reduced WST-1 was measured

using a Dynex MRX ELISA reader at 450 nm with a reference wavelength of 650 nm in

optical density units (OD). The absorbance value of each time-point represents the mean of

177



quadruplicate wells minus the mean absorbance of background controls (consisted of 8

replicate wells containing culture medium and WST-1 alone). The percentage viability for
each time point was calculated by dividing the uninfected control OD by the SFV-infected OD
and multiplying by 100. This experiment was performed for each cell population: etoposide
treated cells, immature 0-2A BC30 cells and mature BC30 oligodendrocytes. Error bars

represent the mean ± SEM from three separate experiments and are not shown when
smaller than the point. Microscopic examinations were systematically performed during all

experiments, to confirm the results obtained with the assay. The Student's West was used
to estimate the difference in viability of immature versus mature BC30 cells. Statistical

significance was defined by a P value of less than 0.05 assuming a 95% confidence limit.

Statistically significant results occur between 12 and 24 hours.

that WST-1 reduction also occurs upon rupture of cells following secondary

necrosis. Loss of cell membrane integrity could result in the release of

superoxides or NADH / NADPH that reduce WST-1 to formazan at the cell

membrane. Despite their long-term use, the finer details of tetrazolium salt

bioreduction are still poorly understood (Stoward & Pearse, 1991).

3.6.1 Changes in BC30 cell morphology following SFV infection

The WST-1 assay does not provide information concerning the nature of cell

death. To see if SFV infection of BC30 cells caused death by apoptosis, the

morphology of cultures infected in parallel was analysed using criteria
described in time-lapse video microscopy studies of apoptosis (Collins et al.,

1997; Willingham, 1999). The morphology of infected BC30 cells were

compared to that induced by a positive control, etoposide. Staurosporine
was again rejected for this purpose because it does not induce the formation
of apoptotic bodies (Cotter et al., 1992). At no point during the following

experiment did uninfected BC30 cells show any significant signs of death.
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Figure 3.15: Morphological features of apoptosis in BC30 0-2A progenitor cells.

The schematic representation of apoptotic cell morphology was taken from Collins et at.,
1997. The authors observed stage-specific morphology over time when using time-lapse

videomicroscopy to study individual cells undergoing apoptosis. This figure contains phase
contrast photographs that illustrate the occurrence of specific apoptotic morphologies in O-
2A progenitor cells infected with SFV. A. Process retraction in 0-2A cells at 9 hpi. B. Cell

blebbing in 0-2A progenitors at 10 hpi. Refers to 1. in schematic representation. C.
Formation of echinoid spikes in 0-2A cells at 16 hpi. Refers to 2. in schematic

representation. D. 0-2A cell blistering at 18 hpi. Refers to 3. in schematic representation.
E. Dead cells amass in clusters in the supernatant (30 hpi). F. Indigestable cell debris left
behind after apoptotic death (taken at 26 hpi). Refers to 4. in schematic representation. Inset

photographs show morphological features described at higher magnification.
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BC30 cells remained morphologically normal for at least the first 7 hpi. The

earliest cytopathic effects were observed at 8 hpi in immature (0-2A) BC30

cells and 10 hpi in differentiated BC30 oligodendrocytes. Immature BC30

cells showed indisputable signs of cell stress by the retraction of their

processes and cell rounding (see Figure 3.15A). 0-2A cell bodies became

irregular and convoluted by the formation of small bubbles on the surface.

Cell processes fragmented before disappearing completely. Mature

oligodendrocytes however, did not retract their processes until much later

after infection (see Figure 3.16A). By 10 hpi (for 0-2A cells) and 12 hpi (for

oligodendrocytes) approximately 20 % of the cell population had died as

measured by WST-1 reduction. Both cell populations showed signs of cell

blebbing although the proportion of these cells was much greater in the

immature cell population (see Figure 3.15B). By 16 hpi, echinoid spikes were

visible in about 30 % of 0-2A progenitor cells, but were not present in

oligodendrocyte cultures at any point over the studied time course (see

Figure 3.15C). At 18 hpi most of the 0-2A progenitor cells had advanced to

the cell blistering stage of apoptosis (see Figure 3.15D). The vast majority of

0-2A cells could be seen floating in clusters in the supernatant by 24 hpi and

patches of debris (on the bottom of the flask) were also evident (see Figure

3.15E and F).

In contrast, mature BC30 cells observed over the 18 to 22 hour window

demonstrated a variety of morphologies, presumably dependent upon their

advancement along the differentiation pathway (see Figure 3.16A, B, C). The

largest oligodendrocytes persisted without retraction of their processes (see

Figure 3.16E) whilst others preserved attachment but developed bizarre

morphology and fused. When mature cells did die they tended to degrade
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leaving behind "blobs" of debris where the cell body had been and smaller

beads of debris demarcating the lines where processes previously adhered

(see Figure 3.16C and D). Nevertheless, by 36 hours (in the case of immature

cultures) and 48 hours (in the case of mature cultures) all remaining cells had

detached. Floating cells were harvested and stained with 0.4 % trypan blue
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Figure 3.16:Morphological features of apoptosis in mature BC30 oligodendrocytes.

Phase contrast photographs of SFV infected BC30 oligodendrocytes at A.16 hpi. B. 20 hpi.
C. 30 hpi. The black arrow shows a single surviving mature oligodendrocyte. D. Early

changes in cell morphology (around 12 hpi) involved process degradation forming a trail of
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membranous fragments, shown here in an 0-2A progenitor cell. E. Oligodendrocyte survival
at 24 hpi.

at these times to assay for necrotic cell death. The remaining populations

were 100 % necrotic as judged by this method. It is most likely that

secondary necrosis had occurred as part of the apoptotic process.

3.6.2 Morphological observations of mixed differentiation cultures

Morphological studies were originally performed on cultures containing cells
with mixed differentiation states, before homogeneous cultures could be

cultured. As expected single bipolar 0-2A cells died first following SFV

infection. One unexpected observation was that small groups of closely

associated bipolar cell survived infection longer than both individual
immature and mature cells. However, this observation is difficult to

substantiate because once the cells began to die more rapidly, there was no

way of knowing whether a dying cell body had belonged to an immature or

a mature cell originally.

3.6.3 Detection of apoptosis using DAPI nuclear staining

The morphology of sister cultures of BC30 cells observed during the WST-1

assay indicated that cell death occurred by apoptosis. Two assays were

employed to distinguish whether cell death was apoptotic or necrotic: DAPI

labelling and DNA fragmentation assays. DAPI is a cell permeable nuclear
stain that allows chromatin condensation and marginalisation to be observed

(indicative of apoptosis). Uniformly stained nuclei represent healthy cells
whereas karyolysis (recognised by dull or absent nuclear staining) is typical
of necrosis. Figure 3.17B and C show that immature 0-2A cells and mature

oligodendrocytes alike die by apoptosis.
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A

Figure 3.17: DAPI labelled cell nuclei indicate blebbing has occurred and that SFV-
infected BC30 cells undergo apoptosis.

BC30 cells labelled with 300 nM DAPI under UV illumination (350 nm). A. Mock-infected
culture. B. Immature BC30 0-2A progenitors at 14 hpi. C. Mature BC30 oligodendrocytes at
30 hpi. D. Same field viewed under a DAPI filter. E. Phase contrast / fluorescence overlay.
Arrows indicate fragmented nuclei and apoptotic bodies.
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Table 3.4: Apoptosis (detected by DAPi labelling) in BC30 cell cultures infected with
SFV between 12 and 30 hours post-infection.

12 hpi 18 hpi 30 hpi

Total
cell
number

%of

apoptotic
cells

Total
cell
number

%of

apoptotic
cells

Total
cell
number

%of

apoptotic
cells

+

SFV

0-2A 190 57 ±6 188 85 ±11 200 96 ±3

Adult 216 17 ± 10 191 55 ±8 211 89 ±9

SFV
0-2A 189 6.0 ± 1.2 202 9.5 ±2.5 193 8.0 ±2

Adult 242 6.4 ±3.7 210 4.0 ±2 178 1.0 ±0.3

Enriched cultures of 0-2A progenitors and oligodendrocytes were infected with SFV A7(74)
at an MOI of 20 for 1 hour with shaking. Cultures were incubated for 12, 18 and 30 hpi
before examination and each culture was washed twice in pre-warmed SPBS to remove

floating and poorly adherent cells before cell counts were performed. The total cell number

represents the number of cells per culture at 0 hpi and is the mean of quadruplicate wells.
Numbers in bold represent the mean percentage of apoptotic cells per culture ± the SEM (n
= 3). Cultures were viewed under phase contrast illumination (at x 20 magnification) and

alternately through a DAPI fluorescence filter (excitation 350 nm, barrier filter 430 nm) to
confirm that DAPI staining correlated with individual cell nuclei. Care was taken to compare

the size of apoptotic bodies with mock-infected whole nuclei before counting to reduce the
risk of mistaking apoptotic nucleoid bodies for whole cell nuclei.

The response of immature and mature cell cultures to SFV infection was

monitored over a 30-hour period. Apoptosis of 0-2A progenitors occurred

more rapidly than mature oligodendrocyte apoptosis in terms of the cell

population as a whole. Over 50 % of SFV infected 0-2A cells were apoptotic

by 12 hpi compared to just 17 % of oligodendrocytes. At 18 hpi there was
still an appreciable difference in the percentage of apoptotic cells per culture,
but by 30 hpi both SFV infected 0-2A progenitor and oligodendrocyte
cultures were over 85 % dead.
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3.6.4 Detection of apoptosis by DNA fragmentation assay

DNA fragmentation assays were used to confirm that SFV infection of

oligodendroglia occurs by apoptosis. DNA fragmentation occurs

considerably later in time than many of the morphological features of

apoptosis such as chromatin condensation, (Earnshaw, 1995), and so cultures

were tested at 24 and 48 hpi. Once the endonucleolytic pathway has been
activated the chromosomes are cleaved into fragments ranging from 200-300

kb and 30-50 kb in length, known as domain cleavages (Dusenbury et al.,

1991). The subsequent round of cleavage is believed to arise from the action

of endonucleases in linker DNA regions between the nucleosomes of

chromatin. The DNA fragments of 180 bp are derived from one nucleosome

and the linker DNA. The 180 bp periodicity of these small DNA fragments is

easy to resolve on an agarose gel and it is widely regarded as a telltale sign of

apoptosis (Wyllie, Kerr & Currie, 1980). Necrotic cell death involves the
random cleavage of genomic DNA into fragments of many different lengths.
These fragments form a smear of nucleic acid when resolved on an agarose

gel-

Figure 3.18A shows the presence of DNA fragmentation by 24 hours in both
immature and mature populations of SS5 control cells. Lanes containing

uninfected SS5 populations did not produce a laddering effect. The smear of

necrotic DNA is not visible because the fragments are not concentrated

enough at any one length. In contrast, Figure 3.18B shows that both

immature and mature BC30 cells populations are resistant to apoptosis

induced by SFV infection at the same time, 24 hpi. These findings reflect the

pattern of earlier findings (WST-1 assay) that, apoptotic death is delayed in
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the BC30 cell line over that of the SS5 cell line. Figure 3.18C shows that by 48

hpi apoptosis of both infected cell lines has occurred. This is not surprising

given the cellular morphology of BC30 cells at 24 and 36 hours. At these

time-points there were no differences between the survival of immature

versus mature oligodendroglia derived from the same cell line, but a more

stringent analysis over time would be necessary to identify such possible

differences.

24 h: SS5 cells BC30 cells 48 h: SS5 BC30

I **

SFV: + - +

DIFF: 0-2A OLIG

+ +

OLIG0-2A

Figure 3.18: SFV A7(74) infection of SS5 cells at 24 hpi.

Internucleosomal DNA fragmentation in glial cell lines infected with SFV A7(74).
Gel A and B: Lane 1. Infected 0-2A progenitors. 2. Control 0-2A progenitors. 3. Infected

oligodendrocytes. 4. Control oligodendrocytes. Lane O. 1 kb DNA marker.
Gel C: Lane 1. Infected 0-2A progenitors. 2. Infected oligodendrocytes. 3. Control

oligodendrocytes. The first 3 lanes of this gel represent DNA from the SS5 cell line and the
second 3 lanes represent DNA from the BC30 cell line at 48 hpi. Gel A and B show DNA

fragmentation at 24 hpi. Control cultures were mock-infected with virus diluent. Cell lysates
were electrophoresed in 1.5 % agarose gels stained with 1 g/ml ethidium bromide. DNA

fragmentation assays were performed twice.
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3.7 Summary of results

> Proliferation of the SS5 and BC30 cell lines (as judged by standards in
the Barnett laboratory) was insufficient to support experimental work

during initial culture. The formulation of Sato's media and the

process of cell trypsinisation were tested and did not have any

significant bearing but the maintenance of a constant extracellular pH
and the appropriate concentration of growth factors (PDGF, FGF-b

and NT-3), were in contrast, critical.

> 0-2A progenitors proliferated well in response to 40 % B104-CM (once

optimised) or PDGF / NT-3 supplementation. BC30 cells had a greater

survival potential (presumably related to the over-expression of Bcl-2)
and proliferated at a faster rate than SS5 progenitors. Consequently,
SS5 cells could not always be used at every point during this study.

> The timely differentiation of mature BC30 oligodendrocytes was also

dependent upon the appropriate mitogenic stimulation (15 ng/ml

FGF-b for 3 days) to prevent cell loss by apoptosis, and a suitable

plating density. In my hands cell differentiation did not occur under

the same conditions as described by Fitzgerald & Barnett, 2000.

According to their study both SS5 and BC30 cells differentiated after
24 hours in Sato's media and survived for 5-7 days (SS5) or 2-3 weeks.

Using identical conditions I found that the viability of SS5 cells

dropped to 30 % within 48 hours. BC30 cells on the other hand

survived at 80 % viability for 6-7 days. These differences might be
attributable to the use of sub-standard B104-CM during early passage.
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> SFV A7(74) infection of glial cell cultures resulted in 100 % cell death

by 38 hpi when measured by the activity of mitochondrial

dehydrogenases using WST-1. Although both immature and mature

BC30 cells were susceptible to virus induced-cell death, mature BC30

cells survived for a longer period of time than immature precursors.

There was a significantly higher percentage of cell death of 0-2A

precursors compared to mature oligodendrocytes at 12, 18 and 24

hours post-infection. Therefore, apoptosis of mature BC30

oligodendrocytes was delayed compared to BC30 0-2A progenitor cell

death induced by SFV.

> The mechanism of SFV induced cell death was by apoptosis rather

than necrosis. Nuclear condensation was readily detected using DAPI

staining and morphological studies using phase-contrast microscopy
revealed the presence of blebbing and apoptotic body formation.

> Apoptotic cell death was confirmed in SS5 cells for the first time and

BC30 cell populations by DNA fragmentation assay. At 24 hpi, SS5 O-
2A progenitors and mature oligodendrocytes exhibited fragmented

DNA. However, both phenotypes of the BC30 lineage had survived

infection at 24 hpi. When the assay was repeated at 48 hpi apoptosis

of both phenotypes was confirmed by laddering of chromosomal

DNA. The delay in SFV induced apoptosis in BC30 cells occurred

irrespective of differentiation state. In this instance, the results

suggest that BC30 cells show a delayed response to the initiation of

apoptosis based on the over-expression of Bcl-2 rather than the effects

of differentiation state.
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3.8 Discussion

The study of apoptosis in a population of cells is complicated by the

asynchronous nature with which this process occurs. Therefore, cultures
used for DNA fragmentation assays and the WST-1 assay contained

individual cells that were at various different stages of the apoptotic process.

However, individual cells were observed over 12 hour time periods from the

first sign of any morphological change associated with apoptosis. Individual

cells were labelled by drawing a dot on the underside of the culture flask and
checked at half hourly intervals. From this experiment, it was clear that
individual cells were dying by apoptosis and not necrosis (as similar

morphology can be associated with different stages of each process).

3.8.1 The expression of oncogenes in rat glial cell lines

The study by Barnett & Crouch, 1995, highlights two concerns when using

SS5 and BC30 cells to study apoptosis in glial cells. The primary

disadvantage of using cell lines to answer biological questions is the fact that

they have been immortalised or transformed; in theses cell lines using c-myc.

Over-expression of c-myc is used to promote continuous proliferation in

culture, but it is sometimes associated with the induction of apoptosis as

oligodendrocytes differentiate (Jensen, West & Celis, 1999). Studies on the

combined effects of over-expression of c-myc and Bcl-2 in haemapoetic cells
revealed that Bcl-2 was capable of rescuing cells from c-myc induced

apoptosis (Bissonnette et al., 1992; Fanidi, Harrington & Evan, 1992), allowing
the production of a more stable cell line.
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3.8.2 The effects of Bcl-2 over-expression on cell fate

Bcl-2 has pleiotrophic effects concerning cell fate. Unlike other oncogenes,

the over-expression of Bcl-2 does not induce proliferation rather it promotes
cell survival by regulating the balance between pro- and anti-apoptotic

signals. Excess copies of Bcl-2 have the effect of considerably increasing a

cell's resistance to stimuli that normally promote cell death so much so that it

can prevent death by apoptosis and necrosis (Kane et al., 1995). It is

frequently associated with protection from apoptosis induced by growth-

factor withdrawal (Allsopp et al., 1993, Greenlund, Korsmeyer & Johnson,

1995). In this thesis BC30 cells were found to be less susceptible to growth

factor withdrawal-induced apoptosis. It is likely that Bcl-2 acts to improve

viability in general as it was not sufficient to protect absolutely against viral

induced apoptosis.

3.8.3 The effects of Bcl-2 over-expression in glial cells

Bcl-2 can act to grant reprieves from the activation of many death pathways

such as those induced by p53 or the death receptors. It is an inner

mitochondrial membrane protein that binds to and inactivates the pore

forming protein Bax, blocking the release of cytochrome c. Leakage of

cytochrome c into the cytoplasm is associated with the formation of the

apoptosome and subsequent proteolysis of the initiator caspase, caspase-9.
Bcl-2 is of particular interest to this thesis because it is highly expressed in

remyelinating plaques in MS (Kuhlmann et al., 1999). A recent study by

Fitzgerald et al., 2003, proposed that the over-expression of Bcl-2 in BC30

cells provided increased protection against cell death because it lowered the

cellular redox by a glutathione-mediated mechanism.
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3.8.4 Alphavirus interactions with Bcl-2 over-expressing cells

The outcome of infection with SV AR339 has been well studied and varies

depending on host genetics, viral strain, type of culture infected and

maturity in terms of age of mice and rats used for study. SV infection can

also cause cell death by apoptosis in BHK, AT-3 and N18 cell lines and

necrosis (due to cell lysis and lethal parasitism) in neuroblastoma cell lines

(Levine et al., 1993). A third outcome of SV infection was demonstrated in

vitro when AT3 cells were transfected with the human bcl-2 ORF (Levine et

al., 1993). Over-expression of Bcl-2 converted what was normally a lytic

infection to a persistent productive infection. Bcl-2 was not able to block
viral infection or replication and therefore this study suggested that Bcl-2

promoted viral persistence as a consequence of preventing apoptosis with an

avirulent strain of SV. This was also the case when recombinant

neurovirulent strains of SV are used to infect AT3 cells. A study by Ubol the

following year (Ubol et al., 1994) demonstrated that apoptosis is induced by

neurovirulent SV in Bcl-2 expressing cell lines. The ability to induce

apoptosis in Bcl-2 over-expressing AT3 cells was conferred by a single amino

acid change in the E2 glycoprotein of the virus spike.

A similar outcome was shown when using SFV instead of SV to infect AT-3

cells. Scallan et al., 1997 showed that the over-expression of Bcl-2 also

changed the severity of cell death in AT3 cultures infected with SFV. The

virulent L10 strain of SFV induces AT3 apoptosis much more rapidly then
the avirulent A7 strain. However, over-expression of Bcl-2 drastically
reduced the proportion of apoptotic cell death caused by both the virulent

and avirulent virus strains. Persistently infected AT3 cultures were able to
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withstand sub-culture and although chronically infected only a small

proportion of the cells showed signs of productive virus infection.

The outcome of SV (AR339) infection varies due to other cellular

characteristics such as age. Numerous studies of alphavirus infection of the

nervous system in mice have revealed that undifferentiated immature

neurons are highly susceptible to apoptosis but that this is not the case of the

mature nervous system. Terminally differentiated neurons do not succumb

to virus-induced cell death; they also survive with persistent SV infection. It

might be that in the case of SV infection of post-mitotic neuronal cells that

persistent viral infection is more desirable than loss by apoptosis to the host

as a whole irrespective of Bcl-2 expression.

Although Bcl-2 has been shown to protect rat adenocarcinoma cells (AT3

cells) from apoptotic cell death with SV, other cell types such as rat 6 embryo

fibroblasts (R6 cells), mouse fibroblasts (L929 cells) and human premonocytic

cells (U937 cells) were not protected from SFV and SV induced apoptosis.

The normal action of Bcl-2 is to prevent the activation of caspase-3 and

PARP. However, the protective effects of Bcl-2 can be overridden in

alphavirus infection (Grandgirard et al., 1998) by its direct proteolytic
inactivation of Bcl-2. SFV induced caspase mediated cleavage of the essential

BH4 domain from Bcl-2. Inactivation of Bcl-2 in this way has only been
observed in virus infection and the authors postulate that the mechanism for

SFV might involve the capsid protein as it has chymotrypsin activity

(necessary to cleave itself from the structural polyprotein). Support for the

concept that SFV can trigger the activation of cellular proteases, came from a

study by Ubol et al., 1994. At 16 hpi with SV, mouse neuroblastoma cells
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showed signs of PARP cleavage. If this mechanism operates in SFV

infection of BC30 cells it might explain why BC30 cells did not survive SFV

infection irrespective of differentiation state.

The protection afforded by Bcl-2 upregulation or over-expression has been

widely coveted by viruses. Numerous viruses have hijacked Bcl-2

homologues and modified them, to force cells in the early throes of altruistic
cell suicide to continue to survive for the virus's own end. However,

capturing anti-apoptotic genes is a strategy common to large DNA viruses

such as Cowpox virus and EBV rather than a small RNA virus. Perhaps the

alphaviruses have evolved different mechanisms to prolong host cell

survival as their genome structure and organisation limits their ability to
amass host genes of importance.
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Chapter 4: SFV infection of primary
mixed glial cell cultures

4.1 Introduction

The usefulness of 0-2A cell lines in answering neurobiological questions is

limited by the fact that they have been genetically modified and rarely

differentiate into myelinating oligodendrocytes. Conversely, the extreme

complexity of intact brain tissue coupled with its inaccessibility make in vivo
studies difficult to perform and interpret. To circumnavigate these problems

techniques were developed for the bulk isolation and dissociation of neural
cells from whole brain. The first description of mixed primary glial cell

cultures is credited to Shein, 1966. Over the last 40 years, these techniques

have been considerably refined such that it is now possible to culture

purified populations of specific neural cells over a period of weeks to

months.

The aim of this work was to set up primary cultures from neonatal mouse

brain and study the outcome of infection at different stages of

oligodendrocyte differentiation. One serendipitous feature of mixed primary
culture is that progression of 0-2A progenitors through an ordered sequence

of differentiation occurs on a similar timescale to that in observed in vivo

(Abney, Bartlett & Raff, 1981; Knapp, Bartlett & Skoff, 1987; Warrington &

Pfeiffer, 1992). It also has the advantage over continuous cell cultures that

glial cell-cell interactions can take place making this system a closer

approximation to infection in vivo. The ability of SFV to infect glial cells in
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rat primary cultures was assessed by Bruce et al., 1984. They found that

A2B5+ 0-2A progenitors and gal-C+ oligodendrocytes were permissive to
infection with SFV, particularly in comparison to type-1 astrocytes.

4.1.1 Development of glial cell lineages in mixed primary cultures

Early attempts to utilise primary cultures largely failed until a reproducible

method was established by Chapman & Rumsby, 1982. Cultures were

prepared from neonatal (Pl-2) whole brain, or for maximal representation of

oligodendroglia from the cerebra and cerebellum. The meninges, olfactory
bulbs and large blood vessels are removed before the tissue is diced into

smaller pieces. Cell dissociation is achieved by trypsin digestion followed by

syringe dissociation (where cells are passed through a series of needles of

decreasing bore size). Cell suspensions must be washed, collected by

centrifugation and plated at a high seeding density on initial culture (see

Figure 4.1).

In the first four days of culture (days in vitro 4 or DIV 4) any movement can

disturb the formation of the complex microenvironment. Within 5 DIV

neurones degenerate due to lack of trophic support (Suzumura et al., 1984).

By DIV 6 -7 primary cultures largely consist of two cell types: small phase-
dark process bearing oligodendrocytes residing on top of a phase-light
confluent "bedlayer" of type-1 astrocytes (see Figure 4.2). Although

stratified cultures primarily contain astrocytes and oligodendroglia, culture
in media containing 10 % serum supports the growth of contaminating

meningeal cells, ependymal cells and endothelial cells (found attached to the

culture flask), and microglia (attached to the astrocytic bedlayer).

Oligodendroglia represent a variety of differentiation states within these
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cultures but as the inclusion of serum favours astrocyte proliferation,

overgrowth become a problem with time (Suzumura et al., 1984).

Preparation of primary mixed glial
cell cultures from neonatal mice

1 Remove brain. Free the brain ofthe

meninges, large bloodvessels and the
olfactory bulbs

o
2. Reserve tlie whole brain, cerebri orthe
cerebri and cerebellum tee- dicing into 1 mm
pieces.

3. Tissue dissociation - mcubate pieces in
trig's in and DNase or similar en^rme mix at
37 C fori 0minutes to 1 hour

19& 21g 23g
W

4. Cell dissociation-Separate into a
single cell so lit ionusing trituration
through glass pasteur pipettes,
needles or rtybnmeshes of
decreasing bore / pore she

5. Seed culture onto PDL-ooated plastic m 10%
serum/DMEM:F12 and incubate undisturbed for
9-11 days

Oligqdendroglia

Type-1 Astrocytes

Oligode ndrocjrte enrichment
irbital sha

Microglra .are removedby
shaking fori hour at 190 rpm
Cultures are fed and incubated

* for 2 hours in air / 5 % CO at
37 C

Oligodendrocytes are removed
"*■ by shaking overnight al 350 rprn

1
Contaminating astrocytes and
fibroblasts are removed byplating
the cell suspensiononto urico aled
plastic for 15 minutes

1
Cell clumps are removedby
incubation at DNase I and sieving
through 150 fin /70 ,t4u meshes

I
Seed cells at high density,
leave to adhere for 33
minutes before moving

PDGF

FGF-b / NT-3

cAMP analogs
<3 % seriirn

Enriched culture
ofO-2A cells

PDGF

Astrocyte signals

Complex ECM
<5 % serum +

mitotic inhibitor
\sj

I I
Enriched culture
ofadult
o ligoderidrocyte s

Figure 4.1: Generalised primary mixed glial cell culture method.
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Figure 4.2: Development of murine mixed glial cell primary culture.

A. Primary culture at DIV 4. The cells have not yet stratified and the culture contains many

dead cells. B. Culture at DIV 6 showing oligodendroglia (arrowheads) atop of the "bedlayer"
of type-1 astrocytes. C. At DIV 8 the top dwelling oligodendrocytes represent a variety of
differentiation states, compare multi-processed cell (arrowheads) to bipolar progenitor cells

(asterisks). D. Region of intense 0-2A progenitor development in a 9-day old culture. E. A
cell clump common in cultures where cell dissociation has been minimised.
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4.1.2 Enrichment for oligodendrocytes

A method for enriching the yield of oligodendrocytes in mixed glial cell
culture was first described by McCarthy & de Vellis, 1980. They

demonstrated that oligodendrocytes can be selectively detached the cultures

by orbital shaking without disrupting the astrocytic bedlayer. Detached

oligodendrocyte lineage cells can be harvested from the supernatant after

orbital shaking for 18 - 24 hours. A further modification of this protocol was
to use a shorter orbital shake, prior to the overnight shake, to remove top-

dwelling microglia that contaminate the oligodendroglial cell layer.

4.1.3 Adaptations for murine mixed glial cultures

Attempts were made to culture murine oligodendrocytes using the

methodology established by the Barres and Raff labs. However, these early

protocols were based on the use of neonatal rat brain as a starting material
and the application of these protocols to murine cultures was not appropriate

(see Table 4.1). Although mice and rats are closely related species the

developmental time-scale and expression of cell markers on oligodendroglia
derived from them differs significantly. Duchala, Asotra & Macklin, 1995,

demonstrated that despite the design of protocols optimised for murine cells,

cell yields were typically five-fold lower in mouse primary cultures versus

rat primary cultures. The reduction in yield also remains constant

throughout development (Ranscht et al., 1982). One reason for this disparity

is that murine oligodendrocytes require longer periods of time in vitro to

mature than rat cells (Duchala, Asotra & Macklin, 1995; LePage et al., 1986).

For this reason secondary cultures harvested at an equivalent DIV do not

express the same proportion of late antigenic markers such as MBP and PLP

(Konola et al., 1991). Therefore the remainder of this work was completed
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using the isolation protocol described by Armstrong, 1998, on the basis that it
had been specifically optimised for culturing glia from the murine brain.

Table 4.1: Differences in the methodologies commonly cited for murine versus rat

primary culture.

Parameter Rat cultures Mouse Cultures Reference

Media Basal media: Basal media: Duchala et al.,

composition DMEM DMEM:F12 1995

(isolation) 4.5 mg/ml 6 mg/ml glucose

glucose pH 7.5

pH 7.3

Removal of 200 rpm for 6 200 rpm for 1 hour Cole & de Vellis,

microglia (by hours 1989

orbital shaking) Armstrong, 1998

Oligodendrocyte 180 - 200 rpm 320-375 rpm for 20- Cole & de Vellis,

enrichment for 16-18 hours 24 hours 1989

Armstrong, 1998

Duchala et al.,

1995

Enrichment SFM Low serum (0.5-2 %) Gard, Pfeiffer &

media Any BSA BSA must be fatty- Williams, 1993

preparation acid free

Despite the fact that oligodendrocytes survived well in mixed glial cell
cultures (from DIV 1 -11), a large majority of the cells died upon reseeding

using Armstrong's protocol. The cells harvested from the supernatant post-

shaking were viable (as determined by trypan blue staining), but died within
the first 12 hours once transferred to chamber slides in Sato's serum-free

media (SFM). Based on earlier experience, several varieties of enrichment

media were tested to ascertain the level of trophic support they provided. I

found that media containing 0.5 % - 5 % horse serum (HS) or NBCS
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significantly improved cell viability in enriched culture. Therefore, cultures
were seeded in a mixture of 50 % SFM and 50 % serum-containing media

(used prior to shaking) to reduce cell stress. This combination of media

maintains a similar trophic environment for the first 12 hours, and serum

facilitates cell adherence due to attachment factors it provides.

4.2 Experimental aims and objectives

The aim of this chapter was similar to the previous chapter, to determine
whether SFV induced cell death in primary oligodendroglia, and to define

the mechanism (i.e. apoptosis or necrosis). My second aim was to compare

0-2A progenitor and oligodendrocyte cell death and determine whether one

phenotype was more susceptible to virus induced cell death than another.

The final aim was to elucidate the biochemical basis of any difference

observed using Western blotting. To address all of these objectives the
method of culture had to be tailored to suit the requirements of individual

experiments (Booher & Sensenbrenner, 1972). By trial and error, culture
conditions were varied to produce enriched primary cultures of different cell

yields and the purity.

4.3 Results

4.3.1 Primary oligodendrocyte lineage cells die by apoptosis not necrosis

following SFV infection

SFV infection of primary neuronal cultures can result in necrotic death and

apoptotic death (Allsopp et al., 1998; Glasgow et al., 1997). Furthermore,
studies on SFV infection of neurons in situ also documents cases of virus-

induced necrosis and virus-induced apoptosis (Keogh et al., 2003; Sammin et
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al., 1999). Differences between the species of rodent used, the type of neuron
and the maturational state of the neuron are the most common reasons for

these conflicting data.

My first objective was to determine the mechanism of SFV-induced

oligodendroglial death, should it occur. It was important therefore to obtain

highly purified populations of oligodendroglia. Mixed glial cell cultures
were prepared according to Armstrong, 1998 (see Appendix IV for details).
On seeding (post-shaking) a protocol designed by Bansal et al., 1996 was

used to manipulate cell phenotype to obtain a homogeneous population of
0-2A progenitor cells (see Appendix V for details). The protocol utilised

peptide growth factors. PDGF is the principal mitogen found in serum and

B104-CM, and is secreted by type-1 astrocytes in vivo (Noble & Murray,

1984). In vitro, the addition of PDGF delays 0-2A differentiation and

maintains their proliferative capacity (Noble et al., 1988). FGF-b from bovine

brain also induces DNA synthesis in 0-2A progenitors (Jiang, Frederick &

Wood, 2001). In combination, these growth factors delay progenitor cell

differentiation and can prevent further differentiation of pro-

oligodendroblasts (Bogler et al., 1990; McKinnon et al., 1990).

4.3.2 Mature cultures

Maturation of murine oligodendrocytes in vitro such that they are MBP

positive and have synthesised myelin membranes can be a lengthy process

(Konola et al., 1991). Rather than differentiate cultures of progenitor cells in

vitro, attempts were made to isolate cells of a mature phenotype from P7

BALB/c mice (see Appendix VI for details). At P7, more than 85 % of

oligodendrocyte lineage cells are positive for gal-C (Kohsaka et al., 1986).
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Unfortunately, this protocol was not useful because of the small cell yield
and the lengthy preparation times it involved.

Enriched cultures of oligodendrocytes were eventually obtained by culture in
media containing high serum (5 % HS) and 1 pM fluorodeoxyuridine. Horse

serum prevents differentiated murine oligodendrocytes from trophic factor

induced-apoptosis (John Crang: personal communication). Meanwhile, the

proliferation of contaminating astrocytes is selectively suppressed by the

presence of a mitotic inhibitor (Dyer et ah, 1994). Figure 4.3 shows the typical

morphology of immature and mature enriched primary cultures.

Culture purity was analysed using antibodies against cell surface markers

optimised against specific neural cell types (see Figure 4.4). Neuronal

contamination was negligible and microglial cell contamination was

consistently less than 3 % of the cell population in both immature and

mature enriched primary cultures. Immature cultures contained between 79
- 88 % 0-2A progenitors (as determined by GAP-43 labelling), with the

major contaminant being astrocyte lineage cells. Enriched mature cultures

contained 75 - 84 % gal-C positive oligodendrocytes
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Figure 4.3: Primary enriched cultures used for cell death studies.

Immunofluorescence immunostaining of immature and mature primary enriched cultures.

A. Phase contrast photograph of bipolar 0-2A progenitors at DIV 10. B. 0-2A progenitors
stained with antibodies against GAP-43, (AB19 and AC22) at DIV 10 (NB. This is not the
same field of view as that shown in A). C. Phase contrast photograph of munprocessed
mature oligodendrocytes at DIV 14. D. Mature oligodendrocytes stained with antibodies

against gal-C (AB37 and AC17) at DIV 14 (photographs C and D are also not taken using
the same field of view).
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Figure 4.4: Optimisation of glial cell-specific antibody staining.

A. Detection of neuroblastoma cells with an antibody against GAP-43 (AB19). B. Detection
of microglia in primary culture with an antibody against CD11b (AC72). Detection of type-2

astrocytes (C) and type-1 astrocytes (D) in primary culture with an antibody against GFAP

(AB71).

4.3.3 SFV infection strategy for primary cultures

Primary oligodendroglia were readily infected by SFV A7(74) at a range of

MOIs. The number of plaque forming units necessary to achieve

synchronous infection was titrated. Cell cultures was analysed at 12 hpi

(before a second cycle of infection could be completed) after infection using a

range of different MOIs. Figure 4.5 shows that over 95 % of the cells in a

culture were infected using an MOI > 1. This is a lower MOI than expected

based on the infection of SS5 / BC30 cells, where an MOI of 20 was necessary

to establish synchronous infection.
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Figure 4.5 : The proportion of SFV-infected cells at 12 hpi varies with an MOI of less
than 1.

An MOI between 1 and 10 was necessary to establish synchronous infection of primary

oligodendroglia. Duplicate cultures of primary 0-2A progenitors were infected with each MOI
shown and labelled with DAPI and antibodies against SFV proteins (AB53; AC17). The

percentage of DAPI labelled cells co-labelled with SFV was calculated. The experiment was

repeated twice (n = 3). Error bars represent the SEM, (standard error of the mean). This

experiment was repeated for mature primary oligodendrocyte cultures and similar data was

obtained (data not shown).

At the time that this work was being carried out, recombinant Semliki Forest

virus particles (virus-like particles) became available in the laboratory.
Virus-like particles (VLPs) were also used to study SFV-induced

oligodendroglial cell death. The initial rationale behind this decision was to

simplify fluorescent labelling. The recombinant vector (based on the SFV4

cDNA clone) contains enhanced green fluorescent protein (EGFP) in place of

the virus structural genes. This has two important consequences: infected

cells automatically fluoresce green and virion formation is impossible in the

absence of helper plasmids containing the envelope and capsid proteins.
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The neuropathology of VLP infection has not been completely elucidated.
VLPs were used in these experiments to determine whether apoptosis would

be induced in oligodendroglial cells if virion formation and virus budding do

not proceed as normal. Further information concerning the engineering of
VLPs is given in Appendix VII. The number of VLPs necessary to achieve

synchronous infection was also investigated and found to be between 1-10

(data not shown).

4.3.4 Dual labelling for Hoechst 33342 / PI staining

Cultures of 0-2A progenitors and oligodendrocytes were infected using an

MOI of 5 and stained with propidium iodide (PI) and Hoechst 33342

(Hoe33342 or H) before fixation. A fundamental difference between

Hoe33342 and PI is that Hoe33342 is membrane permeable whereas PI is not.

When jointly applied to live cultures, healthy cells stain H+ / PL and nuclear

staining is uniform in terms of colour saturation. In the event of cell damage,

necrotic cells label H" / PL cells or faintly H+ / PT and apoptotic cells are H+ /

PL. In terms of nuclear morphology, during the early stages of apoptosis,

clearly defined nuclear fragmentation is not always present (Collins et al.,

1997). Rather, the nucleus is intact but displays highly condensed chromatin

seen as blue-white dots within the nucleus. Figure 4.6A shows H / PI

labelling of an uninfected 0-2A culture and Figure 4.16C shows uninfected

oligodendrocytes. The majority of the cell nuclei are uniformly stained and

of similar size although apoptotic cells were also present. SFV-infected

cultures contain many cells displaying chromatin condensation and blebbing

(see Figure 4.6B and D). When cultures were infected with replication-

deficient viruses (VLPs), similar results were observed to those obtained with

SFV A7(74) infection (see Figure 4.6E and F).
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Cell death of SFV-infected oligodendrocyte lineage cells was followed over a

48-hour time course. Figure 4.7 shows the mean percentage of dead cells per

culture where death was attributable to apoptosis (blue lines) or necrosis (red

lines). The most obvious conclusion to be drawn from these data is that SFV

(and SFV vector) induced cell death was accomplished primarily through

apoptosis rather than necrosis. Necrotic cell death was negligible in
immature cultures, but accounted for around 10 % of the cell death per

culture in enriched mature oligodendrocyte cultures. Both infected and

uninfected cultures contained necrotic cells indicating that necrotic cell death

was unrelated to virus infection.
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Figure 4.6: SFV-infected primary oiigodendroglia labelled with Hoechst 33342 and

propidium iodide

Primary oligodendroglial cultures were infected with SFV or VLP at an MOI of 5 and labelled
with Hoechst 33342 (H) and propidium iodide (PI) to distinguish whether virus-induced cell
death occurred by apoptosis or necrosis. Cultures were stained with 1 pg/ml of each dye

prior to fixation according to the method described in Thuret et al., 2003. Apoptotic cells
were stained blue because they were H+ / PI whereas necrotic cells stained red because

they were H" / Pl+. A. Mock-infected 0-2A progenitors displaying normal H+ nuclei. B. SFV-
infected 0-2A progenitor cells. Note the presence of a minority of red PI stained necrotic
cells. Conversely the H+ (blue) nuclei bear one of the hallmarks of apoptosis i.e. nuclear

fragmentation. C. Mock-infected oligodendrocytes. D. SFV-infected oligodendrocytes

showing intense chromatin condensation (blue-white dots). E. SFV vector (VLP) infected O-
2A progenitor cells. F. SFV vector (VLP) infected oligodendrocytes. All experiments were

performed at 24 hpi.
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Figure 4.7: Virus-induced apoptosis and necrosis in primary glial cell cultures.

Graphs show the percentage of H+/PI" apoptotic cells (blue line) and the percentage of H7PI+
necrotic cells (red line) at 12, 24 and 48 hpi. Cultures were infected with SFV A7(74) at an
MOI of 1 or with virus diluent (control cultures). During cell enumeration, particular care was

taken not to overestimate the number of apoptotic cells by incorrectly counting apoptotic
bodies as evidence of whole cells. Scale bars represent the SEM for 3 experiments in which
at least 300 cells were counted.

In relation to the progression of this work these data illustrate an important

point. Although virus-induced cell death was apoptotic, cell death by

apoptosis in control cultures was high (approximately 22 % in 0-2A cell
cultures and 33 % in oligodendrocyte cultures). Clearly culture conditions

were not optimal for the survival of oligodendroglia in enriched cultures.
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4.3.5 Is there a difference between the induction of apoptosis in 0-2A

progenitor cells and adult oligodendrocytes?

The objective of the section of work was to discover whether the propensity
for SFV-induced apoptosis correlated with maturational status. Mixed glial

cell primary cultures were used for these experiments. In general, mixed
cultures can support all differentiation states of the oligodendrocyte lineage

(except PSA-NCAM+ vimentin+ pre-0-2A cells) and cell survival is greatly

improved compared to enriched cultures (Knapp, Bartlett & Skoff, 1987;

Knapp, Skoff & Sprinkle, 1988). Mixed cultures were labelled with
antibodies against oligodendroglial cell markers and caspase-3.

4.3.6 Culture of oligodendrocytes

The danger with using mixed cultures to study mature oligodendrocytes is

their dwindling number relating to astrocyte overgrowth (Suzumura et al.,

1984). Therefore minor changes were implemented based on the

observations of Rome et al., 1986. The substitution of HS with NBCS

significantly reduces astrocyte overgrowth, one reason being that NBCS has

higher levels of transferrin (Greer et al., 1996).

4.3.7 Immunostaining strategy

Identification of oligodendrocyte lineage cells in mixed primary cultures, or

in situ, is complicated by the fact that some cell markers are promiscuous in

terms of their expression (Raff et al., 1979). Gal-C and MBP were chosen
because they are reported to be specific for oligodendrocytes and no other
cell type (except for one report in vivo concerning GFAP+ / MBP+ cells; Dyer et

al., 2000). Whilst 04 is a specific marker for the pro-oligodendroblast, a
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population of cells exist that label with both 04 and gal-C (Bansal et al., 1989;

Ranscht et al., 1982). These cells are intermediate in terms of differentiation

between the pro-OL and the earliest mature oligodendrocyte (see Figure 4.8).

The proportion of 04+ / gal-C" cells, 04+ / gal-C+ cells and 04" / gal-C+ cells was

determined using dual immunostaining over DIV 1-17. Under these

culture conditions over 75 % of the 04+ cells were gal-C" at DIV 8, and thus

cultures used for 04 / caspase-3 staining were infected on DIV 8. Likewise,

gal-C+ / 04" cells were the major phenotype in DIV 12 cultures (over 70 %).

Only gal-C+ cells that were beginning to express myelin membranes were

counted.
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Figure 4.8: Glial cell marker expression during differentiation

Nestin and vimentin are amongst the earliest markers for the oligodendroglial cell lineage
and PLP is the latest myelin protein to be synthesised during myelination. 04 (sulfatide) and

gal-C are the two most commonly used glial cell markers, but care must be taken when

using these markers to study oligodendrocyte differentiation as pro-oligodendroblasts

express both markers for a limited period of time. Ag = antigen or cell surface marker. Ab =

antibody.
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Selective staining of 0-2A progenitors is also problematic in murine mixed

glial cell cultures. A2B5, whilst specific in rat cultures, stains astrocytes and
other glia in murine cultures. GAP-43, however, is specific for neurones and
0-2A progenitors / pro-oligodendroblasts in murine cultures (Fanarraga,

Sommer & Griffiths, 1995). Neurones do not survive longer than 4 to 5 days
in mixed primary culture (Suzumura et al., 1984) therefore cultures older

than DIV 6 were used in these experiments. Identification of 0-2A

progenitors in mixed cultures was also based on GAP-43 staining and

morphology ranging from bi- or tri-polar morphology.

4.3.8 Caspase-3 activation following VLP and SFV A7(74) infection.

Caspase-3 activation was chosen as a marker of apoptosis because it is the

key executor caspase, and is common to all apoptotic pathways. 0-2A

progenitors and pro-OLs were highly susceptible to SFV-induced apoptosis

as measured by caspase-3 immunolabelling at 30 hpi (see Figure 4.10). Once

differentiation into an early oligodendrocyte phenotype had occurred there

was a dramatic decrease in the percentage of cells undergoing apoptosis

from 72 % (in 04+ cells) to 19 % (in gal-C+) cells. The proportion of MBP+ cells

that co-labelled with caspase-3 was less still, on average only 5 % (see Figure

4.9). These experiments demonstrate that in mixed primary cultures

susceptibility to virus-induced apoptosis is inversely related to lineage

differentiation. When oligodendroglia were infected with VLPs under

identical conditions similar results were obtained. However, increased

resistance to virus-induced apoptosis was more apparent in the gal-C / MBP

oligodendrocyte group compared with the GAP-43 / 04 pro-OL group. On
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the other hand, SFV vector-induced apoptosis was more apparent in mature

oligodendrocytes than in the same cells infected with live virus (SFV A7(74)).

Figure 4.9: Activated Caspase-3 labelling of oligodendrocyte lineage cells.

Oligodendroglial cells in mixed culture infected with avirulent SFV (Figures A, C, D, F, G and

H) or VLP (figures B and E). A. 0-2A progenitors showing three surviving cells at 18 hpi.
Cells were stained green with antibodies against GAP-43 (AB19, AC85) and red for active
caspase-3 (AB47, AC90). B. As above at 30 hpi (NB. Images not taken of the same field of

view). C. A pro-oligodendrocyte stained red with 04 (AB63, AC29) showing a DAPI postive
nucleus at 30 hpi. D. Green MBP+ oligodendrocytes (AB42, AC86) were not postive for
active caspase-3 (staining as above) at 30 hpi. E. VLP infected mature oligodendrocytes
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(green) and active caspase-3 labelling at 30 hpi. F. gal-C positive oligodendrocytes stained

green (AB67, AC89) with antibodies against active caspase-3 (staining as above) at 30 hpi.
G. SFV-infected astrocytes do not die by virus-induced apoptosis at 30 hpi (astrocytes
stained red (AB71, AC91), SFV stained green (AB55, AC17). H. Enlargement of DAPI
stained nulei pre-fragmentation, showing chromatin condensation (bright spots).
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Figure 4.10: Caspase-3 labelling of oligodendroglial cells at different stages of
maturation.

Caspase-3 activation was highest in 0-2A progenitor cell populations in mixed primary
cultures than later more differentiated phenotypes at 30 hpi. Identical cultures seeded in 8

well chamber slides were infected with SFV A7(74) at an MOI of 5. The number of GAP-43+
cells per chamber was counted, followed by the number of Caspase-3+ / GAP-43+ cells for
the same chamber. Each chamber of the 8-well slide was counted until a minimum of 300

cells had been analysed. Cells counts were repeated for each glial cell marker plotted.
Scale bars represent the SEM. Caspase-3 labelling was performed using AB47 & AC90,
GAP-43 using AB19 & AC89, 04 labelling using AB63 & AC85, gal-C using AB68 & AC89
and MBP labelling using AB70 & AC04. Caspase-3 labelling of uninfected cultures at all
differentiation states was not greater than 3 % (data not plotted).

One explanation as to why VLP infection provoked more apoptosis than SFV

infection is that the over-expression of EGFP itself has been shown to

contribute to the amount of apoptotic cell death.
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4.3.9 What are the pathways involved in 0-2A progenitor apoptosis?

My final objective was to investigate the biochemical pathways operating in
0-2A progenitors in response to SFV infection by Western blotting.

Principally I was interested in whether cell death was induced through the

death receptor pathway (and therefore triggered by an external cue such as

cytokine expression) or through the mitochondrial pathway indicative of
intrinsic cell damage such as oxidative stress. In practical terms, enriched

immature and mature glial cell culture had to be optimised to produce bulk

cultures of 0-2A progenitor cells and oligodendrocytes with improved cell

viability. For Western blot studies it was also imperative that the cultures

were homogenous in terms of cell phenotype.

4.3.10 Preparation of primary 0-2A progenitors

Preparation of immature 0-2A progenitors was based on the method of Dyer

et al., 1996; 2000. These protocols advocate reduced handling and

manipulation of freshly isolated cells. Enzymatic dissociation was

performed for 10 minutes to achieve partial tissue digestion and cell

separation was reduced by trituration through a wide bore instrument such
as a glass Pasteur pipette. Although it is common practice to plate a single

cell suspension, the inclusion of small clumps of tissue can increase the

number of viable cells in the culture and the yield of 0-2A progenitors (Dyer

et al., 1996). Similar observations were made by Avellana-Adalid et al., 1996,

during the development of oligosphere cultures.
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Enrichment was brought forward to DIV 8-9, as higher proportions of
immature cells were present at this early stage in culture. Orbital shaking
was abandoned for Poduslo's method (Poduslo et al., 1985). Oligodendroglia
can be detached by banging the flasks 10 - 15 times on a bench top. Other

glia that detach during this process are removed later by plating the

supernatant on bacterial grade plastic.

4.3.11 Preparation of primary oligodendrocytes

The key objective for the preparation of enriched oligodendrocyte cultures
was to obtain highly differentiated (CNPase+) cells in bulk. Cell yields of
mature differentiated oligodendrocytes had been very low in previous

cultures. To encourage cell survival and differentiation cells were cultured

on more complex extracellular matrix molecules such as fibronectin and

laminin (Buttery & fFrench-Constant, 1999). The use of a complex
substratum enhances myelin membrane formation (Buttery & fFrench-

Constant, 1999; Chun et al., 2003). However, murine oligodendrocytes (as

opposed to rat) are prone to a higher rate of apoptosis in vitro and do not

differentiate as quickly as rat cells (personal communication: Phil Buttery;

Corley et al., 2001). To account for these observations oligodendrocyte media

was supplemented with 2 % serum and FGF-b (as described by Bansal et al.,

1996).

(i) 10 pg/ml PDL

(ii) 10 gg/ml PDL & 10 pg/ml fibronectin (Baron, Shattil & fFrench-

Constant, 2002)

(iii) 25 pg/ml laminin-2
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Fibronectin and laminin-2 were compared to the standard culture substrate,

poly-D lysine, by plating enriched oligodendrocyte cultures on these

Figure 4.11: MBP+ oligodendrocytes on different ECM substrates.

Primary oligodendrocytes were cultured on a variety of substrates to ascertain whether the
ECM influenced oligodendrocyte differentiation in vitro. In agreement with Buttery & fFrench-
Constant, 1999, increased myelin membrane formation was observed in cultures plated on

laminin-2. A. Primary oligodendrocytes cultured on 1 pg/ml PDL immunostained with an

antibody against MBP (AB42) and a goat anti-rat IgG antibody conjugated to FITC (AC04).
B. Primary oligodendrocytes (from a sister culture) cultured on 25 ng/ml laminin-2 and
stained as above. Immunostaining experiments were performed on three separate
occasions.

substrates for 6 days. The percentage of MBP+ oligodendrocytes per culture
was calculated and laminin-2 was found to be the most suitable for

supporting oligodendrocyte differentiation in vitro. On a substrate of PDL,

17.6 % of the total numbers of cells per culture expressed myelin membrane.
This figure rose to 23.9 % on a fibronectin substrate but increased

significantly to 66.2 % on a laminin-2 substrate (see Figure 4.11).

4.3.12 Initial testing for apoptotic protein expression

With the exception of Bcl-2, successful identification of many apoptotic

proteins such as TNF-a, Bid, caspase-8 and caspase-9 in SFV-infected

oligodendrocyte lineage cells was difficult. Initially these problems were

associated with non-specific background when using nitrocellulose
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membranes and 5 % milk powder as a blocking agent. This problem was

eliminated by substitution of nitrocellulose membranes for PVDF
membranes. However, many subsequentWestern blots were negative for all
of the apoptotic proteins tested for. To ensure that the absence of apoptotic

proteins was a feature of SFV infection of oligodendroglia and not a failure of

the technique, I tested all of the available secondary antibodies used by the

laboratory that had past their expiration date. The autoradiograph in Figure
4.12 shows the results of a slot blot to test whether the secondary antibodies
had become degraded over time. The only antibody that this was applicable
to was AC12, which was substituted for AC15.

AC08 12 15 18 24 25 26 28

Figure 4.12: Slot blot analysis to determine biological activity of secondary
antibodies conjugated to horse-radish peroxidase (HRP).

The specificities of the HRP conjugates are as follows: AC08, AC26 - goat anti-mouse IgG,
AC12, AC15 - sheep anti-mouse IgG, AC18 - donkey anti-rabbit IgG, AC24 rabbit anti-goat

IgG, AC25, AC28 - goat anti-rabbit.

To determine whether the immunolabelling protocol in general was at fault,

or whether the specific proteins chosen were not involved with SFV-induced

cell death, several positive controls were prepared. Apoptosis was induced
in B104 cells readily using 1 pM staurosporine, SFV infection at an MOI of 10
and 100 pM etoposide. The cultures were harvested at 1, 3, 6, 12, 24 and 48

hours after the apoptogenic agent was added. Corresponding live cultures

were labelled with DAPI to check for evidence of apoptotic cell death before
the whole cell lysates were assayed byWestern blotting. The best results

1:1000

1:200
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were achieved with 1 pM staurosporine at 6 hours post-treatment, 100 pM

etoposide at 12 h post-treatment and SFV A7 (74) at an MOI of 10 at 12 h (see

Figure 4.13). Untreated B104 cell lysates were also prepared for use as a

negative control where appropriate. Using the positive controls described

above, the protocol for apoptotic protein immuno-detection was optimised.
Western blots for caspase-3 confirmed earlier observations that

oligodendroglia do exhibit a maturation-dependent vulnerability to SFV

induced apoptosis.

Figure 4.13: Preparation of lysates from B104 cells for use as positive controls in

immuno-blotting experiments for apoptotic proteins.

A. Untreated B104 cells (plated at a lower seeding density) for morphological comparison. B-

D: B104 cells treated with: B. 100 pM etoposide C. 1 pM staurosporine and D. SFV A7(74) at

an MOI of 10.

In three separate cultures of SFV-infected 0-2A progenitor cells caspase-3

was activated, whereas no caspase-3 activation could be detected in cultures

of SFV-infected mature oligodendrocytes or control cultures. To investigate

the biochemical pathways operating in 0-2A progenitor apoptosis, cell

lysates were probed with antibodies against caspase-8 and caspase-9.
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Caspase-8 activation classically occurs following TNF and Fas death receptor

signalling. Extrinsically mediated apoptosis (i.e. via DR signalling) has been
documented following Hepatitis C and Influenza A virus infection (Brydon,

Smith & Sweet, 2003; Prikhod'ko et al., 2004). Figure 4.15 demonstrates that

caspase-8 was not activated in response to SFV infection in 0-2A progenitors,

or as expected in mature oligodendrocyte cultures. Etoposide was chosen to

induce caspase-8 processing for the preparation of a positive control based

on the work of Boesen-de Cock et al., 1998 & Lin et al., 2004. Although

caspase-8 cleavage is normally associated with death receptor activation

certain compounds such as etoposide and ceramide can cleave procaspase-2

and procaspase-8 in the absence of death receptor expression.

Activation of the caspase cascade did involve caspase-9 activation and Bax

upregulation following SFV infection of 0-2A progenitors (seeFigure 4.16

and 4.17).

0-2A cells Oligodendrocytes
— 28 kDa
— 17-19kDa

14 kDa

f

Figure 4.14: Western blot for caspase-3 activation in SFV-infected enriched primary
cultures.

0-2A progenitors (lanes left of black line) and mature oligodendrocytes (lanes to the right of
the black line) at 24 hpi with SFV at an MOI of 5. Wells were loaded with 30pg total protein

per lysate (as determined by the RC DC II Biorad kit). Blots were probed with an antibody

against the large fragment (17/19 kDa) of activated caspase-3 (AB47; 1:1000) and an anti-
rabbit IgG-HRP antibody (AC28; 1:10,000). Each blot contained lysates from 3 cultures that
were prepared and infected on separate occasions. Western blots were repeated once. The
lanes were loaded as follows: a. ECL protein marker, b. mock-infected culture, c. B104 cells

harvested at 6 h post-treatment with 1 pM staurosporine (positive control) d. SFV-infected
culture 1, e. SFV-infected culture 2, f. SFV-infected culture 3.
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Figure 4.15: Western blot for caspase-8 activation in SFV-infected enriched primary
cultures.

Caspase-8 expression in oligodendrocyte lineage cells infected with SFV A7(74) at 24 hpi

using a MOI of 5. Wells were loaded with 30pg total protein per lysate (as determined by the
RC DC II Biorad kit). Blots were probed with an antibody against the p20 fragment (55 kDa)
of activated caspase-8 (AB32; 1:1000) and an anti-goat IgG-AP antibody (AC56; 1:10,000).
Western blots were repeated twice with cell lysates prepared on separate occasions. The
lanes were loaded as follows: a. B104 cells 12 h post-treatment with 100 M etoposide

(positive control), b. mock-infected 0-2A cells, c. mock-infected oligodendrocytes, d. SFV-
infected 0-2A cells, e. SFV-infected oligodendrocytes, f. protein marker.

49 kDa.

38 kDa -

28 kDa"

0-2A progenitors mature oligodendrocytes

37
kDa

ab cd ef gh ijk

Figure 4.16: Western blot for caspase-9 activation in SFV-infected enriched primary
cultures.

0-2A progenitor cells (left) and mature oligodendrocytes (right) at 24 hpi with SFV at an MOI
of 5. Wells were loaded with 30pg total protein per lysate (as determined by the RC DC II
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Biorad kit). Blots were probed with an antibody against the large fragment (37 kDa) of
activated caspase-9 (AB80; 1:1000) and an anti-rabbit IgG-HRP antibody (AC28; 1:10,000).
Each blot contained lysates from 3 cultures that were prepared and infected on separate

occasions. Western blots were repeated once. The lanes were loaded as follows: a. ECL

protein marker, b. mock infected culture, c. B104 cells harvested at 12 h post-treatment with
SFV A7(74); MOI = 10 (positive control) d. SFV-infected 0-2A culture 1, e. culture 2, f.
culture 3, g. ECL protein marker, h. mock infected culture, i. B104 cells harvested at 12 h

post-treatment with SFV A7(74); MOI = 10 (positive control) j. SFV-infected oligodendrocyte
culture 1, k. culture 2, I. culture 3.

0-2A progenitors I Mature oligodendrocytes

abed e fgh

Figure 4.17: Western blot for Bax expression in SFV-infected enriched primary
cultures

Bax expression in 0-2A progenitor cells (left) and mature oligodendrocytes (right) at 24 hpi

with SFV at an MOI of 5. Wells were loaded with 30 pg total protein per lysate (as
determined by the RC DC II Biorad kit). Blots were probed with an antibody against the 25
kDa fragment of Bax (AB27; 1:500) and a goat anti-mouse IgG-HRP antibody (AC08;

1:5,000). Each blot contained lysates from 3 cultures that were prepared and infected on

separate occasions. Western blots were repeated once. The lanes were loaded as follows:
a. ECL protein marker, b. SFV-infected 0-2A culture 1, c. culture 2, d. culture 3, e. B104
cells harvested at 6 h post-treatment with 1 pM staurosporine (positive control) culture 2, f.
SFV-infected oligodendrocyte culture 1, g. culture 2, h. culture 3.

4.3.13 Conclusions from Western blotting experiments

Analysis of the proteins that mediate SFV-induced apoptosis in enriched
cultures of oligodendrocyte lineage cells was restricted by the availability of

suitable antibodies in the laboratory. However, these data clearly and

consistently show that SFV induced apoptosis of 0-2A progenitor cells but
not terminally differentiated oligodendrocytes. Detection of caspase-9
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activation but not caspase-8 activation suggests that virus infection triggered
the intrinsic pathway that is classically associated with cell stress.

Furthermore, Bax expression was also upregulated in 0-2A progenitor cells

but not mature oligodendrocytes. These data provide further support for the

hypothesis that immature and mature oligodendrocytes activate their death

programs differently depending on maturational status. However, the
omission of an uninfected control sample in the Western blots for Bax means

that it is not possible to conclude that Bax is upregulated as a consequence of
SFV infection.

4.4 Discussion

High levels of apoptosis were initially observed in enriched cultures used for

SFV infection controls. Oligodendrocyte lineage survival in vitro was

drastically improved in mixed cultures compared to cultures enriched for

oligodendrocytes. These observations can be explained by the fact that

oligodendrocytes require multiple extracellular signals (provided by cell-to
cell contact and secreted factors) for long-term survival. Optimisation of

oligodendroglial survival was a fundamental prerequisite for studies of

virus-induced cell death. Indeed, Bhat, Barbarese & Pfeiffer, 1981),

illustrated that isolated oligodendrocytes were substantially less active (in
terms of sulphatide, CNP and MBP synthesis) than their mixed culture

counterparts using rat primary cultures. These observations suggest that cell
differentiation and other functions dependent on myelin proteins are

impaired in the absence of non-oligodendrocyte cell signals.

Recent studies have demonstrated that interactions between cell-surface

integrins and extracellular matrix molecules can influence the effects of
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growth factor stimulation. During oligodendrocyte development, growth
factors such as PDGF and FGF-b can mediate cell proliferation, survival or

differentiation. Oligodendrocyte culture on a laminin-2 substrate enhanced

myelin membrane formation and cell spreading (Chun et al., 2003). Corley et

al., 2001, elegantly demonstrated that oligodendrocyte survival in vitro

improved because of laminin expression on astrocytes, using astrocyte co-

cultures. Oligodendrocytes and their precursors express a limited repertoire

of integrin receptors: avpi; avfh; ouPs; avp8; a,bPi (Milner & fFrench-Constant,

1994). The otbPi receptor is expressed late during differentiation into a

mature oligodendrocyte and thereafter throughout the lifetime of the cell.

Binding to a laminin-2 substrate (normally expressed on astrocytes and

neurons in vivo) enhances the sensitivity of oligodendrocytes to the survival

effects of growth factors such as PDGF (Frost et al., 1999; Colognato et al.,

2002).

To study the apoptotic pathways that operate in oligodendroglia, cells were

infected with avirulent SFV and replication-deficient VLP's. The outcome of

infection was extremely similar with both the vector and the wildtype virus

indicating that SFV triggers apoptosis before virion assembly and budding

(which don't occur in VLP infection). During the sculpting of the nervous

system around 50 % of all oligodendrocytes die by apoptosis induced by

competition for trophic support (Barres et al., 1992a). Clearly

oligodendrocyte lineage cells are born with functional apoptotic machinery.

Pathways lo apoptosis are retained in the adult oligodendrocyte. At times of

neuroinflammation, oligodendrocytes are more sensitive to apoptosis

induced by cytotoxic cytokines, ceramide activation and GD3 secretion than
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either astrocytes or neuronal cell populations (Casaccia-Bonnefil, Aibel &

Chao, 1996; Selmaj & Raine, 1988; Simon et al., 2002).

However, in this study, SFV infection of primary mature oligodendrocytes
did not induce apoptosis; a finding supported by Scurlock & Dawson, 1999.

In their study, mature oligodendrocytes both TNF-a and ceramide treatment

induced apoptosis in immature but not mature oligodendrocyte cells.

SFV-induced apoptosis of immature cells (defined by GAP-43 and 04

expression) was dependent on caspase-9 activation suggesting that SFV

triggers the mitochondrial pathway to apoptosis. The role of Bax in virus
induced oligodendrocyte cell death requires further characterisation. In a

study by Dong et al., 2003, mature oligodendrocyte survival was enhanced in
Bax-deficient mice compared to wild type mice following a variety of

apoptotic triggers. It would be interesting to address whether the absence of
Bax in virally infected mature oligodendrocytes was due to suppression by

other anti-apopototic Bcl-2 family members or a failure of gene transcription.
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Chapter 5: SFV infection of BALB/c
and nu/nu mice

5.1 Introduction

Earlier experiments (described in Chapters 3 and 4) demonstrated that 0-2A

progenitor cells rapidly undergo virus-induced apoptosis. The response to

avirulent SFV infection of mature oligodendrocytes, however, requires

further characterisation. This work sets out to address the fate of virally

infected oligodendrocytes in the adult rodent host. Analysis of SFV

pathogenesis was based on the use of mouse brain tissue sampled at serial

time-points and rapidly fixed. Thus, the third experimental system (the

study of brain tissue from experimentally infected rodents) is unarguably a

closer approximation to infection "in vivo" than either continuous or primary
cell culture. It has the advantage that the cells under study are in situ and

have not been dissociated from their complex microenvironment.

Experimental SFV infection has been studied in detail in BALB/c mice via the

intraperitoneal route (for review see Fazakerley, 2004). All strains of SFV are

neuroinvasive and can cross the blood-brain barrier (Pathak & Webb, 1974;

Soilu-Hanninen et al., 1994). Thereafter, small perivascular foci of infection

are established (Fazakerley et al., 1993). Virus primarily infects neurons and

oligodendrocytes and the infection in generally non-cytopathic with the

exception of cerebellar granule cells (Amor et al., 1996; Glasgow et al., 1997;

Khalili-Shirazi, Gregson & Webb, 1988; Oliver et al., 1997). In BALB/c mice,

the plasma viraemia is cleared by neutralising IgM antibodies, whereas
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infection of neural cells is curtailed by the IgG response (Amor et al., 1996).

IgG directed against the E2 envelope protein can abolish virus infectivity in
the CNS by PID 10, but not eliminate all traces of viral RNA. The presence of

viral RNA in infected cells elicits an inflammatory response and anti-viral

CD8+ T-cells initiate primary demyelination by day 10 (Amor et al, 1996;

Subak-Sharpe, Dyson & Fazakerley, 1993).

The course of i.p. infection with avirulent SFV in "nude" mice is different
from that in BALB/c mice. The "nude" or "nu/nu" mouse was first described

by Flanagan, 1966. Nude mice are athymic and as a result they have severely

impaired T-cell dependent responses and no IgG antibodies (Wortis, Nehlsen
& Owen, 1971). Following i.p. infection nu/nu mice develop a transient

viraemia and succumb to persistent sub-clinical infection. Hence the

outcome of SFV A7(74) infection of nu/nu mice is persistent viral infection

with the absence of CNS demyelination. In this work both BALB/c and nude

mice were studied to compare the effects of T-cell mediated immune

responses on the outcome of mature oligodendrocyte infection.

5.2 Experimental design

Previous studies of avirulent SFV infection of adult mouse brain were

classically undertaken by intraperitoneal inoculation. If the virus is

inoculated intracerebrally the gross distribution of virus is strikingly

different. Studies from the Fazakerley laboratory (Oliver, 1995) using in situ

hybridisation revealed that viral RNA was primarily confined to white
matter tracts, in particular, the corpus callosum, the internal capsule and the

cerebellum (see Figure 5.1). Therefore, this study was carried out following
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intracerebral inoculation to maximise the likelihood of infection of mature

oligodendrocytes.

A inoculation site g
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Figure 5.1: The distribution of avirulent SFV varies depending of the route of
inoculation in adult mouse brain.

Viral RNA was detected by in situ hybridisation and autoradiography in 5-week old BALB/c
mice at PID 4. A. 5000 PFU SFV was inoculated via the i.p. route resulting in discrete foci of
infection showing a perivascular distribution. B. 5000 PFU SFV was inoculated via the i.e.
route resulting in a restricted white matter tract infection principally of the corpus callosum
and internal capsule. — cc indicates the rostro-caudal extent of the corpus callosum stained
black below. This work was carried out by Oliver, 1995 and is reproduced with permission.

Although the corpus callosum is not solely comprised of oligodendroglia, by
P60 oligodendrocytes comprise as much as 70 % of the rat corpus callosum

(Paterson et al., 1973). The majority of cell somas found in the corpus

callosum in 5-week old mice are also those of mature interfascicular

oligodendrocytes and interfascicular astrocytes (Kettenmann & Ransom,

1995). Figure 5.2 illustrates the commonly observed alignment of

interfascicular oligodendrocytes in white matter.

Twenty five adult BALB/c mice and twenty five nu/nu mice (on a BALB/c

background) were inoculated intracerebrally with 1000 PFU of SFV A7(74) or

PBSA, for control mice. All animals were age and sex matched (5-week old

females) and 3-4 mice were sampled at post-infection day (PID) 2, 4, 6, 10,
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18 and 31 (see Table 5.1). Mice were terminally euthanised and the brains

were removed following standard protocols.

Figure 5.2: Virally infected oligodendrocytes in mouse brain

This image shows SFV infected putative oligodendrocytes, labelled with DAB, in the white
matter of mouse brain (reproduced with permission from John Fazakerley). Intrafascicular

oligodendrocytes are typically arranged in contiguous chains in white matter.

The brains were bisected along the sagittal midline and the left half brains

were embedded in paraffin wax and cut into 5 pm-thick sections. The right
half brains were snap-frozen and cut into 10 pm-thick frozen sections. The

reason that each sample was processed for cryostat and paraffin histology
was to maximise the chance of successful immunostaining. Depending on
the availability of suitable antibodies, serial sections (from either paraffin
embedded or cryostat sections) would be stained for SFV proteins, markers

of apoptotic cell death and for stage-specific markers of differentiation in the

oligodendrocyte lineage. One PID 4 brain from each group was bisected

coronally to facilitate micro-dissection of a piece of the corpus callosum from

a coronal slice made using a Herschovitz rat brain slicer (Jacobowitz, 1974).

The tissue was immediately processed for electron microscopy analysis to

study apoptotic cell death. Figure 5.3 shows how the brain sections were

divided into groups for histological staining techniques to establish whether
or not virus-induced cell death and neuropathology had occurred.
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Table 5.1: Details of the animals used in this study.

Group Mouse strain Inoculum PID Number Sampling
A BALB/c SFV 2 3 2S, 1C

4 4 2S, 2C
6 3 2S, 1C
10 3 2S, 1C
18 3 2S, 1C
31 3 2S, 1C

B BALB/c PBSA 4 2 IS, 1C
control 6 2 IS, 1C

31 2 IS, 1C
C BALB/c nu/nu SFV 2 3 2S, 1C

4 4 2S, 2C
6 3 2S, 1C
10 3 2S, 1C
18 3 2S, 1C
31 3 2S, 1C

D BALB/c nu/nu PBSA 4 2 IS, 1C
control 6 2 IS, 1C

31 2 IS, 1C

S = sagittal, C = coronal, PID = post-infection date.

5.2.1 Choice of Immunostaining techniques

The aim of the immunostaining experiments was to demonstrate the

presence or absence of apoptotic markers in virally infected

oligodendrocytes. It was not possible to do triple labelling of mouse brain
sections due to the lack of appropriate antibodies. Therefore double

immunofluorescence using two of the three markers (viral, apoptotic or

oligodendroglial) was performed on consecutive serial sections coated on

separate microscope slides. This strategy was chosen to allow different

immunostaining of the same "cellular landscape" as each section was 5-15

pm thick. All three sets of double staining were incubated simultaneously,

and each experiment was repeated between three and six times.

230



Bisected along sagittal or coronal midline Bisected coronally

Left half brain

fixed in

paraffin wax

Immune

pathology
examined by
H&E

staining

| Right half brain
[frozen for cryostati

sections

Evidence of

virus-induced j
apoptosis : SFV f\

DAB and

TUNEL/NBT j
staining

[Analysis using
confocal

| microscopy

Micro-dissection of the a

piece of corpus callosum
taken from a 1mm thick

midline coronal section

7
cortex

c.callosum

ventricle

Myelin loss
examined by
Luxol Fast Blue

staining

Double indirect

! immunostaining with
Texas Red and FITC

conjugates:
1. SFV & CNPase

2. SFV & caspase-3
j 3. CNPase & caspase-3

Analysis using
electron

microscopy

Figure 5.3: Diagrammatic representation of experimental design.
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5.3 Results

5.3.1 Setting up the study: SFV screen

Paraffin wax embedded sections from each sample were analysed before

cryostat sections because of their superior tissue preservation and because
DAB immunohistochemistry had been previously optimised for SFV

infection. The initial SFV screen showed that none of the control animals

inoculated with PBSA contained any evidence of viral staining. Some of the

animals inoculated with SFV rather than PBSA were also negative for virus

in the sections examined. This was a predictable outcome because of the

imprecise nature of i.e. inoculation. If the inoculation was not strictly mid-

sagittal or mid-coronal, one side of the brain became preferentially infected
and as both sides were sampled, some animals were false negatives for virus.

These samples were sectioned again to look for virus infection in other parts

of the corpus callosum, but it was not always possible to use samples from

three separate time-points for each group of mice under study.

The gross distribution of virus infection was assessed by light microscopy.

The vast majority of infected cells were found in the corpus callosum (see

Figure 5.4), and were presumed to be interfascicular oligodendrocytes.
Infected oligodendrocytes were also occasionally found in the white matter
tracts of the cerebellum. Neurones were rarely infected except in the cortex

where damage from the needle tract was observed or adjacent to the corpus

callosum. However, it was notable that the infection did not spread beyond

the first layer of neurones into more distant layers in the cortex,

hippocampus or striatum. In summary, i.e. inoculation of BALB/c and nu/nit

mice, as illustrated by earlier work (Oliver, 1995), resulted in infection

predominantly of the white matter.
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Figure 5.4: Widespread corpus callosal distribution of SFV infected cells in a nu/nu
mouse at PID 4.

5.3.2 SFV infection of BALB/c mice.

To observe the extent of SFV infection over time the number of SFV positive

cells in the corpus callosum was quantitated (see Figure 5.5). In general

terms the extent of infection, although highly variable from animal to animal,

peaked at PID 4 and remained high at PID 6.

Viral infection at PID 2 was focal in nature, and often surrounded the site of

inoculation, (see Figure 5.6A). At PID 4, virally infected cells were present

along the whole length of the corpus callosum (in the sagittal plane), see

Figure 5.6C and Table 5.2. It can be inferred that the virus had spread within

the corpus callosum during this time. The number of virus positive cells
declined dramatically between PID 6 and PID 10, (see Figure 5.6E). Less

than 5 virus-positive cells were observed at PID 18 and none were found in
PID 31 brains infected with SFV (see Figure 5.5). Positive staining for virus

was absent in all mock-infected BALB/c animals (see Figure 5.6H). In many

paraffin-embedded sections tearing along the corpus callosum was observed.
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Figure 5.5: Composite demonstrating the distribution of SFV protein in the corpus

callosum following i.e. inoculation of virus (A-G).

Indirect immunolabelling using rabbit anti-SFV polyclonal antibody (AB24). AB24 was

detected with a goat anti-rabbit antibody (AC07) and the signal was amplified using a

Vectastain ABC kit and diaminobenzidine (DAB). H. BALB/c mock-infected sample, *
denotes tear in the corpus callosum.
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Figure 5.6: Double SFV and TUNEL immunolabelling (A-F).

A. Mock-infected BALB/c mouse, B. Mock-infected nu/nu mouse, C. Virus positive cells
maintain a normal compact nuclear morphology at PID 4 in both mouse strains (image -

BALB/c mouse). The cytoplasm of infected cells stained brown for virus proteins delineating
clear unstained nuclei (see arrowheads), D. Virus positive cells are swollen and contain large
vacuoles (*) in nu/nu mice at PID 6. Rarely TUNEL co-localises with SFV immunolabelling

(arrowhead) and magnified area (F.). However, TUNEL stained debris was typically seen

adjacent to infected cells or interspersed with virus positive cells in the corpus callosum (D.

inset), E. Virus positive cells and TUNEL positive nuclei show the same juxtaposition in
BALB/c infected brain at PID 6. Extensive vacuolation is evident. H & E staining at PID 6 of
BALB/c mice (G) and nu/nu mice (H,). Arrowheads indicate inflammatory infiltrates of
mononuclear cells, frequently observed in vacuolated areas at PID 6.
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Although it was initially assumed that extensive tearing was a feature of
virus-induced pathology, tissue tears were also present in mock-infected

mouse brain sections (see Figure 5.6H). Therefore, disruption of the corpus

callosum represented an artefact resulting from tissue processing.

Table 5.2: Time course of infection and associated pathology in the corpus callosum
of BALB/c mice following i.e. inoculation of virus.

PID Extent of virus
Infection

Vacuolation

(DAB stain
Demyelination
(I I B stain)

2 + + -

_

4 + + + + +
—

6 + + + + + + +

10 + * + + + + + +

18 + + + + +

31
—

+ + + + +

Groups of three to four mice were sampled at each time point. Half brains were processed
for paraffin histology and 5 serial sections were screened to assess the extent of infection.
Of the slides containing the sites of infection, 3 consecutive sections were stained with Luxol
Fast Blue (LFB) and Cresyl Violet to study white matter tract pathology and likewise for

haematoxylin and eosin (H & E) staining to examine inflammatory infiltration (data not

shown). All histology slides were coded and examined without bias to origin and this

analysis was repeated twice. * The majority of immunostained cells were swollen with large
intracellular vacuoles. Extent of infection: + one to five infected cells, ++ more than five

cells widely scattered or in 1 focus, +++ more than two foci, ++++ widespread distribution
approximating to 40 to 60 % of the corpus callosum, +++++ confluent infection representing
more than 60 % of the corpus callosum. Extent of vacuolation: + less than 5 vacuoles in
infected regions of the corpus callosum, ++ majority of infected nuclei are associated with
vacuoles, +++ all nuclei associated with vacuoles, ++++ tissue completely vacuolated and
little evidence of original cell nuclei. Extent of demyelination: + evidence of myelin

thinning, ++ clear regions of demyelination in the corpus callosum +++ sections of the corpus

callosum completely disrupted through loss of myelin.
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Figure 5.7: Number of virus-positive cells in the corpus callosum of BALB/c mice
over time.

The number of infected cells was quantified by counting the number of DAB labelled cells

present within the confines of the corpus callosum (cc). Paraffin embedded sections were
viewed by light microscopy using a x 20 or x 40 objective lens. Virus positive cells were
counted by sequential scanning of the corpus callosum originating at the rostral end. Four

separate mouse brain sections were viewed for each mouse in the study. Each bar in the

figure represents the mean number of SFV positive cells / cc and the error bars represent
the standard error. Control data not plotted.

5.3.3 Virus-induced cell death

As there are many temporal stages to apoptosis, not to mention several

distinct pathways to cell death, two assays were carried out to detect

apoptotic cell death. Analysis by electron microscopy was used to detect

morphological changes and terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-end labelling, (TUNEL) was used to detect DNA

fragmentation. The TUNEL technique demonstrates DNA strand breaks by
detection of free 3' hydroxyl groups are absent in normal cells (Modak &

Bollum, 1972; Gavrieli, Sherman & Ben-Sasson, 1992). It has been
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Figure 5.8: Number of TUNEL-positive cells in the corpus callosum of SFV-infected
BALB/c mice over time.

The number of cells exhibiting DNA fragmentation was quantified by counting the number of
BCIP/NBT labelled cells present within the confines of the corpus callosum (cc). Paraffin
embedded sections were viewed by light microscopy using a x 20 or x 40 objective lens.
TUNEL positive cells were counted by sequential scanning of the corpus callosum

originating at the rostral end. Four separate mouse brain sections were viewed for each
mouse in the study. Each bar in Figure 5.8 represents the mean number of TUNEL positive
cells / cc and the error bars represent the standard error. Control data from uninfected mice
has not been plotted as sections were virtually negative.

widely used to document apoptosis in the CNS (Fazakerley et al., 2002;

Jackson, 1999; Sammin et al., 1999) but there has been some controversy as to

how stringent this technique is (Charriaut-Marlangue & Ben-Ari, 1995; Grasl-

Kraupp et al., 1995). Whilst this issue remains unresolved TUNEL can still be

considered a good marker for DNA fragmentation.

Both SFV immunolabelling and TUNEL were performed in paraffin
embedded sections. TUNEL was the method of choice because it is suitable

for paraffin embedded samples and it provides good co-localisation with
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SFV antibodies, since the former is a nuclear stain and the latter cytoplasmic.
Mock-infected tissue was negative for SFV throughout the time course of this

experiment and only occasional TUNEL positive cells were detected,

representative of normal cellular turnover (see Figure 5.6A).

In SFV infected tissue at PID 2 and PID 4, infected cells (putative

oligodendrocytes) had a normal appearance. The cytoplasm was stained

brown indicating the presence of virus proteins and the unstained nuclei had

a normal compact morphology (see Figure 5.6C). These results demonstrate

that virally infected cells were not apoptotic at these early time points.

Intriguingly, TUNEL positive nuclei were scattered throughout the corpus

callosum, but showed no co-localisation with virus protein. The number of

TUNEL stained pycnotic nuclei was greatest between PID 4 and PID 6 in

infected mice, coincident with the highest levels of infection (see Figure 5.7

and Figure 5.8). By PID 6 most virally infected cells appeared swollen and

contained large, clear vacuoles (see Figure 5.6E). In some cases the margins

of a vacuole was highlighted by dense aggregates of immunostained

material, believed to be the remnants of condensed cytoplasm. At this time-

point TUNEL positive nuclei were often located adjacent to or proximal to

virally infected cells.

Evidence of apoptotic or necrotic death of virus-infected cells of the corpus

callosum was also sought by electron microscopy. Identification of

interfascicular oligodendrocytes was based on morphology. Direct

demonstration of the membranes between oligodendrocyte somas and

myelin sheaths is inherently difficult, because myelin sheaths become longer

and more tortuous in the adult central nervous system (Peters, Palay &
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Webster, 1991). Therefore several morphological criteria were used in

conjunction to identify these cells. Interfascicular astrocytes could be

distinguished from oligodendrocytes by the presence of intermediate

filaments and their relatively lucent cytoplasm (Penfield, 1924; Peters, Palay
& Webster, 1991). Three of the following criteria were used to identify

oligodendrocytes in the corpus callosum:

> Marked density of nucleus and cytoplasm due to microtubules and an

abundance of free ribosomes

> Prominent golgi apparatus and rough endoplasmic reticulum; the

cisternae are characteristically flattened in a circumferential manner

> Small eccentric nucleus containing chromatin that has a more dense

"clumpy" appearance compared with other cells of the nervous

system.

> The presence of oligodendrocyte processes

> Continuity between an oligodendrocyte plasma membrane and an

axonal myelin sheath

EM analysis of sections of the corpus callosum from mock-infected animals

indicated that the majority of the cells present were, as expected,

oligodendrocytes (see Figure 5.9). The nuclei and cytoplasm showed no

signs of apoptotic cell death. Sections of the corpus callosum from infected

animals contained regions of cell loss and considerable debris (see Figure

5.10).
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Figure 5.9: Electron micrograph of the corpus callosum in a BALB/c mouse 4 days
after i.e. inoculation of virus diluent (PBSA).

A representative uninfected oligodendrocyte (OL) identified by its process (Op) and dense
nuclear and cytoplasmic appearance. The cell contains highly developed Golgi apparatus

(arrowheads) and rough endoplasmic reticulum (asterisks). Magnification x 5000.
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Figure 5.10: Electron micrograph of the corpus callosum in a BALB/c mouse 4 days
after i.e. infection with SFV.

An apoptotic body containing translucent cytoplasmic granules (asterisk) and compacted

organelles. Note general cell debris and lack of tissue architecture. Magnification x 13,000.

5.3.4 Neuropathology

The persistence of large vacuoles between PID 4 and 10 suggests a degree of
cell loss irrespective of the mechanism by which cell death occurred. A

significant inflammatory response, mainly comprised of mononuclear cells,
was first observed in the corpus callosum at PID 6 (see Figure 5.6G). The

corpus callosum showed signs of hypercellularity and myelin pathology,

present in the form of myelin thinning. Within 4 days, lesions of

demyelination were evident within the corpus callosum and the cerebellum
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(see Figure 5.11C, D and Table 5.3). Demyelination was most noticeable at

PID 18 and was frequently associated with extensive inflammatory

infiltrates, (see Figure 5.HE). Few virus positive cells were present at PID 10

(indicative of the resolution of infection by specific immune responses) and

completely absent in later time-points. The cytoarchitecture of the corpus

callosum at PID 31 was more vacuolated than that of the mock-infected

animal. Evidence of inflammation in control animals was only found at the

needle tract, presumably a consequence of physical trauma.
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Figure 5.11: Luxol fast blue / Cresyl violet stained sections to show inflammatory
infiltrates and demyelination in mice.

A. Normal myelination in mock-infected BALB/c mice and in B. mock-infected nu/nu mice,
both at PID 18. C. Dotted elipses highlight demyelinated areas of the corpus callosum (cc)
and arrowheads denote perivascular cuffs. BALB/c mouse at PID 10, D. same image
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magnified twice. E. Extensive perivascular cuffing bordered by a zone of demyelination (dm)
in a BALB/c mouse at PID 10. F. Widespread tissue vacuolation (arrowheads) and myelin

thinning were apparent in nu/nu mice at PID 6.

Table 5.3: Time course of infection and associated pathology in the corpus callosum
of nu/nu mice following i.e. inoculation of virus.

PID Extent of virus
Infection

Vacuolation
(DAB stain

Demyelination
II FB staint

2 + -

4 + + + + +

6 + + + * + + +

10 + + * + + + +

18 + + * + + + + + + +

31 + * + + + + + +

Groups of three to four mice were sampled at each time point. Half brains were processed
for paraffin histology and 5 serial sections were screened to assess the extent of infection.
Of the slides containing the sites of infection, 3 consecutive sections were stained with Luxol
Fast Blue (LFB) and Cresyl Violet to study white matter tract pathology and likewise for

haematoxylin and eosin (H & E) staining to examine inflammatory infiltration (data not

shown). All histology slides were coded and examined without bias to origin and this

analysis was repeated twice. * The majority of immunostained cells were swollen with large
intracellular vacuoles. Extent of infection: + one to five infected cells, ++ more than five

cells widely scattered or in 1 focus, +++ more than two foci, ++++ widespread distribution

approximating to 40 to 60 % of the corpus callosum, +++++ confluent infection representing
more than 60 % of the corpus callosum. Extent of vacuolation: + less than 5 vacuoles in
infected regions of the corpus callosum, ++ majority of infected nuclei are associated with
vacuoles, +++ all nuclei associated with vacuoles, ++++ tissue completely vacuolated and
little evidence of original cell nuclei. Extent of demyelination: + evidence of myelin

thinning, ++ clear regions of demyelination in the corpus callosum +++ sections of the corpus

callosum completely disrupted through loss of myelin.
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5.3.5 SFV infection of nu/nu mice

Intracerebral inoculation of virus in nu/nu mice resulted in the same white

matter distribution observed in BALB/c mice. The extent of virus infection

was also similar, between PID 2 and PID 6, although marginally more cells

were infected (see Figure 5.12; Figure 5.5; Figure 5.6B, D). Quantification of

SFV infected cells and TUNEL positive nuclei revealed that, once again, the

highest level of apoptotic cell death occurred at the same time as that of the

most abundant infection (see Figure 5.12 and Figure 5.13). In control

uninfected mice TUNEL positive cells were extremely rare (representing one

or two dead cells per whole brain).

In the infected mice virus positive cells that were swollen, or contained

vacuoles, were more prevalent at PID 4 and PID 6 in nu/nu mice compared to

BALB/c mice. The spatial relationship between virus positive cells and

TUNEL positive nuclei was similar in both strains of mice. TUNEL positive
nuclei were scattered throughout infected areas of tissue but rarely adjacent

to virus-infected cells. Dual immunolabelling experiments demonstrated

that double positive cells were extremely rare; only 1 or 2 cells were observed

in the analysis of 19 mice (see Figure 5.6D, F).
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Figure 5.12: Number of virus-positive cells in the corpus callosum of nu/nu mice
over time.

The number of infected cells was quantified by counting the number of DAB labelled cells

present within the confines of the corpus callosum (cc). Paraffin embedded sections were
viewed by light microscopy using a x 20 or x 40 objective lens. Virus positive cells were
counted by sequential scanning of the corpus callosum originating at the rostral end. Four

separate mouse brain sections were viewed for each mouse in the study. Each bar

represents the mean number of SFV positive cells / cc and the error bars represent the
standard error. Control data not plotted.

The course of infection was protracted compared to that of BALB/c mice.

Infected cells were present in all samples from PID 2 to PID 31, with a rise in

number occurring at PID 18 (see Table 5.3; Figure 5.5F, G; Figure 5.12). On

the contrary, virus was cleared from the brain in BALB/c mice between PID
11 and 17. Furthermore, the scale of vacuolation and cell loss in the nu/nu

mice was far greater at each time point compared to BALB/c mice (see Figure

5.11F).
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Figure 5.13: Number of TUNEL-positive cells in the corpus callosum of SFV
infected nu/nu mice.

The number of cells exhibiting DNA fragmentation was quantified by counting the number of
BCIP/NBT labelled cells present within the confines of the corpus callosum (cc). Paraffin
embedded sections were viewed by light microscopy using a x 20 or x 40 objective lens.
TUNEL positive cells were counted by sequential scanning of the corpus callosum

originating at the rostral end. Four separate mouse brain sections were viewed for each
mouse in the study. Each bar represents the mean number of TUNEL positive cells / cc and
the error bars represent the standard error. Control data from uninfected mice has not been

plotted as sections were virtually negative.
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To determine whether the loss of oligodendrocytes and demyelination

observed in BALB/c mice between PID 10 and 18 was dependent on the T-

cell response, haematoxylin and eosin staining, and luxol fast blue staining
were carried on sections from nu/nu mice. The extensive inflammatory

infiltrates observed in BALB/c mice were not visible at any time point in

nu/nu mouse brain sections (see Figure 5.6G, H and Figure 5.11F). Areas of

infection contained individual inflammatory cells that may have been

activated microglia or blood derived macrophages. However,

oligodendrocyte pathology was present as early as PID 6 (myelin thinning)
and demyelination in the corpus callosum occurred between PID 10 and 31

(see Table 5.3). Persistence of virus infection at PID 10 was concomitant with

primary demyelination and vacuolation of white matter tracts.

5.3.6 Investigation into the specific cell types infected in the corpus callosum

Once double SFV/TUNEL staining experiments were complete, it had been

intended to label sections with antibodies against mature oligodendrocytes
in combination with SFV or caspase-3. CNPase is an intracellular enzyme

specific for myelinating oligodendrocytes and has been used in the literature

to identify mature oligodendrocytes derived from the rodent CNS (Brenner

et al., 1986). However, when used to stain oligodendrocytes in white matter

tracts it stains myelin membranes intensely. Individual cell somas were
obscured by heavy labelling of myelin membranes (see Figure 5.14). Despite

titration a reduction in brown colour intensity was not possible. There are

few commercial antibodies available that are suitable for paraffin-embedded

sections. The RIP monoclonal antibody was considered as an alternative to

CNPase, based on the work of Freidman et al., 1989. Unfortunately, this
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antibody does not work well in mouse tissue as opposed to rat tissue

(Professor Brophy: personal communication).

Figure 5.14: CNPase labelling in paraffin mouse brain sections

SFV infected BALB/c mouse brain at PID 4. A. Heavy myelin staining in the corpus

callosum using DAB as a substrate for CNPase antibody labelling (AB25). B.

Oligodendrocyte somas in the grey matter (same section as B) can be distinguished in the
absence of myelin membranes using DAB.

Further immunohistochemistry was performed using cryostat sections from

the opposite half brains withheld at the beginning of this experiment.

Although paraffin-embedded sections favour good tissue preservation,

antibody penetration is hampered by the rigorous fixation process that often
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destroys the epitopes recognised by antibodies. Antigen retrieval was

necessary for SFV immunostaining and it may have been the disruptive
effects of these treatments that lead to the exposure of CNPase in myelin. A

panel of antibodies were optimised against CNPase and SFV so that dual

labelling with an anti-caspase-3 antibody was possible. Sections were

initially analysed using a standard fluorescence microscope. Fiowever, in
some samples it was not clear whether different antibodies were co-localised

or whether they appeared so because of fluorescence bleed-through. The

experiments were repeated using lower antibody concentrations and

analysed by confocal microscopy to maximise the likelihood of clearly

documenting single mature oligodendrocytes.

The results of dual SFV / CNPase staining in cryostat sections confirmed that

SFV infection in the corpus callosum was specific to mature oligodendrocytes

(see Figure 5.15C, D and Figure 5.16E, F). Dual staining with antibodies

against CNPase and caspase-3 confirmed earlier results gained from SFV

immunolabelling in conjunction with TUNEL staining i.e. labelled mature

oligodendrocytes were not dying by apoptosis (see Figure 5.15A, B and

Figure 5.16C, D).

Cells of the corpus callosum that were dying by apoptosis were not detected

as frequently with caspase-3 antibodies compared to TUNEL. Finally, dual

labelling with antibodies against SFV and caspase-3 revealed that SFV

infected cells in the mature corpus callosum did not undergo apoptosis.

Rather, apoptosis was only observed in adjacent and distant apparently

uninfected cells (see Figure 5.15E, F and Figure 5.16A, B).
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Figure 5.15: Confocal microscope images of dual immunofluorescence for SFV
envelope proteins, caspase-3 and CNPase.

A and B. Apoptosis marker, caspase-3, detected with FITC (green) and oligodendrocyte

marker, CNPase, detected with TR (red). C and D: SFV proteins detected with TR and

oligodendrocyte marker, CNPase, detected with FITC (green). E and F: SFV proteins
detected with TR and apoptosis marker, caspase-3, detected with FITC (green).
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Figure 5.16: Negative controls from dual immunolabelling studies.

A & B: Dual SFV (red) and caspase-3 (green) labelling, C & D: CNPase (red) and caspase-3

(green) labelling, E & F: SFV (red) and CNPase (green) labelling. Images B, D and F show
the staining pattern from double labelling of uninfected group B mice analysed by confocal
microscopy. Images A, C and E are from SFV infected group A mice and they were dual
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labelled with biotinylated secondary antibodies and strepavidin conjugated fluorochromes in
the absence of both primary antibodies.

5.4 Discussion

The points made below illustrate the main conclusions that can be drawn
from this study concerning the pathogenesis of intracerebral avirulent SFV
infection. I will speculate as to the mechanisms of oligodendrocyte cell death

in vivo based on these observations.

> Virus positive cells have a swollen morphology

> It was extremely rare event to detect virus positive cells that

were also TUNEL positive or caspase-3 positive

> Cells positive for virus infection were also positive for CNPase
> CNPase positive staining and caspase-3 positive staining did

not co-localise.

5.4.1 How does intracerebral infection differ from intraperitoneal infection?

These studies reveal that there are compelling differences between the

distribution of infected cells in the adult mouse brain following intracerebral

and i.p. inoculation. Direct intracranial inoculation favours infection of the
white matter, particularly the corpus callosum, whereas peripheral (i.p.)
inoculation of virus results in scattered perivascular foci of both the white

and grey matter. These foci do not enlarge over time demonstrating that

virus infection of neurons and oligodendrocytes is restricted following i.p.

inoculation. The question of whether widespread infection of the corpus
callosum following i.e. inoculation results from a synchronous early infection

of many cells or, from the spread of virus along the corpus callosum was
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addressed by Grace Lee. Under the same experimental conditions used in

this study, an increase in the numbers of virus positive cells occurred

between 18 hpi and 72 hpi. The greatest spread of virus in the corpus

callosum was observed before day 6 post-infection. Interestingly, the

number and distribution of infected cells was similar irrespective of the

number of PFU's contained in the initial inoculum (Lee, 2004). In this study

the number of infected cells in the corpus callosum increased significantly

between day 2 post-infection and day 4 post-infection supporting earlier
studies undertaken in the Fazakerley laboratory. It can therefore be

concluded that viral spread does occur between cells of the corpus callosum

following intracerebral inoculation. It is unclear whether viral spread is

possible because of neuronal-glial / glial-glial cell contact or whether

productive infection and necrotic cell death release new virions that establish
a second wave of infection. In support of the former hypothesis

oligodendrocytes in situ maintain contact between neighbouring cells and

astrocytes via a network of tight junctions (Massa & Mugnaini, 1982).

Significantly, primary oligodendrocytes can align themselves in rows and
form tight junctions in vitro (Massa, Szuchet & Mugnaini, 1984). Further
studies are required to demonstrate the mechanism of early viral spread.

5.4.2 Flow do oligodendrocytes in the corpus callosum die?

At PID 2 (following i.e. inoculation of SFV A7(74)) mature oligodendrocytes
were permissive for virus replication yet maintained a normal morphology.

They did not undergo rapid cell death, as is the case in mature

oligodendrocytes infected with SFV in culture (Glasgow et al., 1997).

Although some oligodendrocytes displayed abnormal nuclear morphology
at PID 4, widespread cell death was evident by PID 6. Double staining for
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virus and DNA fragmentation showed that infected oligodendrocytes were
swollen and highly vacuolated, features that are indicative of necrotic cell
death rather than apoptotic cell death. The work of Butt et al, 1996, has

previously demonstrated that mature oligodendrocytes (derived from mouse

optic nerve) develop swollen processes and vacuolar inclusions in the cell

body consistent with necrosis following SFV A7(74) infection.

Dual immunofluorescence studies confirmed that CNPase positive

oligodendrocytes had not died by apoptosis as no active caspase-3 could be
detected. By the next sampling point (PID 10) the numbers of infected cells

had decreased but the amount of tissue vacuolation and demyelination had

increased, more noticeably in nu/nu mice than BALB/c mice. These

observations rule out the possibility that oligodendrocyte cell death was

induced by cytotoxic T-cell responses.

5.4.3 Temporal sequence of events following i.e. inoculation of avirulent SFV

One possible explanation for the different modes of cell death observed is

that productive infection of mature oligodendrocytes following i.p.

inoculation is curtailed by prior exposure to interferon. Type-I interferons
are rapidly produced in response to i.p. inoculation of SFV A7(74) and high

levels are detectable in the blood within 24 hours (Bradish, Allner &

Fitzgeorge, 1975). Once type-I IFNs cross the blood-brain barrier, (Pan,

Banks & Kastin, 1997), it is likely that perivascular oligodendrocytes respond
to this innate warning by adopting an anti-viral state. Hence

oligodendrocytes are refractory to productive SFV infection by the time that

significant titres of virus are present in the CNS (at about 48 hpi).
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Figure 5.17: Diagram to show possible role of IFN in the outcome of SFV A7(74)
infection of oligodendrocytes in BALB/c and nu/nu mice following intraperitoneal

(i.p.) inoculation.

Virus initially replicates in the peripheral tissues (muscle, pancreas). On entering the
bloodstream further replication establishes a high titre plasma viraemia. Concomitantly the

presence of infectious virus triggers IFN synthesis that is also detectable in the bloodstream.

Type-1 IFNs (purple circles) cross the blood-brain barrier (BBB) first and trigger the

synthesis of IFN-inducible proteins (represented by purple circles). High titre virus reaches
the brain by 48 hpi, but is only able to establish small perivascular foci of infection due to the

prior intervention of type-l IFNs. IFN-inducible proteins limit virus replication and spread.

Neighbouring oligodendrocytes become refractory to infection and thus the original

perivascular foci of infected cells does not enlarge. The presence of virus and IFN in the
brain triggers an inflammatory response that in turn induces MHC class I expression on

oligodendrocytes. SFV is cleared from the brain by CTL induced death of infected cells, and
virus cannot be detected by 11 to 14 dpi. The inset box represents infection of nude mice.
The absence of T-cells precludes clearance of virally infected cells and persistent infection
with out extensive oligodendrocyte damage is a feature of avirulent infection in these mice.
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Figure 5.18: Diagram to show possible role of IFN in the outcome of SFV A7(74)
infection of oligodendrocytes in BALB/c and nu/nu mice following intracerebral (i.e.)

inoculation.

Virus enters the brain directly through the cranium and infects a population of "naive"

oligodendrocytes that have not had time to activate the IFN response. The initial infection is

productive and the virus replicates to high titres, releasing numerous progeny. Over time
infection of these cells becomes overwhelming and a threshold is crossed that triggers a

slow necrotic death. In the time that elapses between the first round of infection and the

second, IFN synthesis has occurred and oligodendrocytes are again refractory to productive
infection (reverts to the situation observed in i.p. infection). T-cell clearance of virally
infected cells is complete around day 11-14. Apoptotic nuclei abundant at PID 4- 6 might

represent different classes of glia infected with SFV e.g. microglia, adult 0-2A cells, or
uninfected oligodendrocytes that have been targeted by pro-inflammatory cytokines triggered

by local necrosis. The inset box represents SFV infection of nude mice. Intracranial
inoculation is associated with persistent infection, extensive vacuolation and demyelination.
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In the case of i.e. inoculation, oligodendrocytes have not been forewarned of

the oncoming viral "invasion" by type-I IFNs and therefore the first wave of

infection results in productive infection. The virus is able to replicate to high

titres because PKR and RNase L have not been upregulated by interferon

signalling pathways. Virus budding facilitates spread along the corpus
callosum thus establishing second and possibly third waves of infection.

Support for this argument comes from the fact that productive infection of

oligodendrocytes (following i.e. inoculation) was abrogated by prior
induction of IFN by poly I:C treatment (Kevin Oliver: PhD thesis).

Dual labelling with CNPase and active caspase-3 demonstrated that mature

oligodendrocytes do not trigger an apoptotic response to viral infection

following i.e. inoculation. Given the swollen morphology of infected

oligodendrocytes at PID 4 and 6 it is likely that sudden and overwhelming
viral replication led to metabolic exhaustion and a slow death by necrosis.

Oligodendrocytes infected after IFN induced activation of PKR and RNase L,

are less permissive for virus replication. The critical threshold of damage (in

terms of electrolyte homeostasis, inhibition of host protein synthesis etc)

necessary to induce necrosis is not reached and in BALB/c mice at least, the

oligodendrocytes survive. Virally infected cells with a necrotic morphology

could be observed throughout the time-course studied (31 days) in nu/nu

mice but not after PID 10 in BALB/c mice. Viral clearance in BALB/c mice is

likely to be due to the elimination of infected cells by cytotoxic T-cells. This

is evidenced by the fact that oligodendrocytes infected i.p. with SFV A7(74)

do not die in the absence of CD8+ T-cells (Subak-Sharpe et al, 1987).

258



These studies did not provide evidence to determine the origin of apoptotic

cells found in close proximity to necrotic oligodendrocytes. Despite many

attempts to identify the caspase-3 positive cells by co-localisation with
markers such as PDGF AA receptor, NG2, GFAP, neurofilament and CDllb,

it was not possible to do so. This may have been due to poor

immunostaining techniques or the destruction of cell surface markers and

intracellular proteins by the apoptotic process itself. In the latter case,

apoptotic cells may have been positive for oligodendroglial markers but
were viewed so late in the apoptotic process that critical epitopes had been

destroyed.

Viral persistence is a feature of both i.e. and i.p. infection of nude mice
because they lack CTL's and cannot dispose of infected cells in a "clean"

fashion (i.e. by apoptosis). It remains unclear why virally infected cells do

not succumb to necrosis in nude mice, as is the case in BALB/c mice. These

cells may represent a subset of cells that became infected long after IFN's had

activated anti-viral defences. The low levels of virus replication is not

sufficient to trigger necrotic cell death yet they are not deleted by the

adaptive immune response as they would be in BALB/c mice. An alternative

explanation is that the absence of CD8+ T-cells supports a dynamic infection
of oligodendrocytes. In this scenario, the direct effects of viral infection
would result in a slow protracted death of infected oligodendrocytes as

opposed to the swift clearance caused by immune intervention. In the

absence of CTLs and neutralising IgG antibodies new cells could become

infected when previously infected cells finally died by necrosis. This

sequence of events would result in a slowly progressive infection and would

be consistent with the greater degree of vacuolation observed in nu/nu mouse
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brains. Validation of either of these hypotheses will depend upon the

development of techniques that enable one to study an individual cell over

time as part of the whole animal.

Many studies on avirulent SFV infection of terminally differentiated CNS
cells such as neurons and oligodendrocytes show that cell survival (albeit

with viral persistence or viral damage) is preferable to cell death in the

specialised case of the CNS (Vaux et al., 1994; Allsopp & Fazakerley, 2000).
This thesis has used three experimental systems to demonstrate that the

mature oligodendrocyte has a much lower susceptibility to virus-induced
cell death (whether apoptotic or necrotic) compared to their less mature

counterparts.
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Chapter 6: General Discussion
I have studied the fate of SFV-infected oligodendrocytes and their progenitor

cells using a cell-biological approach that combined three strategies. Rat
0-2A cell lines succumbed to virus-induced apoptosis within 38 hpi

irrespective of their differentiation state. However, mature oligodendrocytes
died at a slower rate than 0-2A progenitors between 12 - 24 hpi. BC30 cell

death was preceded by degeneration of cellular processes, and could be
identified by typical features of apoptosis such as chromatin condensation,
DNA fragmentation and cell blebbing. Beyond 38 hpi all cells detached

leaving only remnants of indigestible material behind. The improved cell

survival of BC30 cell in culture is most likely due to the over-expression of

Bcl-2.

From a scientific standpoint, the use of cell lines leaves much to be desired in

the modelling of events in vivo. The separation of oligodendrocytes from

their nearest neighbours creates an extremely artificial environment in terms

of normal glial cell biology. SFV infection of oligodendrocyte lineage cells
was studied in mixed glial cell cultures and enriched cultures. SFV A7(74)

preferentially infected oligodendrocytes rather than astrocytes in mixed

cultures, and this was also the case using VLPs. These observations are in

contrast to those of Lundstrom, 2000, whose work demonstrated that SFV

vectors primarily infected neurones rather than the glial cell feeder layer.

However, I found that VLPs infected oligodendroglial cells in primary

cultures lacking neurones within 6 hpi. When oligodendroglia were cultured
in the presence of astrocytes, or on a laminin-2 matrix, SFV-induced

apoptosis predominantly killed 0-2A progenitor cells and pro-

oligodendroblasts. Studies using Western blotting demonstrated that virus
261



infection of 0-2A precursor cells activated caspase-9 and therefore most

likely involved the mitochondria. Oligodendrocytes that had elaborated

myelin membranes (labelled with gal-C or MBP) were rarely positive for
active caspase-3 in immunostaining experiments. The percentage of SFV-
infected GAP-43+ / caspase-3+ 0-2A precursors was over 85 % at 24 hpi

compared to less than 10 % in MBP+ oligodendrocytes at the same time.
These data illustrate that the propensity to undergo SFV-induced apoptosis is

linked to differentiation state, specifically, immature to differentiating

oligodendrocytes.

In vivo, in SFV-infected mouse brain, mature CNPase+ oligodendrocytes did

not die by apoptosis although virally infected apoptotic cells were abundant
at PID 4. SFV-infected oligodendrocytes appeared to swell up and

disintegrate between PID 4 and 6 in a manner typical of necrotic cell death.

Thus, mature infected oligodendrocytes were resistant to apoptosis (as

measured by caspase-3 activity) indicating that in vivo, apoptosis is not the

only path to ruin.

This work was originally designed to determine whether virus infection

triggered oligodendrocyte cell death in an age-dependent manner. The

answer to this question might have important consequences for the selection

of an appropriate oligodendrocyte phenotype for use in glial cell transplants
in the treatment of demyelinating diseases such as MS. ITowever, since the

research was undertaken many chnages have occurred in the ways in which

we view MS disease progression.

In RRMS, demyelination was thought to occur by a complex immune-
mediated process in which auto-reactive T cells drive inflammation.
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Activated microglia and macrophages respond by the degradation and

phagocytosis of myelin with, and sometimes without, associated

oligodendrocyte destruction. New research however, implies that our
current thinking might be a gross oversimplification, as it does not

adequately explain early lesion formation. A recent study by Barnett &

Prineas, 2004, provided some startling insights into the early pathology of
RRMS. Brain tissue was collected from twelve patients who died during or

shortly after a relapse. In over 50 % of patients the pathology of the early
lesions included extensive oligodendrocyte apoptosis in the virtual absence

of lymphocyte infiltration.

Lucchinetti et al, 1996 examined large numbers of MS lesions and discovered

considerable heterogeneity in their neuropathological features. This data

challenges the established scientific dogma that a single pathogenic
mechanism is responsible for the genesis of MS lesions and that autoimmune

disease is the only route to demyelination.

A considerable body of work led Lucchinetti et al., 1999 and Briick, 2005 to

suggest that the diverse clinical presentation of patients with MS might be

underscored by the existence of distinct immunopathological processes that

lead to oligodendrocyte and myelin pathology in MS. According to Briick

(2005), the mechanisms responsible for demyelination in active lesions fell

into one of four broad patterns:

I. Demyelination in which CD4+ T cells and activated macrophages / microglia are

prominent
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II. Demyelination in which oligodendrocytes are destroyed after coating with anti-
myelin antibodies and complement

III. Oligodendrocyte dystrophy with myelin protein dysregulation and
oligodendrocyte apoptosis

IV. Demyelination secondary to oligodendrocyte damage / degeneration

The patterns of demyelination were identical within an individual patient,
but varied between patients. There was, however, a clear dichotomy

between type-I and -II patterns of demyelination, (where myelin is the

target), and type-Ill and -IV patterns of demyelination (where the

oligodendrocyte itself is the target). The latter patterns of lesion pathology

(accounting for 28 % of the total cases studied by Lucchinetti et al.) are of the
most interest to this thesis as they are consistent with viral involvement in

MS.

6.1.1 Triggers of oligodendrocyte apoptosis in MS lesions

Oligodendrocytes are vulnerable to a wide variety of cell death mediators

including cytotoxic cytokines, ceramide, ROIs and glutamate (see Casaccia-

Bonnefil, 2000). Type III lesions are characterised by pronounced

oligodendrocyte cell death in the context of microglial activation. Two
insults in which microglial activation and oligodendrocyte apoptosis occur

frequently are glutamate excitotoxicity and virus infection.

Glutamate excitotoxicity induces apoptosis of mature (but not immature)

oligodendrocytes in vitro via calcium influx into the cell (Gallo et al., 1996;

McDonald et al., 1998). Excessive intracellular calcium disrupts

mitochondrial function and ultimately causes the release of reactive oxygen

species. Although glutamate excitotoxicity has been implicated in
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oligodendrocyte cell death in MS (Werner, Pitt & Raine, 2001), exactly how

glutamate metabolism becomes dysregulated remains unclear. A recent

report by Takahashi et al., 2003, argues that the release of IL-ip from

persistently activated microglia in MS lesions impairs glutamate reuptake by

astrocytes, leading to elevated glutamate levels.

Chronic microglial activation might also be inititated by recurrent viral

infection or persistent virus infection. Activated microglia can cause

oligodendrocyte apoptosis by bystander reactions. For example, Simon et al.,

2002, demonstrated that murine microglia secreted ganglioside GD3 upon

activation that in turn triggered apoptosis of oligodendrocytes. Type III
lesion pathology (distal oligodendrogliopathy) has been observed

experimentally in Theiler's virus infection of mice (Rodriguez, 1985).

Moreover, oligodendrocyte apoptosis has been observed in a similar

demyelinating disease called progressive multifocal leukoencephalopathy
that is caused by JC virus (Itoyama et al., 1982; Richardson-Burns et al., 2002).

6.1.2 Oligodendrocyte cell death in type IV MS lesions.

Type IV lesion pathology was characterised by primary oligodendrocyte

degeneration and was confined to patients with PPMS (Lassmann, Briick &

Lucchinetti, 2001). The formation of type IV lesions has been attributed to

viral or toxic triggers. This argument is supported by the fact that many viral

models of demyelination exhibit the monophasic disease course typical of

PPMS (Fazakerley & Buchmeier, 1993). This type of lesion may represent the
failure of mature oligodendrocytes to die by apoptosis upon virus infection

or the results of virus-induced cytotoxicity. The fate of oligodendrocytes in
SFV-infected murine corpus callosum is most closely related to type IV lesion

pathology. Infected oligodendrocytes did not exhibit classical markers for

apoptosis such as active caspase-3, none-the-less, cell loss was evident due to
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white matter vacuolation and infected cells also exhibited a swollen

morphology indicative of degeneration.

One explanation for these observations is that type IV lesions represent a

situation in which virally infected oligodendrocytes die by necrosis, or a
form of cell death that cannot be neatly categorised as apoptosis or necrosis.

Equally plausible is the notion that oligodendrocytes are resistant to virus-
induced apoptosis but susceptible to necrosis or an intermediate form of cell

death, in a cytotoxic environment. The pathway along which death proceeds
is likely determined by the balance of cytotoxic, inflammatory and pro-

apoptotic factors present at each particular point in time.

6.1.3 How might oligodendrocyte apoptosis trigger demyelination?

In the instances where apoptosis precedes demyelination, the trigger(s) of

ensuing demyelinating disease have yet to be identified. Figure 6.1

illustrates some of the possibilities. In scenario A the death of the

oligodendrocyte itself will precipitate demyelination of the associated axons

once the myelin membrane is no longer receiving metabolic support.

Scenario B represents the consequences of a failure in apoptotic body
clearance (Henson, Bratton & Fadok, 2001). In the MS lesion extensive

apoptosis creates a huge volume of plasma membrane (altered myelin) that
must be cleared. If clearance mechanisms are overwhelmed post-apoptotic

debris could undergo spontaneous necrosis thus triggering CNS

inflammation. This situation could easily lead to classic immune mediated

autoimmune demyelination. Scenario C represents the situation in which

virus infection precedes oligodendrocyte apoptosis. The activation of the

innate immune system (such as IFN, PKR and TLRs) by the first cells infected

might affect the propensity of neighbouring cells to undergo apoptosis. If
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Figure 6.1: Potential mechanisms of demyelination following oligodendrocyte

apoptosis.

A. Death of the cell itself triggers demyelination of segments of the myelin sheath on all of
the axons supported by the apoptotic oligodendrocyte. B. In the case of the

oligodendrocyte, corpse clearance is a more demanding task than usual because of the vast
membraneous extensions that each cell supports. In this schema apoptotic

oligodendrocytes express phosphatidylserine or PS (pink lines) but the number of PS
receptor expressing phagocytes available is insufficient to clear the debris present.

Consequently, myelin debris (blue and white circles) persists and triggers an inflammatory

response that precedes autoimmune mediated demyelination. C. In the case of virus
infection (represented here by purple stars) not all infected oligodendrocytes may respond
with efficient apoptosis depending on the dynamics of the infection and the activation state of
the immune cells such as microglia. If viral proteins are recognised on the oligodendocyte
cell surface before apoptosis is complete an anti-viral immune response might trigger

demyelination in other infected cells. Alternatively, the death response might shift over the
course of an infection. The first oligodendrocytes infected might activate their apoptotic

pathways in response to viral attack. However, oligodendrocytes that become infected

subsequently will have been exposed to IFN and other innate immune system mediators. As
these cells adopt an anti-viral state, they may also choose to resist apoptotis. In support of
this argument, it has been shown that oligodendrocytes in chronic MS lesions express cell
death-related molecules such as FasR and TNFR but do not undergo apoptosis in the

presence of microglia that constitutively express their ligands (Bonetti & Raine, 1997).
Infected oligodendrocytes that resist apoptosis could succumb to necrosis due to metabolic
exhaustion if the infection is not cleared. A third possibility is that certain viruses might

trigger oligodendrocyte death by a mechanism that involves both apoptotic and necrotic

pathways, thus preventing the "clean" removal of infected cells. D. This scenario represents
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the possibility that demyelination might not be a sequel to oligodendrocyte apoptosis in all
MS lesions. It may be that different pathological processes occur concurrently in the same

lesion depending on the trigger of demyelinating disease itself.

the infection was not cleared, infected oligodendrocytes that had become

refractory to apoptosis might succumb to necrotic cell death due to viral

parasitism. A switch is cell death pathways resulting in cytolysis would

again facilitate autoimmune mediated demylination due to recognition of

myelin debris by the immune system. The final scenario (D) was included to

acknowledge that demyelination might not be a corollary of oligodendrocyte

apoptosis in MS. The two pathogenetic mechanisms might simply co-exist
within the early MS lesion, as alluded to by Barnett & Prineas, 2004.

6.1.4 Further questions and conundrums

It remains unclear whether the pathological heterogeneity in MS lesions is a

reflection of different MS disease variants or whether it is a truer reflection of

lesion stage. The fact that all of the patients in Lucchinetti's 1996 study

diagnosed with Devic's neuromyelitis optica had antibody/complement-
mediated tissue damage, whereas all patients diagnosed with Balo's

concentric sclerosis exhibited distal oligodendrogliopathy suggests that MS is

a diverse group of closely related demyelinating diseases. This is an

attractive hypothesis because it would explain the variable success rates of

many immune therapies. However, evidence that oligodendrocytes do not
die by apoptosis en masse in older chronic lesions (Bonetti & Raine, 1997)

supports the hypothesis put forward by Branett & Prineas, that lesions
follow a preordained sequence of pathological changes over their lifetime.
Until it is possible to revisit the same lesion over time it is impossible to

know which hypothesis represents actual events in MS. Therefore, a

coherent understanding of the triggers and patterns of oligodendrocyte cell
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death will be essential to tailor available treatments and therapies to
individual MS patients.
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Appendix I: General Reagents
Cell Culture

0.02 % Versene

lg EDTA disodium salt
6.5 ml 1% phenol red
5 L PBS (Ca2+, Mg2+ free)
The compounds listed above were dissolved in 2 L of PBS initially and the
pH was adjusted to 7.1 -7.3. A further 3L of PBS was added before
sterilisation using an autoclave. This solution was routinely prepared by
Margaret Clark & Margaret Ross.

Glucose Broth

30 g Oxoid tryptone soya broth
3 g yeast extract
1 L dH2O

1500 g L-glucose
Tryptone soya broth and yeast extract were dissolved in 1L of water and the
pH was adjusted to 7.8 before the addition of L-glucose. The pH was further
adjusted to 7.4. Glucose broth was aliquotted into 5 ml glass bijouxs before
sterilisation using an autoclave. This solution was routinely prepared by
Margaret Clark & Margaret Ross.

Stock polv-L-Ornithine
100 mg poly-L-ornithine (P 3655, Sigma)
1.16 g boric acid
0.75 g NaOH

125 ml Milli-Q water
Boric acid was added to Milli-Q water and heated to aid solubilisation.
NaOH was added and the buffer was altered to pH 8.4. Freeze-dried PLO
was dissolved in the borate buffer to a concentration of 1 mg/ml. This stock
was stored at -20 °C and diluted 1:10 and filter sterilised before use.

4 % Paraformaldehyde, pH 7.4
4 g paraformaldehyde
50 ml Milli-Q water
0.2 M phosphate buffer consisting of:
12 g NaH2P04
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14 g Na2HPC>4
Paraformaldehyde was dissolved in water by heating to 55 °C - 60 °C whilst
stirring in a fume hood. When the paraformaldehyde had largely dissolved,
concentrated NaOH was added drop-wise to aid solubilisation. The solution
was covered and allowed to cool. Phosphate buffer (0.2 M) was prepared in
Milli-Q water and sterilised by autoclaving. 40 mis of phosphate buffer was
added to the paraformaldehyde solution prior to adjusting the pH to 7.4.
The solution was diluted using phospate buffer until the total volume was
100 mis, and filtered through 3MM Whatmann filter paper.
Paraformaldehyde was stored at 4 °C and used within one month.

DNA Fragmentation assay

Cell lysis buffer
20 ml 1 M tris, pH 8.0
1.6 g sodium lauryl sarcosinate
8 ml 0.5 M EDTA

142 ml dThO

10 x Tris Borate EDTA (TBE) buffer
108 g tris base
55 g Boric acid
18.6 g EDTA
Add to 1 L of dThO and autoclave. Dilute 1:10 inMilliQ water for use.

Histology

Luxol Fast Blue stain

0.1 % Cresyl Fast Violet:
0.1 g Cresyl violet acetate (C 1791, Sigma)
100 ml distilled water

15 drops 10 % acetic acid
Prepared fresh on day of use.

0.05 % Luxol Fast Blue (LFB)
1 g LFB dye (S 3382, Sigma)
995 ml 95 % ethanol

5 ml 10 % acetic acid
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Freshly prepared LFB was filtered through 3MMWhatmann filter paper
before use.

DNase buffer for TUNEL
4 ml 1 M tris-HCl, pH 8.0
0.2465 g MgS04 (100 mM)
0.5 ml 0.2 M CaCh (100 mM)
5.5 ml dFhO

2 g Glycine / 5 mM EDTA buffer
4 g glycine
10 ml 1 M EDTA

1990 ml PBS

20 pg/ml Proteinase K (PK)
10 pi 20 mg/ml PK stock
100 pi 0.2 M CaCh
9.9 ml 20 mM tris, pH 7.8

2 x Sodium Chloride-Sodium Citrate (SSC) buffer
350.6 g NaCl
176.4 g C6Hs07.3Na
1600 ml dH20

Solution adjusted to pH 7 with 11.4 M HC1 and volume made up to 2 L with
dEEO.

TUNEL buffer Promega Terminal Transferase 5 x buffer
30 mM tris, pIT 7.2 500 mM cacodylic acid, pH 6.8
140 mM Na cacodylate 0.5 mM DTT
1 mM C0CI2 5 mM C0CI2

For TUNEL mix add:

0.15 U/pl terminal deoxynucleotidyl transferase
20 pM digoxigenin-ll-dUTP

Promega ROl 10 x DNase I
400 mM tris-HCl, pH 8.0
100 mM MgSCh
10 mM CaCh

Western Blotting

SDS-PAGE and Western blotting I

Lysis buffer (Harlow & Lane, 1988)
2 % SDS
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100 mM DTT

60 mM tris, pH 6.8
0.01 % bromophenol blue
Mix vigorously.

10 x Ponceau S

2 g Ponceau S (P 3504, Sigma)
30 g trichloroacetic acid
30 g sulfosalicylic acid
100 ml dPhO

Dilute 1:10 in dPhO before use.

12 % Resolving gel
3.3 ml dPhO

4 ml 30 % acrylamide-bis-acrylamide
2.5 ml 1.5 M tris (pH 8.8)
100 pi 10 % SDS
100 pi 10 % ammonium persulphate (APS)
4 pi TEMED

5 % Stacking gel
6.8 ml H2O

1.7ml 30 % acrylamide-bis-acrylamide
1.25 ml 1 M tris (pH 6.8)
100 pi 10 % SDS
100 pi 10 % ammonium persulphate
10 pi TEMED
For both gels APS is stored at -20 °C and TEMED is added last.

2 x SDS gel loading buffer
50 mM Tris-HCl, pH 6.8
200 mM DTT

4 % SDS

0.2 % bromophenol blue
20 % glycerol
Make up in 10 ml dTEO and store as 0.5 ml aliquots.

Transfer buffer (pH 8.3)
5.8 g tris
2.9 g glycine
0.37 g SDS

273



200 ml methanol
Make up to 1 L with dThO and pH to 8.3.

SDS PAGE and Western blotting II

3 % Blot-Block solution
0.3 g Blot-Block (422751F, VWR)
10 ml autoclaved TBS

5 pi Tween-20

Lysis buffer
125 pi CelLyticM lysis reagent (C 2978, Sigma)
1.25 pi Protease inhibitor cocktail (P 8340, Sigma)
The mammalian protease inhibitor cocktail was used at 1:100 dilution of the
volume of the lysis reagent and kept on ice during use.

Transfer buffer

25 ml NuPAGE® transfer buffer (NP0006, Invitrogen)
50 ml methanol

325 ml dTEO
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Appendix II: Glial cell culture reagents

1. CG-4 cell culture media

Sato's media (Louis formulation) 250 ml
238.25 ml DMEM

2.5 ml 100 mM sodium pyruvate (S 8638, Sigma)
2.5 ml 2 mM L-glutamine
1.25 ml N1 supplement*
0.5 ml insulin* (15500, Sigma)
2.5 ml 10,000 pg/ml penicillin
2.5 ml 1 pg/ml D-biotin (B 4639, Sigma)

*Insulin

25 mg of insulin was dissolved in DMEM (containing L-glutamine and
penicillin). 11.4 M HC1 was added drop-wise until the suspension went into
solution i.e. turned bright yellow. The solution was filtered sterilised (0.22
pM, CA filter) and stored in 0.5 ml aliquots at 4 °C for no longer than 6
weeks.

*N1 supplement
Parts (i) to (iv) were prepared as described below:
(i) 25 mg transferrin + 5 ml DMEM suppl. L-glutamine / penicillin
(ii) 80.55 mg putrescine + 5 ml DMEM suppl. L-glutamine / penicillin
(iii) 3.145 progesterone + 5 ml 95 % EtOH (diluted in Milli-Q water)
Dilute 50 pi solution (iii) in 10 ml DMEM suppl. L-glutamine / penicillin
(iv) 5.19 mg sodium selenite + 100 ml DMEM suppl. L-glutamine / penicillin
Add 0.5 ml of solution (iv) to 4.5 ml of the same diluent.

Mix N1 components in volumes given below:
5 ml transferrin (T 2252, Sigma)
5 ml putrescine (P 5780, Sigma)
10 ml progesterone (P 8783, Sigma)
5 ml selenium (S 5261, Sigma)
The pooled components were filter sterilised using a 0.22 pm, CA syringe
filter and stored in 1.25 ml volumes in polystyrene tubes at -20 °C. Neither
the components nor the N1 mix should be used after 6 weeks in storage.

2. SS5 and BC30 cell media
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Sato's media (Barnett's formulation) 200 ml
187 ml DMEM

4.4 ml Sato's mix*

4 ml 0.5 mg/ml insulin
2 ml 10 mg/ml transferrin
2 ml 100 mM L-glutamine
100 pi 50 mg/ml gentamicin

(I 5500, Sigma)*'1
(T 2252, Sigma)
(25030, GIBCO)
(15750, GIBCO)

**Insulin

A stock of 10 mM hydrochloric acid was made by adding 114 pi of 11.4 M
HC1 to 100 ml ofMilli-Q water. 50 mg of insulin (I 5500, Sigma) was
dissolved into the buffer and heated to 37 °C to aid solubilisation. Insulin

was prepared fresh and stored for no longer than 6 weeks at 4 °C.

*Stock solutions required for the preparation of Sato's mix
All compounds listed below were prepared as separate solutions initially.
Solutions (i) to (iv) were and combined and 2 mis of solutions (v) and (vi)
were then added. Following carefully mixing the solution was aliquotted
into 4.4 ml volumes and stored at -20 °C.

(i) 5.72 ml BSA path-o-cyte 4
200 ml PBS

(810101, MP Pharmaceuticals)

(ii) 322 mg putrescine
200 ml dThO

(P 5780, Sigma)

(iii) 8 mg thyroxine
20 ml absolute EtOH

(T 2501, Sigma)

(iv) 6.74 mg tri-iodo-thyronine
20 ml absolute EtOH

(T 6397, Sigma)

(v) 12.46 mg progesterone
20 ml absolute EtOH

(P 8783, Sigma)

(vi) 7.74 mg sodium selenite
20 ml dH20

(S 5261, Sigma)

Soybean Trypsin inhibitor (SBTI)
2 mg DNase I (D 4263, Sigma)
26 mg Soybean trypsin inhibitor (T 9003, Sigma)
150 mg BSA fraction V (A 2153, Sigma)
DNase I and SBTI were dissolved in 20 ml of Leibovitz media (11415,
GIBCO) and BSA was dissolved in 10 mis of DMEM (31551, GIBCO). The
solutions were combined and diluted to a final volume of 50 ml with
Leibovitz media. SBTI was filter sterilised using a 0.22 pm CA syringe filter
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and stored at -20 °C. Thawed aliquots were stored at 4 °C whilst in use and
discarded after storage for one week.

3. Primary mixed glial cell culture (Armstrong, 1998)

lOpg/ml PDL-coated flasks (P 7280, Sigma)
Add 20 pi stock to 20 ml dH20 and filter sterilise (LPB, 0.22 pM). Coat flasks
at RT for at least 2 hours, aspirate and air dry.

Cell dissociation media
20 ml MEM-15 mM Hepes (32360, GIBCO)
3 mg EDTA (E 6635, Sigma)
3.2 mg L-cysteine (C 8277, Sigma)
50 pi DNase I (D 7291, Sigma)
400 pi 20U/ml papain (1:10 dil. P 3125, Sigma)
Adjust pH to 7.4 with 0.1 M NaOH and place in the 32°C water bath for 30
minutes. Once the solution is clear, filter sterilise using a 0.22 pm LPB
minisart.

Tissue dissociation media (HEBSS, Gard, Pfeiffer &Williams, 1993)
34.6 ml MEM-Hepes (32360, GIBCO)
280 pi d-Glucose (G 8769, Sigma)
0.3 % (w/v) BSA (A 6003, Sigma)
17.5 pi gentamicin (15750, GIBCO, 50 pg/ml)

Growth Media

85.5 ml DMEM:F12 media (21331, GIBCO)
1 ml sodium pyruvate (S 8638, Sigma)
50 pi gentamicin
1 ml L-glutamine (25030, GIBCO)
500 pi D-glucose
10 ml horse serum (26050, GIBCO)
Horse serum was heat inactivated by incubation at 56 °C for 30 minutes
before use. Serum was added last and filtered through a 0.45 pm CA filter
(FC800-30, Fred Baker Ltd). pH media to 7.4 and check again after
equilibration in a 7 % CO2 atmosphere.
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AppendixIII:Antibodydatabase
Antibody

Species

AntibodyID

Antigen

species raisedin

cross- reactivity

Preparation/Ig
Conjugatesubclass
Supplier

References

Other

AB01

SFV

mouse

-

polyclonal

Fazakerleylab

AB04

IgG(H+L)

rabbit

rat

polyclonal

Vector

AB06

SFVEnv1

mouse

-

IgGlEnvId

Fazakerleylab

AB07

SFVEnv2

mouse

-

IgG2EnvId
Fazakerleylab

AB14

SFV

rabbit

-

polyclonal

Fazakerleylab ChemiconInt.,

AB17

CNPase

mouse

mouse

IgGl

MAB326

AB18

Bcl-2

mouse

human

IgGl

Serotec,MCA1550

AB19

GAP-43

mouse

mouse

lgG2a

Sigma,G-9264
Meirietal.1991

AB24

SFV

rabbit

-

polyclonal

Fazakerleylab StratechScientific,

AB25

CNPase

mouse

mouse

IgGl

MS-329-PO

clone11-5B Detects25kDa

AB27

Bax

mouse

mouse/rat

IgG2b

SantaCruz,sc-7480

fragment,forWB

AB29

TNF-a

rabbit

human

IgG

SantaCruz,sc-8301

Neurofilament
AB31

160

mouse

mouse/rat

IgG1hybridoma
Sigma,N-5264

cloneNN18

Cleaved

Detectsp20subunit,for

AB32

Caspase-8

goat

mouse/rat

IgG

SantaCruz,sc-6134

WB

Cleaved

Detectsp35subunit,for

AB33

Caspase-9

rabbit

mouse/rat

IgG

SantaCruz,sc-8355

WB

AB37

gal-C

rabbit

mouse

polyclonal

Sigma,G-9152
Benjaminsetat., 1987
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AntibodyID

Antigen

Antibody species raisedin

Species cross- reactivity

Preparation/Ig
Conjugatesubclass
Supplier

References

Other

AB38

Bcl-2

goat

mouse/rat

IgG

SantaCruz,sc-492-G

KindgiftfromDr Fitzgerald

AB42

MBP

rat

human

IgG

ChemiconInt.,MAB 395

Groomeetal.1988
Specificforhuman36- 50peptide

AB44

PARP

rabbit

mouse/rat

polyclonal

SantaCruzsc-7150

AB47

Cleaved Caspase-3

rabbit

mouse/rat

IgG

Oncogene,PC679

Detectscleavedpi7 subunit,forIHC

AB53

SFVnsp3

rabbit

polyclonal

KindgiftfromDr Ahola

AB55

SFVnsp2

mouse

monoclonal

KindgiftfromDr Ahola

AB60

NG2

mouse

mouse

IgG

KindgiftfromProf. Brophylab

AB61

A2B5

mouse

mouse

IgMhybridoma

KindgiftfromDr Barnettlab

AB62

A2B5

mouse

mouse

Affinitypurified IgM

R&DSystems,Mab 1416

AB63

04

mouse

mouse

IgMhybridoma/ prep1

KindgiftfromDr Barnettlab

AB64

04

mouse

mouse

IgMhybridoma/ prep2

KindgiftfromDr Barnettlab

AB65

04

mouse

mouse

Affinitypurified IgM

R&DSystems,Mab 1326

AB66

04

mouse

mouse

Affinitypurified IgM

ChemiconInt.,Mab 345

Caieta!.,2003
KindgiftfromProf. Simmonslab

AB67

gal-C

mouse

mouse

IgG3hybridoma

KindgiftfromDr Barnettlab

AB68

01

mouse

mouse

IgG

KindgiftfromProf. Brophylab
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AntibodyID

Antigen

Antibody species raisedin

Species cross- reactivity

Conjugate
Preparation/Ig subclass

Supplier

References

Other

AB69

CNPase

rabbit

mouse/rat

polyclonal

KindgiftfromProf. Raible

AB70

MBP

rat

mouse/rat

IgGhybridoma

Serotec

Specificfor82-87 peptide

ChemiconInt.,MAB

AB71

GFAP

mouse

human/rat

IgGl

3402

Menaetal.,1999

cloneG-A-5

AB73

Fibronectin

mouse

mouse

IgM

Sigma,F-6140

cloneFN-3E2

AB80

Cleaved Caspase-9

rabbit

mse/human

polyclonal

CellSignallingTech., #9501

Detectslargefragment, forWB

AB81

Cleaved Caspase3

rabbit

mouse/rat

polyclonal

CellSignallingTech., #9661

Detectslargep17/p19 fragmentforWB

AC01

IgG

rabbit

sheep

biotin

IgG

Vector,BA-6000

AC03

IgG

goat

rabbit

TRITC

IgG

Sigma,T-6778

AC04

IgG

goat

rat

FITC

IgG;F(ab')2

Serotec,STAR49

AC07

IgG

goat

rabbit

biotin

IgG

Vector,BA-1000

AC08

IgG

goat

mouse

HRP

IgG

Sigma,A-4416

AC09

IgG

sheep

mouse

biotin

IgG,IgM,IgA
Serotec,AAC09B

AC10

IgG

rat

mouse

biotin

IgGl

Serotec,MCA336B

AC12

Ig

sheep

mouse

HRP

Amersham

AC13

IgG

sheep

mouse

biotin

IgG

DiagnosticsScotland, Z593

AC14

IgG

sheep

mouse

FITC

IgG

DiagnosticsScotland, S121-201

AC15

IgG

sheep

mouse

HRP

IgG

DiagnosticsScotland, S081-201

AC16

IgG

sheep

rabbit

biotin

IgG

DiagnosticsScotland, S250-201
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AntibodyID

Antigen

Antibody species raisedin

Species cross- reactivity

Conjugate
Preparation/Ig subclass

Supplier

References

Other

AC17

IgG

sheep

rabbit

FITC

IgG

DiagnosticsScotland, S076-201

AC18

IgG

donkey

rabbit

MRP

IgG

DiagnosticsScotland, S083-201

AC19

IgG

goat

mouse

biotin

IgG;F(ab')2

Zymed,62-6340

AC20

IgG

goat

rabbit

biotin

IgG

Zymed,81-6140

AC21

digoxigenin

sheep

AP

IgG;F(ab')2

Roche,1-HI10093- 274

AC22

IgG

goat

mouse

AF-594

IgG

Cambridge Bioscience,A-11032

AC23

IgG

goat

rabbit

AF-594

IgG

Cambridge Bioscience,A-11037

AC24

IgG

rabbit

goat

HRP

IgG

SantaCruz,sc-2768

AC25

IgG

goat

rabbit

HRP

IgG

SantaCruz,sc-2030

AC26

IgG

goat

mouse

HRP

IgG

SantaCruz,sc-2031

AC27

IgG

rabbit

rat

HRP

IgG

Sigma,A-5795

AC28

IgG

goat

rabbit

HRP

IgG

Sigma,A-9169

AC29

IgM,pchain
donkey

mouse

TR

IgG;F(ab')2

StratechScientific, 115-075-020

AC30

IgG (1,2a,2b,3)Y chain

goat

mouse

FITC

Affinitypurified IgG

StratechScientific, 115-095-164

AC31

IgG

goat

rabbit

AP

IgG

Sigma,A-3812

AC56

IgG

mouse

goat

AP

Ig(ascites)

Sigma,A-8062

Kindgiftfromthe Talbotlab

AC72

CDllb

rat

mouse

FITC

Affinitypurified IgG

Serotec,MCA74F
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AntibodyID

Antigen

Antibody species raisedin

Species cross- reactivity
Conjugate

Preparation/Ig subclass

Supplier

References

Other

AC85

lgM,|ichain

goat

mouse

FITC

Affinitypurified IgG

Sigma,F-9259

Kindgiftfromthe Hopkinslab

AC86

IgG

goat

mouse

FITC

IgG;F(ab')2

Sigma,F-8771

Kindgiftfromthe Hopkinslab

AC88

IgG

goat

rabbit

AF-488

MolecularProbes

Kindgiftfromthe Talbotlab
Kindgiftfromthe

AC89

IgG

goat

mouse

AF-488

MolecularProbes

Talbotlab

AC90

IgG

sheep

rabbit

AF-546

IgG

KindgiftfromSkiellab

MolecularProbes,A-

Kindgiftfromthe

AC91

IgG

goat

mouse

AF-546

IgG

11003

Talbotlab

MolecularProbes,A-

Kindgiftfromthe

AC92

IgG

goat

rabbit

AF-546

IgG

11035

Talbotlab
Kindgiftfromthe

AC93

IgG/IgM

rabbit

mouse

TRITC

IgG

Sigma,T-2402

Herpeslab

AC87

IgG

goat

rabbit

FITC

Affinitypurified Ig's

Sigma,F-9887

Kindgiftfromthe Hopkinslab

AD01

Streptavidin

-

-

HRP

SAPU,S245-201

AD02

Streptavidin

-

-

FITC

Vector,SA-5001

AD03

Streptavidin

-

.

TR

Vector,SA-5006

AD04

Streptavidin

AF-488

Cambridge Biosciences,s-11223

AD05

Streptavidin

.

.

AF-594

Cambridge Biosciences,s-11227
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Appendix IV: Primary Culture protocol described

in Armstrong, 1998

1. Fill four PDL-coated 75 cm2 flasks with growth media to pre-equilibrate.
Put tissue dissociation media (HEBSS) and HBSS into ice to chill.

2. Remove the brains of a P2-3 litter. Place on sterile filter paper, then into
sterile plastic dish for transport to TC lab. On a new sterile petri-dish in a
category II laminar flow hood process one brain at a time and keep
remainder on ice. First remove the olfactory bulbs using fine forceps. Roll
the brain on pre-wetted (FFBSS) sterile filter paper to remove the meninges
and large blood vessels. If not using the whole brain dissect out the cerebra
and the cerebellum. Dice brain into 1mm3 cubes and place in one

compartment of an X-plate in fresh HEBSS.

3. The tissue fragments were kept separately in a section of an X-plate (3
brains per section). HEBSS was gently aspirated after the tissue fragments
had settled. The tissue was mixed with 8 ml cell dissociation solution and

transferred to a 15 ml conical tube.

4. Brain tissue was incubated in cell dissociation media at 37°C / 9% COi for
30 minutes. Every 10 minutes the solution was mixed by swirling gently
from side to side.

5. After 30 minutes, dissociation media was aspirated and a further 8 ml of
fresh media added. The incubation was repeated.

6. Enzymatic activity was stopped by the addition of 6 ml of CO2
equilibrated growth media and the cell suspension was collected by
centrifugation for 10 minutes at 220 g.

7. Aspirate supernatant and gently disperse the cell suspension in 1 ml of
pre-warmed media containing 25 mM Hepes. Triturate 15 times through a
sterile Pasteur pipette. If further dissociation is required also pass through a
19- and a 21-gauge needle.
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8. Pellet the cells by centrifugation for 10 minutes at 495 g. Resuspend the
cell pellet in 0.5 - 2 ml of fresh growth media and divide between four 75 cm2
flasks. Ensure each flask contains 10 mis of media.

9. Do not disturb culture between DIV 1-4. Refresh 70 % media every 3
days starting on DIV 4. Oligodendrocyte enrichment is carried out from DIV
8-DIV 11.

10. Removal ofmicroglia
Refresh growth media and add Hepes to a final concentration of 25 mM, and
seal the neck of the flasks with parafilm. Using an orbital shaker, shake for 1
hour at 200 rpm at 37 °C. Discard the supernatant and replenish with 10 ml
of fresh media. Leave cultures to equilibrate for 2 hours in the incubator.

11. Oligodendrocyte enrichment
Cover the necks of the flasks with parafilm and shake for between 18 - 24
hours at 350 rpm at 37 °C.

12. Pass supernatant through 125 pm and 70 pm meshes. Wash sieves with
plenty of pre-warmed media. Harvest cells by centrifugation at 230 g at 4 °C
for 10 minutes.

13. Pool supernatants and plate into 2-3 bacterial grade petri dishes (Fisher
brand). Incubate at 37°C / 9 COz % for 15 minutes. Gently aspirate the
supernatant and wash any loosely adhered cells off the bottom of the dish.

14. Add DNase I to a final concentration of 40 pg/ml and spin for 10 minutes
at 220 g.

15. After counting resuspend the cell pellet in 50 % SATO's media and 50 %
of the media used during shaking.
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Appendix V: Primary culture protocol described in
Bansal et ah, 1996

1. Follow Armstrong protocol up and maintain in Armstrong media for the
first 12 hours post-seeding.

2. For early 0-2A progenitors
Treat cells with 10 ng/ml PDGF for the first day, then 10 ng/ml PDGF-AA
with 10 ng/ml FGF-b for the next 2 days. Use cultures on DIV 4 post-seeding.

3. For pro-oligodendrocytes
Treat cells with 10 ng/ml PDGF-AA and 10 ng/ml FGF-b for the first 2 days,
then supplement media with FGF-b alone for a further 3 to 4 days. Use

cultures on DIV 7 post-seeding.
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Appendix VI: Primary culture protocol described

in Kohsaka et al., 1986

1. Sacrifice 16 BALB/c pups aged P7 by terminal anaesthesia.
2. Dissect brains over a tray of ice. Keep moist in HEBSS. Weigh brain tissue

and use 5 g (wet weight). Dice into pieces with a razor blade and incubate in
0.01 % trypsin and 0.001 % DNase I in Ca/Mg-free PBS for 30 minutes at

37 °C.

3. Terminate enzyme digestion by adding an equal volume ofMEM

containing 20 % horse serum and 15 mM Hepes.

4. Pass the tissue digest three times through a 19 g needle, then through a

150 pm and 75 pm nylon mesh.
5. Collect the cell suspension by centrifugation at 220 RCF for 10 minutes and
wash under the same conditions in PBS twice.

6. Divide the cell suspension between two glass Beckman centrifuge tubes.
Add autoclaved Percoll to a final concentration of 40 %.

7. Centrifuge at 15000 RCF at 4 °C on a fixed angle rotor for 1 hour.

8. Collect the layer between the upper dense myelin layer and the lower

erythrocyte layer and dilute three-fold in PBS.

9. Harvest the cells by centrifugation at 310 RCF for 15 minutes. Plate at a

high cell density in SATO's media made in DMEM:F12 containing 5 % horse
serum on laminin-coated glass.
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Appendix VII: The recombinant SFV vector system

VLPs are derived from the infectious clone pSP6-SFV4 that was engineered
from the prototype virulent strain SFV4 (Liljestrom & Garoff, 1991).

Replication is driven from a bacteriophage promoter (SP6) and the insertion
of a multiple cloning site 5' to the 26S promoter provides the opportunity for

genetic manipulation of the genome. This vector system has been through
numerous refinements by the principal investigators who designed it,

namely Professor Peter Liljestrom and Professor Kenneth Lundstrom

(Uppsala University, Sweden). The vector system used here was the two-

helper RNA system (Smerdou & Liljestrom, 1999). It was designed to

express large amounts of heterologous protein at a high rate of efficiency.

The VLPs were made using three separate RNA species. The first was the

basic SFV vector: the pSP6-SFV4 vector containing enhanced green

fluorescent protein in place of the structural genes, under the control of the
26S subgenomic promoter. The non-structural genes (nsPl-4) remain fully
functional. The virus capsid gene was supplied on a second plasmid (Helper

vector C) and the viral envelope proteins were supplied on a third plasmid

(Helper vector S). The helper RNAs do not contain the complete set of non¬
structural genes necessary for replication and more importantly they do not

express the virus packaging signal.

Production of VLPs firstly involves the in vitro transcription of all three

plasmids and their subsequent electroporation into BHK cells (see diagram

below). Only recombinant particles can bud from the cells into the

supernatant for collection. The vector plasmid alone cannot make the capsid
or envelope because it can only replicate EGFP. Mature virus particles can
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only form by incorporating the helper vector translated capsid and envelope.
The helper plasmids in turn do not have a packaging signal with which to
form defective particles lacking the genome.

Once the VLPs have been harvested, purified and analysed by restriction

digests, and titred they are used as a one-step suicide virus. The VLPs are

essentially avirulent because the non-structural genes can only replicate

EGFP. Although the VLPs can infect cells in the same manner as the wild

type SFV virus it cannot form new virions without the helper plasmids.
Hence the VLPs infect a subset of cells based on route of inoculation and

virus tropism, produce EGFP which labels them green and then remains in
the same cell until the metabolic drain caused by exhaustive EGFP

production kills the cell or induces apoptosis. Even if intact vector RNAs

escaped degradation by apoptosis they could not infect neighbouring cells a

second time.
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