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Summary

Rubella virus (RV) is the cause of a mild self-limiting disease, known as 

German measles, which predominates during childhood. It is however the 

devastating teratogenic effects of this virus that are of most concern. Rare 

neurological sequelae following RV infection include encephalitis and 

progressive rubella panencephalitis (PRP). Rubella is endemic throughout the 

world, causing epidemics that occur at irregular intervals. The introduction of 

the live attenuated vaccine in 1969 resulted in reducing the incidence of 

rubella and all its consequences. Nonetheless, insufficient coverage resulted in 

the continued transmission of rubella.

The lack of a reliable animal model has been a significant obstacle in the study 

of RV pathogenesis. The closely related Semliki-Forest virus (SFV) has long 

been used as a model for the study of demyelinating and teratogenic viruses. It 

is evident that the demyelination characteristic of SFV infection is immune- 

mediated, and may be triggered by the induction of apoptosis in SFV infected 

oligodendrocytes. The subsequent generation of myelin debris and 

presentation of myelin antigens to T-helper lymphocytes, may result in the 

induction of autoimmunity to myelin. An alternative mechanism of priming 

the immune system to myelin antigens may be molecular mimicry. Immune- 

mediated pathology is particularly evident in PRP and which may be 

autoimmune in nature. There are many intriguing similarities between the 

neuropathology of PRP and the human demyelinating disease. Multiple 

Sclerosis (MS). Based on previous work with SFV, it has been postulated that 

RV could trigger MS by autoimmune demyelination. MS is a multifactorial 

disease, it is therefore necessary to interpret the RV findings with great 

caution.

It was the main aim o f this thesis to investigate the induction o f cell death by 

the Therien strain o f RV, RV(T), in cells o f the CNS, and also to compare 

these findings with the RA27/3 vaccine strain. Potential severe neurological 

complications associated with RA27/3 have recently raised some concern. In



order to conduct these investigations, the induction of apoptosis by RV(T) and 

RA27/3 was first analysed and quantified in Vero cells. The depletion of 

oligodendrocytes in rat glial cell cultures infected with RV(T) and RA27/3 

was concluded to be due to apoptosis. Weanling rats were infected with RV(T) 

and resulted in the presence of lesions in close vicinity to viral antigen, this 

may therefore be due to the induction of apoptosis in oligodendrocytes.

Apoptosis induction in Vero and rat glial cells by RV(T) and RA27/3 directly 

correlated with viral titres. Productive infection and the presence of viral 

particles were also necessary to trigger cell death. The characteristic decrease 

in cell growth observed during embryonic infection with RV, was also 

observed in RV(T) infected Vero cells. However, RA27/3 infected Vero and 

rat glial cells displayed an increase in cell growth, which may be attributable 

to the deregulation of the cell cycle. The NSP90 protein of RV has been shown 

to bind to the retinoblastoma protein (pRb).

The induction of apoptosis by RV(T) and RA27/3 in Vero and rat glial cells 

was associated with caspases 3 and 6. It is suggested that caspase 6 activity 

may be responsible for the presence of the lesions in weanling rat brains. It is 

proposed that the mechanisms for the induction of apoptosis by RV involve 

the deregulation of the pRb/E2Fl pathway. The resulting induction of 

apoptosis may or may not depend on p53. The role of the RV capsid gene in 

apoptosis is also reviewed; the capsid antigen motif shares sequence similarity 

with myelin basic protein; interacts with p32 at the mitochondria and may be 

cleaved by caspase 6. Previous studies have shown that caspases 3 and 6 are 

involved in E2F1 mediated apoptosis.

Together, these findings are consistent with a role o f apoptosis in the 

pathogenesis o f RV. Further investigations into the induction of apoptosis by 
RV -will expand the understanding of the teratogenic and demyelinating 
properties of this virus.
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Chapter One 

General Introduction



1.1 Rubella virus

1.1.1 Togaviruses

Rubella virus (RV) is a member of the Togaviridae family (Frey, 1994). This 

classification is based on the virus genome, its lipid envelope or “toga” and its 
icosahedral capsid (reviewed by Chantler et al, 2001). The togavirus family 

consists of two genera. The alphavirus genus has 26 distinct arthropod-transmitted 

viruses (Strauss and Strauss, 1994), of which Semliki Forest virus (SFV) and 

Sindbis virus (SV) are the most renowned. SFV and SV have been studied in 
great detail, and the knowledge gained from studies of their molecular biology 

and replicative properties has been used as a basis for the understanding of the 

properties of other less well-understood, viruses in the family. RV is the sole 

member of the Rubivirus genus. Unlike most other togaviruses, RV has no known 
invertebrate host, and the only known natural reservoir for the virus is man 

(reviewed by Chantler et al., 2001). There is only one serological type of RV; 

however, several isolates exist. These isolates have differing characteristics, such 

as plaque morphology, growth, temperature sensitivity and affinity of monoclonal 

antibodies (Cordoba et al., 1997; Frey et al., 1998).

Togaviruses are simple animal viruses. Their genomes consist of a single-strand 

of messenger sense (positive polarity) RNA. This RNA is encapsidated by a 

single species of multiple copies of a single capsid protein, designated the C 

protein. The host cell-derived toga/envelope surrounds this nucleocapsid. 

Embedded in the envelope are spikes that are composed of heterodimers of the 

virus-encoded glycoproteins El and E2. Togaviruses do not encode reverse 

transcriptase, and therefore cannot stably incorporate into the host cell genome 
(Frey, 1994; Chantler et al., 2001).

1.1.2 Rubella virion structure and viral proteins

RV is a small spherical virus measuring 60-70 nm in diameter. Individual virions 

consist of a 30 nm electron dense core surrounded by a lipid envelope A
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distinctive electron lucent zone is found between the virus core and envelope that 

distinguish RV from other togaviruses. RV consists of a single-stranded 

polyadenylated genomic RNA of positive polarity. The naked genome is 

infectious, albeit inefficiently so. It is encapsidated by multiple copies of a capsid 

protein (C) and contained within a lipid bilayer envelope in which two 

glycoproteins, El and E2, are embedded (figure 1.1). The 40s genomic RNA is 

9,762 nucleotides (nts) long and contains 2 long open reading frames (ORF’s), 

organised in a manner similar to alphaviruses (figure 1.2). The 3’-proximal ORF 

(3189 nts) encodes the structural proteins, which are translated from a 24S 

subgenomic RNA and are proteolytically processed from a polyprotein precursor, 

pi 10, during translation. RV has three, well-characterised structural proteins. 

These proteins are designated C, El, and E2 (Oker-Blom et a l, 1983, 1984; 

Chantler et al., 2001). The gene order of the 24S subgenomic mRNA species is 

NH2-C-E2 -EI-COOH (Oker-Blom, 1984). Alphavirus gene expression occurs via 

26S mRNA, which encodes a 130 kDa polyprotein precursor, in a method similar 

to RV (reviewed by Chantler et al., 2001).

The C protein is a non-glycosylated 32-38 kDa protein. Multiple copies of this 

protein form the nucleocapsid (Oker-Blom et al., 1983; 1984). Sequencing 

studies have shown that no homology exists between the amino acid sequence of 

RV and the comparable sequences of alphavirus C proteins. There are, however, 

structural similarities between the proteins of these viruses (Frey and Marr, 1988). 

El and E2, the envelope proteins, are glycosylated, and form heterodimeric 

surface spikes that project 6-8 nm from the surface of the virus. E l is the larger of 

the two, with a molecular weight of approximately 58-62 kDa (Oker-Blom et al., 

1983; Chantler et al, 2001). Mature El molecules contain domains defined by 

monoclonal antibodies that are independently involved in attachment to the 

surfaces of red blood cells and in the initiation of infection (Ho-Terry et al., 

1984). The available structural and functional data on RV suggest that E l is the 

dominant surface molecule of the virus particle and that E l is probably the main
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Figure 1.2 Gene expression in rubella virus. The 5’-two thirds of the polyadenylated 

virus genome directs the synthesis of the precursor polypeptide p200, which is cleaved 

into the non-structural proteins pi 50 and p90. The 3’-one third of the genomic 40s RNA 

gives rise to the 24s sub-genomic RNA, that is the template for the synthesis of the 

precursor polypeptide, pi 10 for the structural proteins.



target for the detection and subsequent elimination of RV by the host’s humoral 

immune system with a less prominent role for E2 (Chantler et al, 2001).

While mature El appears as a single species, the E2 protein appears as a single 

species only in its intracellular form. The molecular weight of this species is 

approximately 40 kDa (Sanchez and Frey, 1991). In its virion form, E2 is resolved 

by SDS-gel electrophoresis as a smear of molecular weight 42-47 kDa. The virion 

contains two forms of E2 (E2a and E2b), which differ in the structure of their 

oligosaccharide side chains (Oker-Blom, et al, 1983). The function of E2 is 

uncertain, although theories suggest that it may be associated with virus 

infectivity or haemagglutinin (Green and Dorsett, 1986; Chantler et al., 2001).

The 5’-proximal ORF (6615 nts) of the RV genome, encodes the non-structural 

proteins. This ORF contains four motifs, a helicase, replicase and protease motif, 

as well as an X-motif (of unknown fiinction) (Dominguez et al, 1990). Upon 

infection, the 5’-ORF encodes the 200 kDa polyprotein, p200, which is 

subsequently processed by an RV protease, contained within p200, into two 

mature protein products, p i50 and p90 (Yao et al, 1998). The RV non-structural 

protease belongs to a viral papain-like protease family that cleaves the polyprotein 

both in trans and in cis (Liang et al, 2000). The non-structural proteins are 

responsible for RV replication, which is initiated by the synthesis of a full-length 

negative strand complementary to the genomic 40s positive strand RNA. This 

negative strand then serves as the template for the synthesis of new positive- 

strand genomic RNA and of a subgenomic RNA which is initiated at an internal 

site in the negative-strand RNA (Chantler et al, 2001). Non-structural protein 

cleavage is essential for virus replication; the cleavage products p i50 and p90 are 

required for efficient positive strand RNA synthesis. It is hypothesised that 

uncleaved p200 forms the replication complex for the negative strand synthesis 

and that cleavage of p200 into p i50 and p90 converts the complex into one with a 

capacity for efficient positive-strand RNA synthesis (Liang and Gillam, 2000).
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phosphorylated form of calreticulin (Nakhasi et al, 1991). Negative strand RNA 

is found solely in double stranded complexes with positive-strand RNA (19S to 

20S replicative intermediates) and has been localised to vesicles intimately 

associated with rough endoplasmic reticulum (ER). These conspicuous replication 

complexes are characterised as virus-modified lysosomes lined internally with 

vesicles containing irregular internal structures (Lee et al., 1994; Magliano et al., 

1998). The localisation of double-stranded replicative intermediates and RV non- 

structural proteins within the replication complexes indicates that they represent 

sites of viral RNA synthesis (Lee et ai, 1994; Kujala et al., 1999). In addition, the 

detection of RV core particles at the cytoplasmic side of the vesicles lining the 

lysosomal vacuole suggests that they are also sites of nucleocapsid assembly (Lee 

eta l, 1999).

Both full-length and subgenomic positive-strand RNAs are synthesised from the 

full-length negative-strand templates in a molar ratio of 1.6 to 1 (Hemphill et al., 

1988). The progeny full-length positive-strand RNA has three possible fates. It 

may be sequestered in the replication complexes as template for negative-strand 

synthesis, undergo translation to yield the non-structural protein precursor, or at 

later stages of infection, be encapsidated as part of the assembly process (Chantler 

et al., 2001). The mechanism whereby these events are regulated is not yet 

understood.

The subgenomic RNA has only one purpose; to act as template for the structural 

viral protein 110-kDa precursor (Clarke et al., 1987; Oker-Blom et al., 1984). Its 

translation occurs in hypertonic salt conditions that greatly reduce cellular mRNA 

translation, indicating that it has a higher affinity for ribosomes or translation 

factors than cell mRNAs, a factor that may be important in view of the inability of 

RV to inhibit host translation (Chantler, 1979). The cleavage of the 110-kDa 

precursor requires cellular signal peptidase and occurs during translocation of El 

and E2 into the lumen of the ER (Hobman et al., 1988). The E2 signal peptide 

(that initiates translocation of E2 into the lumen of the ER) is retained by C
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giving it a hydrophobic “tail” that allows it to remain membrane-associated, a 

factor thought to have important implications in virus assembly at the Golgi 

(Baron et al, 1992; Law et al, 2001). Posttranslational processing of the 

envelope glycoproteins has been studied in considerable detail. Within the ER, El 

and E2 form disulphide-linked heterodimers that are subsequently transported to 

the Golgi stack. Transport to the Golgi occurs much more slowly (60 to 90 

minutes) than for the alphaviruses, possibly due to slow maturation and folding of 

E l in the ER (Baron et al., 1992). The E1/E2 heterodimers are targeted to the 

medial and tram-Golgi apparatus, where glycosylation occurs (PfefFer and 

Rothman, 1987).

Some of the processed glycoproteins are transported to the plasma membrane, but 

most are retained in the Golgi stack, ER or in membranes surrounding 

intracellular vesicles (Baron et al, 1992; Hobman, 1993). Virus budding occurs at 

all of these membranes (Oshiro et al, 1969; Bardeletti et al., 1979), with the 

majority of virion assembly occurring at intracellular membranes. Nucleocapsid 

formation also occurs in association with membranes, in part due to the 

hydrophobic region (“tail”) at the carboxylterminus of C (Suomalainen et al, 
1990). Thus, unlike the alphaviruses, capsids are first apparent in association with 

partially budded membrane (reviewed by Chantler et al., 2001).

Recent conflicting reports have postulated on a putative role for the E l protein. 

Garbutt et al. (1999), and Yao and Gillam (1999), reported that the El 

transmembrane and cytoplasmic domains play an important role in the late stages 

of virus assembly, possibly interacting with nucleocapsids to drive virus budding. 

Conversely, Qiu et al. (2000) reported that mutations in the E l hydrophobic 

domain of RV impair virus infectivity but not virus assembly. Recent publications 

have indicated that the cytoplasmic and transmembrane domains of E2 are 

required during early steps in the viral assembly pathway (Garbutt et al, 1999). 

The E2 signal peptide is required for the localisation of the C protein to the 

perinuclear region and for subsequent virus assembly at the Golgi complex (Law
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et ai, 2001). The association of C with the host cell protein p32 may also play a 

role in the regulation of nucleocapsid assembly and or virus/host interactions. It is 

noteworthy that the site of this interaction is at the mitochondria. Another 

interesting observation is that the over-expression of rubella structural proteins 

results in clustering of mitochondria in the perinuclear region (Beatch and 

Hobman, 2000). The significant observations of Atreya et al. (1998) and Fomg 

and Atreya (1999) have added another layer of complexity to the lifecycle of RV. 

The RV non-structural protein NSP90 contains a binding motif (LXCXE) for the 

retinoblastoma protein (pRb). Binding of RV to pRb potentially alters the cell 

growth properties of pRb, and could be an important step in the 

neuropathogenicity of RV. Fomg and Atreya (1999) clearly demonstrated that RV 

replication is reduced in cells lacking pRb, thereby showing that the LXCXE 

motif is required for efficient RV replication.

RVpersistence

The ability of RV to mature within cytoplasmic vesicles, rather than at the cell 

surface, may help the virus to avoid elimination by the immune system and to 

produce persistent infections. RV infection of a wide variety of cells in vitro with 

low MOIs results in viral persistence (Williams et ah, 1981). RV persistence 

generally occurs as a chronic infection, with most cells expressing viral antigen 

and RNA, much of which is DI RNA. These cultures release low levels of 

temperature-sensitive progeny virus and DI particles (reviewed by Chantler et al., 

2001). Interferons may play a role in viral persistence and are induced in a 

number of chronically infected cell lines (Stanwick and Hallum, 1974). Both 

interferon-a and interferon-y restrict RV replication, reducing the levels of viral 

RNA in the cell as well as inhibiting viral translation (Nakhasi et al., 1988). This 

could promote both establishment and maintenance of the carrier state. Interferon, 

however, is not essential as persistent infections can be established in Vero and 

BHK-21 cells, which are unable to produce interferon, and exogenous interferon 

was not found to have an effect on RV persistence in these cells (Stanwick and
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Hallum, 1974). Antiviral antibody also inhibits RV replication while allowing 

persistence of the viral genome (Chantler and Davies, 1987).

Another site of RV persistence in vivo is joint tissue (Fraser et al, 1983; Chantler 

et al, 1985). Both wild-type and vaccine strains of the virus have been found to 

infect and persist in a chondrocyte cell line (Chantler et a l, 1993), as well as in 

primary cultures of human joint tissue (Miki and Chantler, 1992). Only the 

Cendehill vaccine strain showed no growth in cell and organ cultures derived 

from human joints; all other strains tested replicated readily in joint tissue and 

persisted for more than three months (reviewed by Chantler et al., 2001).

1.2 Infection with rubella virus 

1.2.1 History and epidemiology of rubella

RV is the aetiological agent of a disease known as rubella, German measles or 3- 

day measles (Frey, 1994). In 1814, George Maton first recognised that rubella, a 

mild illness characterised by rash, adenopathy and little or no fever was a distinct 

disease entity (Cooper, 1985). Rubella was originally called rothlen, by the 

German physician de Bergan, and was then renamed rubella by Henry Veale in 

1866. For more than a century, RV was considered to cause only a mild self- 

limiting disease, predominantly during childhood. An observation of fiindamental 

importance was reported in 1942. An astute ophthalmologist, Norman Gregg, 

noticed that first-trimester maternal rubella caused serious birth defects. Thus, 

Gregg not only recognised the ravaging potential of rubella, an otherwise 

innocuous disease, but also introduced the concept of viruses as teratogenic 

agents. The fixll spectrum and impact of rubella embryopathy remained 

unclarified until RV was isolated in tissue culture in 1962 (Cooper, 1985; 
Chantler e/a/., 2001).

Rubella is known to be endemic throughout the world and is associated with 

epidemics that occur in irregular fashion. The Oxford Textbook of Medicine 

states “rubella has been detected wherever it has been looked for” (Weatherbee
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1985). The last major epidemic of rubella to impact the US and Europe occurred 

in 1964. This epidemic affected 1% of pregnancies; an estimated 20,000 infants in 

the US suffered permanent damage from in utereo exposure to rubella. The 

introduction of the attenuated RV vaccine in 1969 resulted in successfully 

reducing the incidence of natural rubella and all its consequences. Nonetheless, 

the most recent worldwide epidemic of rubella in 1991-1992 coupled with 

vaccine failures and missed vaccine opportunities produced 25 cases of congenital 

rubella in Los Angeles alone (MMWR, 1994). In England and Wales, a 

downward trend of the incidence of acquired rubella was reversed in 1993, when 

there were local outbreaks among young males in colleges and universities 

(Miller et al, 1994). Other countries that chose different vaccination strategies 

continue to suffer the effects of natural rubella (Cooper, 1985; Chantler et al, 

2001). A recent mathematical model of the transmission dynamics of RV in 

Europe, has suggested that endemic circulation of rubella in Finland, the United 

Kingdom, The Netherlands, and perhaps Denmark is unlikely. However in Italy 

and Germany vaccine coverage in infants has not been sufficient to interrupt 

rubella transmission (Edmund et al, 2000), and the likelihood is of continued 

epidemics of rubella with cases of congenital rubella (Pebody et al., 2000). In the 

US, childhood vaccination has reduced rubella disease to low levels, however 

outbreaks continue to occur in unvaccinated communities (Danvaro-Holliday et 

al., 2000). Only half of the world’s countries vaccinate against rubella (Plotkin, 

2001). The range of the estimated total number of congenital rubella cases in 

developing countries in 1996, was as few as 14,000 to as many as 308,000 cases 

(with a mean of 110,000). The teratogenic effects of rubella are an under

recognised public health problem in many developing countries (Cutts and 
Vynnycky, 1999).

1.2.2 Acquired rubella

Post-natally acquired infection with RV results almost universally in a mild 

syndrome; the incubation period ranges from 14 to 21 days, with the average 

period being 17 days. Symptoms include a macular rash, fever, enlargement of
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cervical and occipital glands, and general malaise. The rash generally begins on 

the face, and spreads from there to the trunk and limbs. It generally clears within a 

few days. The most common complication of RV infection is transient joint 

involvement, such as polyarthralgia and arthritis (which is more frequent in 

women) (Frey, 1994). Chronic arthritis following RV infection or vaccination of 

adult women can also occur. Adult males may experience pain in the testicles 

(Chantler et al, 2001).

Rubella is transmitted via close contact or airborne droplets. Individuals with 

acquired rubella may spread disease from 7 days prior to the onset of the rash, 

until 7 days after it fades. Rubella is not as contagious as measles, and many 

individuals exposed to the disease as children do not contract it, resulting in a 

pool of susceptible women of childbearing age (Berkow and Fletcher, 1987). It is 

estimated that almost half of all cases are subclincal (Chantler et al, 2001).

Death attributed to acquired rubella is exceedingly uncommon. From 1966 to 

1988, only 0.05% of all cases of rubella reported to the Centre for Disease Control 

and Prevention were fatal. More recent data show that mortality rates remain 

below 0.1%. An apparent increase in the proportion of fatal to total cases likely 

reflects substantial changes in reporting bias in recent years that probably favours 

identification of fatal and congenital cases over banal cases.

1.2.3 Congenital rubella syndrome

While post-natally acquired rubella infection presents only a mild syndrome, a 

foetus infected via its pregnant mother can sustain devastating birth defects. The 

birth defects sustained by an infected foetus are collectively known as Congenital 

Rubella Syndrome (CRS). Classical symptoms of CRS (known as Gregg’s triad) 

include eye and cardiovascular defects and deafness, are listed in table 1.1 

(Weatherbee, 1985). In addition to these symptoms stillbirths and spontaneous 

abortions may also occur (Frey, 1994; Chantler et al., 2001). The majority of CRS 

cases involve the Central Nervous System (CNS) (Atkins et al., 1995)
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Teratogenicity caused by this virus is most common during the first trimester of 

pregnancy, when 85% of infected infants suffer from congenital defects (reviewed 

by Chantler et al, 2001). The risk of embryonic infection decreases in the second 

trimester, and then increases in the third. This is presumably due to unspecified 

changes in the placenta (Webster, 1998). It is postulated that one of the initial 

steps in RV induced teratogenesis involves the interaction of the RV putative 

replicase (NSP90) with the retinoblastoma tumour suppressor protein (pRb), 

which possibly alters foetal cell growth (Atreya et al., 1998). It is apparent 

however that there are many unanswered questions surroimding the pathogenesis 

ofCRS.

Table 1.1 Gregg’s Triad of symptoms in congenital rubella syndrome

(Weatherbee, 1985).

Eye defects Glaucoma

Cataracts

Microphthalmos

Retinopathy

Cardiovascular defects Persistent ductus arterosis

Pulmonary stenosis

Aortic and renal artery stenosis

Tetralogy of Fallot

Myocarditis

Deafness Sensorineural

Central imperception

1.2.4 Neurological sequelae

Sequelae of RV infection include three distinct neurological syndromes; a post 

infectious encephalitis following acute infection, a spectrum of neurological



manifestations following congenital infection, and an extremely rare 

neurodegenerative disorder, progressive rubella panencephalitis (PRP), that can 

follow either congenital or postnatal infection. The pathogenesis of all three of 

these syndromes is incompletely understood. Virus invasion and replication in the 

brain has only been definitively demonstrated in CRS and appears to account for 

the majority of neurological lesions observed in this disease. Immune-mediated 

pathology is particularly evident in PRP and may be autoimmune in nature, 

possibly triggered by molecular mimicry between viral and host epitopes, 

considering the apparent lack of virus in the brain (Frey, 1997). Acute rubella 

encephalitis is a demyelinating disease designated as secondary encephalitis, 

occurring one case per 6000 rubella patients, either at viremia or eruption stage 

(Abe and Date, 1997).

PRP is a slow viral infection of the CNS. It was first reported in 1974, and fewer 

than 20 cases have been reported since then. PRP may exhibit clinical features 

resembling sub-acute sclerosing panencephalitis (SSPE), a similar disorder 

occurring months to years following infection with measles virus. However, the 

age of onset is older and the clinical course more benign in PRP than in SSPE; the 

disorders may be distinguished by the level of measles antibodies (Kuroda and 

Matsui, 1997). Another similar disorder, characterised by slow mental and motor 

deterioration, is progressive multifocal leukoencephalopathy (PML), which is 

caused by a papovavirus that lyses oligodendrocytes (Gilden, 1983).

PRP is characterised by a prolonged asymptomatic period, followed by the onset 

of symptoms of neural deterioration during the second decade of life. These 

include behavioural changes, intellectual decline, ataxia, spasticity, and 

sometimes seizures. Serious neurologic dysfunction follows, ultimately leading to 

death within 8 years (reviewed by Chantler et al,  2001). An increase in anti

rubella antibody titer and IgG can be found in the CSF (Kuroda and Matsui, 

1997). The prominent pathological findings in the brain include extensive 

destruction of white matter, accompanied by loss of myelin, relative preservation
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of axons, severe gliosis, numerous amorphous vascular deposits in the white 

matter and severe generalised cerebellar atrophy. No intranuclear or 

intracytoplasmic inclusions are seen, and viral particles have not been identified. 

The loss of myelin and oligodendrocytes in PRP and near complete destruction of 

Purkinje cells, suggests a degree of selective tropism for rubella in the CNS 

(Townsend et al, 1976; Chantler et al, 2001). The pathological similarities 

between PRP and Multiple Sclerosis (MS) are discussed in section 1.5.8.3.

1.2.5 Prevention and vaccine biosafety
Development of a live attenuated rubella vaccine rapidly followed the isolation of 

RV in tissue culture in 1962 (Cooper, 1985; Chantler et al., 2001). The vaccine 

strain currently used in the US and Europe is the Wistar RA27/3 strain. This strain 

was attenuated by passaging in WI-38 human diploid cell cultures. One dose of 

vaccine produces an antibody response in over 95% of vaccinees; there is no 

evidence that protection following immunisation wanes with time. Vaccine 

induced antibody has been shown to persist for 18 years. Protection against 

clinical rubella appears to be long-term even in the presence of declining antibody 

(Salisbury and Begg, 1996). The RA27/3 strain replaced the HPV77 strain, which 

was discontinued due to attenuation problems. Although RA27/3 may be 

administered alone, it is usually given as part of the trivalent MMR (measles, 

mumps and rubella) vaccine. Divergent vaccination policies have been developed 

in different countries, with vaccine delivery targeted at different age groups and 

sexes. Consequently, there have been varied initial results in vaccination uptake 

rates (reviewed by Chantler et al., 2001). In the UK and Ireland, it is 

recommended that all children should be immunised with MMR at 12-15 months 

and again at 4 years. A history of rubella should be disregarded because of the 

unreliability of diagnosis (Salisbury and Begg, 1996; National Immunisation 

Committee, 1999; Paulo e ta l, 2000).

The rubella vaccine should not be administered to patients receiving high dose 

corticosteroids or immunosuppressive treatment including general radiation; or to
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those suffering from malignant conditions of the reticulo-endothelial system such 

as lymphoma, leukaemia, Hodgkin’s disease or where the normal immunological 

mechanism may be impaired as, for example, in hypogammaglobulinaemia. 

Vaccination is furthermore contraindicated during febrile illness (Salisbury and

Begg, 1996).

Vaccine strains of RV appear to lack the teratogenic capacity of natural (wild 

type) RV (Signore, 2001). However, because a potential risk to the fetus still 

exists, pregnancy remains a contraindication to rubella vaccination. Inadvertent 

vaccination of a seronegative pregnant woman is not generally considered to be 

sufficient reason for routine termination of pregnancy (Chantler et al, 2001). 

Active surveillance in the US, UK and Germany has found no case of CRS 

following inadvertent immunization shortly before or during pregnancy (Salisbury 

and Begg, 1996). However, the recent inadvertent immunisation of a seronegative 

woman with RA27/3 led to the development of persistent foetal infection with 

prolonged virus shedding for more than 8 months; however at birth the infant 

displayed none of the symptoms of CRS (Hoffman et al., 2000).

Rubella re-infection can occur in individuals with both natural and vaccine- 

induced antibody. Occasional cases of CRS after reinfection in pregnancy have 

been reported; although the risk to the fetus cannot be quantified precisely, it is 

considered to be low (Cusi et a l, 1993; Salisbury and Begg, 1996).

The incidence of acute adverse reactions to RA27/3 is higher than that reported 

for the Cendehill and To336 vaccine strains, but lower than that after natural 

rubella. Adverse reactions associated with RA27/3 include fever, sore throat, rash, 

lymphadenopathy, arthralgia and arthritis, paresthesia, and carpal tunnel 

syndrome (Salisbury and Begg, 1996; Chantler et al., 2001). Thrombocytopenia, 

usually self-limiting, has occasionally been reported after rubella immunisation 

(Salisbury and Begg, 1996). Between 10% and 40% of rubella seronegative 

women vaccinated with the RA27/3 vaccine develop acute, usually transient.
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arthritis or arthralgia. In a few subjects, the joint reactions can be recurrent or 

persistent, similar to symptoms of natural rubella. In addition, rubella specific 

immune complexes persist for extended intervals after vaccination and are found 

more frequently in patients who experience complications (reviewed by Chantler 

et al, 2001). The finding of an association of HLA-DRl and HLA-DR4 with an 

eightfold higher incidence of joint symptoms after RA27/3 rubella vaccination 

suggests that RV causes joint symptoms selectively in genetically predisposed 

individuals (Mitchell et al., 1998). Females are more predisposed to the adverse 

outcomes of rubella immunisation with RA27/3; this may partially be explained 

by hormonal influences on RV-specific immunity that might result in differential 

handling of RV (Mitchell, 1999). It has been suggested that the risk o f 

arthropathy following vaccination with RA27/3 may be higher in women who 

have very low pre-vaccine levels of antibody (Mitchell et al., 2000).

Potential severe neurological complications associated with the rubella virus 

vaccine have raised some concern (Schaflfner et al.  ̂ 1974; Holt et al., 1976; 

Fenichel, 1982; Tingle et al,  1985; Stevenson et al, 1996; Cecille et a l,  1999; 

Cusi et al, 1999; Tsuru et a l,  2000). Cusi et al. (1999) reported peripheral 

neuropathy associated with anti-myelin basic protein antibodies in a woman 

vaccinated with RA27/3. There has also been a case of acute disseminated 

encephalomyelitis following live rubella vaccination (Tsuru et al., 2000). In 

Denmark between 1987 and 1997, 550 notifications of adverse reactions after 

MMR vaccination at 15 months of age have been registered. Forty-one of these 

included gait disturbances, the symptoms and signs o f which, were characteristic 

of cerebellar ataxia (Plesner et al, 2000). The incidence o f acute disseminated 

encephalomyelitis, which is characterised by immune-mediated demyelination, 

has fallen greatly following the development of vaccines. However, neurological 

complications following immunisation are still reported. Vaccines other than 

those prepared from live attenuated viruses and whole killed organisms have 

never proved to induce acute disseminated encephalomyelitis (Hirano, 1997)



In 1998 a controversial link between MMR vaccination and autism was suggested 

(Wakefield et al, 1998), this was followed by a larger case series of 60 children 

with the same combination of clinical findings (Wakefield et al., 2000). These 

studies have been widely criticised and debated (Nicoll et al., 1998; Chen and 

DeStefano, 1998; DeFrancesco, 2001; Wong, 2001; Edwardes and Baltzan, 2001; 

Edwards, 2001; Kissoon, 2001; Ramsay, 2001, Christie, 2000) and have been the 

subject of intense media speculation (Begg et al, 1998; Goodman, 2001). In the 

UK, before 1988 the incidence of autism was 1 in 10000, after 1988 (the year 

MMR was introduced into the UK) it leapt to 8 in 10000, by 1993 it was 29 in 

10000 (Yazbak, 2001). A plethora of publications have provided evidence that 

there is no correlation between the prevalence of MMR vaccination and the rapid 

increase in the risk of autism over time (Farrington et al., 2001; Kaye et a l, 2001; 

Davis et al., 2001; Vastag, 2001; Halsey et al, 2001; Ashraf, 2001; Marwick, 

2001; Marshall, 2001). However, no explanation for the marked increase in 

autism over the last 11 years has been provided.

Apart from the potential dangers associated with vaccination of pregnant women 

or immunocompromised patients, another problem associated with rubella is the 

lack of immunity of some women of childbearing age due to either missed 

opportunity for vaccination, vaccine failure, or durability of the immune response 

elicited. A fiirther concern is the refijsal of some women to be vaccinated either 

because of concerns regarding side effects or for religious reasons (reviewed by 
Chantler et al, 2001).

New rubella vaccine strategies under assessment include the development of 

subunit vaccines and the use of recombinant DNA technology to engineer a 

vaccine strain that combines desirable properties of strains currently available. A 

subunit vaccine comprising the El protein, which contains the major neutralising 

epitopes has been proposed (Wolinsky et al., 1993). In addition, DNA vaccines 

incorporating all three structural proteins, or just the E l and E2, have been 

construaed and have shown promise in mice (Pougatcheva et al., 1999) The
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infectious cDNA clone of RV offers the opportunity of developing novel DNA- 

based vaccines against rubella (Pugachev et al, 2000). An SFV-based vector also 

has potential to be developed as a safe vaccine. SFV vectors have several 

advantages - their relative simplicity, high level of expression, efficient immune 

stimulation and suicidal nature (Morris-Downes et al., 2001). Such non

replicating vaccines could be given safely to pregnant women to boost immunity 

during the critical stage of foetal development. Similarly, in immunocompromised 

individuals, a subunit vaccine would not be associated with the risk for 

dissemination and disease that accompanies immunization with a live vaccine. 

With regard to the general population, use of a live attenuated vaccine that will 

promote the strongest and most enduring immune response is still advisable 

(reviewed by Chantler et al, 2001). A significant obstacle in the development of 

alternative rubella vaccines is a lack of understanding of RV induced 

pathogenesis.

1.3 Animal models

There are no reliable animal model systems for the study of clinically 

symptomatic rubella infection. A variety of animal models have been described 

and all have disadvantages. A number of laboratory animals can be 

asymptomatically infected with RV. Rhesus and African green monkeys, as well 

as chimpanzees and baboons, develop viraemia, shed virus in respiratory 

secretions, and produce humoral immune responses in a manner comparable to 

humans (Horstman, 1969). Marmosets do not transmit virus to their offspring but 

are susceptible to asymptomatic infection (Patterson et al, 1973). Attempts at 

experimental transplacental transmission have been described in the monkey 

(Rawls and Melnick, 1966; Rorke and Spiro, 1967; Mims, 1968; Tardieu, 1980), 

ferret (Fabiyi et al., 1967), rat (McKay and Margaretten, 1967; Van Oirschot, 

1983), rabbit (Cohen et al., 1972), and hamster (Overall, 1972). Although 

evidence of transplacental transmission of RV has been demonstrated in monkeys 

(Rawls and Melnick, 1966) and ferrets (Fabiyi et al., 1967), no teratogenic 

anomalies were detected in their offspring. Ferret pups, however, develop CNS
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vascular lesions similar to those reported for CRS (Rorke et al, 1968). Pregnant 

rats inoculated intramuscularly with RV (on the fifth day of gestation) resulted in 

intrauterine growth retardation, lenticular opacity, atrophic changes in the 

myocardium, and neonatal death of the fetus (McKay and Margaretten, 1967; 

Avila et al., 1972; Van Oirschot, 1983). A conflicting study in rats demonstrated 

subclmical infections in which the virus did not invade the fetus (Sato et al., 

1976). Rabbits also provide a model for the ocular malformations and growth 

retardation of CRS (Kono et al., 1969) and have demonstrated the tropism of RV 

for joint tissue by the concentration of virus in chondrocytes (London et ah, 

1970). Finally in mice, following intravenous or intrasplenic injection, both 

humoral and cell-mediated responses to infection can be detected, however they 

do not develop symptomatic rubella infection. Even highly immunodeficient 

SCDD mice do not develop significant symptoms after lO’ pfii of Therien strain 

(reviewed by Chantler et al., 2001).

Unfortunately, none of these animal models have proved sufficiently reliable to 

study the mechanisms of rubella pathogenicity. This is primarily because the sole 

reservoir for RV is man; this virus does not naturally infect animals (Chantler et 

al., 2001). Perhaps, the construction of a model system to study the fundamental 

details of rubella pathogenicity in animals should utilise a virus, related to rubella, 

which infects laboratory animals. The closely related SFV efficiently infects the 

mouse fetus after infection of the mother. The teratogenic effects induced by SFV 

include skeletal, skin and neural tube defects. Avirulent SFV can also induce 

demyelination in mice. This demyelination occurs in discrete areas of the CNS 

called plaques. Avirulent SFV has therefore been suggested as a model for human 

demyelinating diseases of the central nervous system, such as MS (Atkins et al., 

1999; Atkins et al, 2000) and PRP.

1.4 Cells of the Central Nervous System

The central nervous system (CNS) is composed of two major types of cells. These 

cells are categorised as neurons and glial cells, or neuroglia. It is argued that the
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functional architecture of the brain depends on the intimate neuron-glial 

partnership. Several soluble factors secreted by either glial or neuronal cells have 

been implicated in the mutual influence these cells have on each other (Gomes et 
al, 2001).

1.4.1 Neurons

Signals and messages bound for all parts of the body are sent through neurons. 

Neurons may be described as the “structural and functional units of the nervous 

system”. The sizes of their cell bodies range from 5 to 135 |im in diameter, 

varying structurally and functionally (Tortora and Anagnostikos, 1984).

Neurons are divided into three large categories: the sensory or afferent neurons, 

the motor or efferent neurons, and the intemeurons or association neurons 

(Tortora and Anagnostikos, 1991). Sensory neurons carry messages from various 

receptors in the body to the CNS. These receptors may be found throughout the 

body, including in the skin, the viscera, or the mucous membranes. They send 

sensory messages such as pain or cold to the CNS. Motor neurons are responsible 

for conveying messages from the CNS to effector cells. Motor neurons innervate 

muscle and regulate autonomic functions. Action or motion of organs or limbs is 

thus effected. Intemeurons form a communications network between sensory and 

motor neurons. An estimated 95 to 99.98% of neurons belong to this group (Ross 

and Romrell, 1989).

Neurons are polarised cells with an axon and a dendrite arbor extending from the 

soma (cell body). Each neuron has only one axon but may have numerous 

dendrites. Axons branch and contact other neurons through synapses. A synapse 

is a small space between an axon’s end and the soma of the next cell. 

Neurotransmitters are released from synaptic vesicles in presynaptic neurons in 

response to neural activity, diffuse across the synaptic cleft, and bind specific 

receptors in order to bring about changes in post-synaptic neurons (Tortora and 

Anagnostikos, 1984). Neurotransmitter release plays a crucial role in synaptic
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transmission (Fon and Edwards, 2001). Recent studies have shown that Ca^^ has 

multiple roles in synaptic-vesicle endocytosis, impacting on different neuronal 

fianctions, such as synaptic transmission and the repair of damaged membranes 

(Cousin, 2001).

1.4.2. Impulse Conduction

Information in the nervous system is conveyed through electrical and chemical 

means. Chemical conductance in the neuron occurs through a process called 

axoplasmic transport. Axoplasmic transport is a much slower process than 

electrical conductance.

Electrical impulses are transmitted via exploitation of potential differences across 

the neuronal cellular membrane. Activation of the cell membrane causes it to 

become polarised. A change in potential at one point on an axon usually 

depolarises adjacent portions o f the axon, thus causing propagation of an impulse 

down the length of the process. At the terminal of the axon, an influx of 

extracellular Ca^^ through voltage dependent channels stimulates neurotransmitter 

release by exocytosis. In myelinated axons, the mode of impulse conduction 

occurs more quickly, via a process known as saltatory conduction. Continuous 

depolarisation is not possible in myelinated axons, as the myelin sheath is a non

conductor. Rather, unmyelinated nodes of Ranvier are depolarised, and the 

resulting signal travels to the next node through the axoplasm and extracellular 

fluids, thereby leaping from node to node along the length of the axon (reviewed 

in Tortora and Anagnostikos, 1991).

1.4.3 Giial Cells
The term “neuroglia” derives from the Greek, and means “nerve glue” (Carpenter 

and Sutin, 1976). The term refers to the supportive function of these cells. Four 

classes of glial cells have been identified. They are oligodendrocytes, astrocytes, 

ependymal cells and microglial cells. Glial cells are active partners o f neurons in 

processing information and synaptic integration. It has been suggested that the
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active brain should no longer be regarded as a circuitry of neuronal contacts, but 

as an integrated network of interactive neurons and glials (Bezzi and Volterra, 
2001).

1.4.3.1 Oligodendrocytes

Oligodendrocytes are responsible for the formation of the myelin sheath in the 

CNS and are engaged in myelin production, maintenance and repair; reviewed in 

section 1.5. They are small multi-processed cells, and are named because of their 

resemblance to trees (reviewed by Weiss, 1988). A single oligodendrocyte is 

capable of myelinating numerous axons. Oligodendroglial progenitor cells 

migrate from their sites of origin to reach the axons that they will myelinate. Glial 

precursors, like neurons may use radial glial cells as scaffolds for migration 

(Diers -Fenger et al, 2001). Radial glial cells are now recognised as a transient 

population that serves as scaffolding for neuronal migration (Bentivoglio and 

Mazzarello, 1999). Ahhough, only a small number of oligodendrocyte 

transcription factors have been identified, these are excellent candidates for 

regulators of cell type specification, lineage progression, and terminal 

differentiation (Wegner, 2001). AduU oligodendrocyte precursor cells comprise 

approximately 5-8% of the glial cell population in the CNS. Their function in the 

undamaged CNS is largely unknown, but their processes are in contact with nodes 

of Ranvier and synapses, suggesting a regulatory role at these structures. In 

response to demyelination, they divide and are thought to differentiate to provide 

new oligodendrocytes to replace those that have been lost (Levine et al., 2001).

The counterpart of the oligodendrocyte in the peripheral nervous system (PNS) is 

the Schwann cell. Whereas oligodendrocytes act only within the CNS, Schwann 

cells are able to invade the CNS in order to regenerate new myelin sheaths around 

demyelinated axons (Ross and Romrell, 1989). Both cells have some limitations 

in their activities; oligodendrocytes are post-mitotic cells, and Schwann cells only 

invade the CNS in the absence of astrocytes (Graca et al., 2001).
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1.4.3.2 Astrocytes

Astrocytes are the largest and most numerous of the glial cells, and are named for 

their resemblance to stars. Two types of astrocytes are classified. Fibrous 

astrocytes predominate in the white matter, and protoplasmic astrocytes 

predominate in the grey matter. Fibrous astrocytes have long, slender, unbranched 

processes, while protoplasmic astrocytes are short and “stout” with many 

branches (Weiss, 1988).

Astrocytal processes may terminate on blood vessels or neurons, where they 

expand and form end feet. End feet may cover a large portion of the vessel or 

neuron. Hypotheses concerning the fiinction of the end feet give them a role in 

regulation of movement o f blood-bome materials from vessels to neurons (Ross 

and Romrell, 1989). Immature astrocytes play a major role in neuronal migration 

and neuritogenesis. When present in the germinative zones o f the adult brain they 

may provide a microenvironment involved in sustaining the proliferation of 

progenitor cells (Alonso, 2001; Menet et a i, 2001). Astrocytes play several 

essential roles in CNS function. They are involved in multiple brain functions in 

physiological conditions, participating in neuronal development, synaptic activity 

and homeostatic control of the extracellular environment. They also actively 

participate in the processes triggered by brain injuries, aimed at limiting and 

repairing brain damage (Ciccarelli et ah, 2001). Astrocytes are endowed with ion 

channels, transport pathways, and enzymatic intermediates optimised for ionic 

uptake, degradation of metabolic products, and inactivation o f numerous 

substances, they are able to sense and correct for changes in neural 

microenvironment. Besides this housekeeping role, astrocytes modulate neuronal 

activity either by direct communication through gap junctions or through the 

release o f neurotransmitters and/or nucleotides affecting nearby receptors. 

Astrocytes have different modes of generating complex changes in intracellular 

calcium concentrations, which allow them to communicate with each other and 

influence neuronal behaviour. The intracellular calcium responses in astrocytes 

are responsible for an increased release o f neuromodulators from glial cells
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(Scemes, 2000; Verderio et al, 2001). It has been suggested that astrocytes are 

important for the protection and survival of neurons in the adult brain. They form 

an intimately connected network with neurons, with their processes closely 

enwrapping synapses (Vesce et al., 1999; Chen et al., 2001; Cui et a l, 2001).

1.4.3.3 Ependymal Cells

Ependymal cells are epithelial cells arranged in a monolayer that line the 

ventricular system of the brain and the cerebral aqueducts, separating the 

cerebrospinal fluid from neuronal tissue. The thickness of this monolayer changes 

with the differing size and shape (ranging from squamous to columnar) of the 

cells that compose it (Weiss, 1988; Tortora and Anagnostikos, 1991). Unlike 

other neuroglial cells, epithelial cells do not migrate during the brain’s 

development. There are no occluding junctions joining the ependymal cells, and 

as a result, solutes and many proteins may pass between them and thereby reach 

brain parenchyma. Cerebrospinal fluid may pass freely from the ventricular 

spaces of the CNS into its intercellular spaces (Weiss, 1988; Tortora and 

Anagnostikos, 1991). In vitro, choroid plexus ependymal cells promote neurite 

outgrowth from dorsal root ganglion neurons and facilitate axonal growth in vivo, 

suggesting they may be a promising candidate for the promotion of nerve 

regeneration in spinal cord grafts (Chakrabortty et al., 2000; Ide et al., 2001). 

Following injury in the adult urodele amphibian, ependymal cells migrate and 

proliferate to form the ependymal tube from which the spinal cord regenerates 

(Zhang et al., 2000). Interactions between astrocytes and ependymal cells may be 

important in the regulation of water and electrocyte movements in the brain 

(Badaut et al, 2000). Recent studies have shown that ependymal cells and 

subventricular zone astrocytes are neural stem cells, giving rise to neurons and 

glial cells in response to injury. Utilisation of endogenous stem cells in the 

treatment of nervous system diseases is an important strategy in neurogenesis 

(Wozniak, 1999).
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1.4.3.4 Microglial cells

Microglial cells form the first line of defence in the brain, acting as the 

macrophages of the nervous system. Microglia remove debris from necrotic cells, 

and may also act as phagocytotic vehicles in some situations. Following ingestion 

of debris, microglial cells enlarge, and their shape becomes globular. Vacuoles 

form, as do lipid droplets and other inclusions (Weiss, 1988; Ross and Romrell, 

1989). Microglia in the healthy adult brain possess a characteristic ramified 

morphology with multiple branched processes and small somata (Wollmer et al, 
2001). Changes in the morphology of ramified microglia are a common feature in 

brain pathology (Bohatshek et al., 2001).

Microglial cells are prominent sensors and effectors during neuropathological 

changes (Hanisch et al., 2001). Activation of microglia is among the first cellular 

changes in the injured CNS. However, little is known about their specific 

contribution to secondary damage or repair processes in neighbouring neurons 

and non-neuronal cells or to the immune surveillance of the damaged tissue. 

Macrophage-colony stimulating factor (MCSF) is an important mitogen for brain 

microglia. In the early phases following injury, neurons express MCSF, which 

may initially activate microglia, expressing M-CSF later, causing further 

proliferation or migration of microglia themselves to eliminate damaged neurons 

or necrotic brain tissue (Kalla et al., 2001; Takeuchi et al., 2001). Increased M- 

CSF receptor induces microglial proliferation, cytokine expression and a 

paracrine inflammatory response (Mitrasinovic et al, 2001).

Activation of microglial cells and astrocytes after CNS injury results in changes in 

their morphology, immunophenotype and proliferative activity and has 

neurotrophic as well as neurotoxic consequences (Dihne et al, 2001). Calcium 

signalling between astrocytes and microglia is mediated by ATP. This mechanism 

of intercellular communication may be involved in controlling the number and 

function of microglial cells under pathophysiologic CNS conditions (Verderio and 

Matteoli, 2001).
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Activated microglia ceils release proinflammatory cytokines and reactive oxygen 

species, that can influence neuronal signalling and survival (Kingham and 

Pocock, 2001). Microglial cells are the primary cellular source of IL-18 (a 

recently identified pro-inflammatory cytokine) in the brain. IL-18 may play an 

important role in the pathogenesis of various neurodegenerative diseases, such as 

rheumatoid arthritis, insulin-dependent diabetes mellitus and inflammatory liver 

injury (Suk et al., 2001). Microglial cells are regulators of tissue homeostasis in 

the adult CNS and readily participate in pathological processes, orchestrating 

tissue remodelling. Cytokines produced by microglial cells are markers of cell 

activation and contribute to reactive processes (Schwab et al., 2001). Activated 

microglia have been implicated in cytotoxic and inflammatory processes in 

neurodegenerative diseases as well as during ageing (Kullberg et al, 2001). The 

precise role of this cell population is difficult to identify. Results point to a 

differential response of microglial cells to a progressive neurodegenerative 

process (Boillee et al, 2001). Microglial activation needs to be tightly regulated 

for physiological maintenance and normal flinctioning of the CNS. It has been 

hypothesised that the activation of microglial cells leads to the production of nitric 

oxide (NO), which in turn acts as the major mediator of cellular apoptosis in an 

autocrine fashion. This may have relevance in the pathogenesis of various 

neurodegenerative diseases possibly resulting from ‘over activation’ of microglial 

cells (Lee et al, 2001). The precise function of activated microglia and their 

secretory products remains controversial.

1.5 Myelin

1.5.1 Myelin formation

The velocity at which an impulse is conducted is proportional to the diameter of 

the axon and the thickness of the myelin sheath surrounding it. The myelin sheath 

is a laminar membrane, formed by oligodendrocytes (figure 1.3), that accelerates 

the conduction of impulses and insulates and protects the axon (Rumsby, 1978).
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Figure 1.3 Schematic representation of myelin wrapping around a nerve cell axon in 

the spinal cord. In the CNS, oligodendrocytes produce myelin, which is composed of 

multiple layers of oligodendrocyte membranes that wrap concentrically around one or 

more axons. The myelin sheath around an axon acts like an electrical insulator, allowing 

nerve impulses to be conducted with speed and efficiency http://science- 

education.nih.pov/nihHTML/ose/snapshots/multimedia/ritn/spinal/wrapping.html



In addition, oligodendrocytes have trophic effects on axons (Anderson and 

Bjartmar, 2000).

Myelin sheath formation in the human begins during the fourteenth week of 

embryonic development, quickens during the final trimester, and continues 

throughout the first postnatal year. The brain of the neonatal rat is comparatively 

immature, and contains almost no myelin (Weiss, 1988). This condition has 

allowed studies o f differentiation and myelinogenesis through 

immunohistochemical, electron microscopic, and other techniques both in vivo 
and in vitro.

The myelin sheath is formed when an oligodendrocyte wraps one of its processes 

around an axon in a spiral fashion. The process flattens as it surrounds the axon, 

and thereby propels its organelles to the outer unwrapped portions of the process. 

Because oligodendrocytes are multi-processed cells, a single one is capable of 

myelinating segments of many axons. An individual Schwann cell forms a myelin 

sheath around only one PNS axon. Light microscopy of a myelinated axon reveals 

interruptions in the sheath along the axon’s length. These interruptions are 

unmyelinated areas termed nodes of Ranvier (Rumsby, 1978; Williams and 

Deber, 1993). The thickness of the myelin sheath appears to be dependent upon 

the circumference of the individual axon. It is estimated that one lamella of 

myelin is added for every 0.2 |j,m of axonal diameter (Weiss, 1988).

A number of genetically manipulated animal models have provided insights into 

the fijnction of myelin components and the process of myelination. Current 

research on myelin related diseases, for example MS, focus on novel strategies for 

remyelination through transplantation of myelinating cells or stimulation of 

endogenous oligodendrocytes (Williams and Deber, 1993).

Research into the genesis of the myelin sheath has focused on the development 

and proliferation of oligodendrocytes (Gard and Pfeiffer, 1989; Gard et al, 1990;
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Pfeiffer et al, 1990; Bansal and Pfeiffer, 1992; Bansal et al., 1992) and on the 

interactions of Schwann cells with neurons in vitro (Wood et al., 1980; Seil and 

Blank, 1981; Wood and Williams, 1984; Nishimura et al., 1985). Studies of 

oligodendrocytes attempt to characterise surface antigens expressed by these cells, 

while experimentation with cultured cells attempts to define culture environments 

in which myelination may occur or is inhibited.

1.5.2 Myelin lipids and proteins

Myelin is made up of approximately 75-80% lipid and 20-25% protein (dry 

weight) (Rumbsy, 1978). It consists of a number of different molecular species, 

each with its own characteristics, which may contribute to the formation of the 

myelin membrane.

Myelin lipids are arranged in a typical membrane bilayer in that the hydrophilic 

‘heads’ provide the interface between the aqueous spaces both intra- and 

extracellularly and the acyl chains produce the hydrophobic core. Cholesterol is 

the most abundant lipid species in the myelin membrane, the other lipids being 

cerebrosides, phospholipids, sphingomyelin and to a lesser extent gangliosides. 

As myelin develops, the lipid composition changes, although these changes do not 

affect the structural stability of the myelin sheath (reviewed by Williams and 

Deber, 1993).

MBP

Myelin basic protein (MBP) is an intracellular protein making up to 25-30% of 

total myelin protein and in humans consists of 170 amino acids. This cytosolic 

protein interacts with acidic lipids at the inner surface of the myelin membrane 

and stabilises the tight lamellar structure of the myelin sheath (Brunner et al., 

1989). MBP may exist as various isomers; four isomers can be demonstrated 

depending on differential splicing of the 7 exons, which may have different 

primary roles in the formation and maintenance of the myelin sheath (reviewed by 

Williams and Deber, 1993). The 18.5 kDa isoform is the most important and the
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relative amounts and time of occurrence vary during myelination and 

remyelination. MBP may be involved in initiating the compaction process within 

the myelin cytoplasm as well as maintaining the multilayer mature structure, at 

least in the CNS (reviewed by Williams and Deber, 1993). Substantial biological 

data indicate that MBP genes produce products with functions beyond that of 

serving as myelin structural proteins. The second family of proteins encoded by 

the MBP gene is the golli (-mbp) proteins. The discovery of the golli products of 

the MBP gene and their expression in the immune system has provided a new area 

of investigation to explain the lack of immunological tolerance of susceptible 

animals to EAE induced by MBPs. In the nucleus the golli proteins are likely to 

be associated with transcriptional complexes. They also appear to be substrates 

for PKC and MAP kinase and to be involved in second messenger pathways in T 

cells and probably in neural cells. Future lines of investigation will be the 

identification of the genes regulated by these proteins as well as the biological 

functions modulated by these proteins (Campagnoni and Skoff, 2001). The 

expression of the MBP gene closely parallels the course of oligodendrocyte 

differentiation (Miskimins and Miskimins, 2001). A high degree of conservation 

is observed in the primary sequence of MBP for a number of different species 

(Saavedra e/a/., 1989).

PLP

Proteolipid protein (PLP) is the most abundant myelin protein comprising 50% of 

the total myelin proteins. Unlike MBP, regions of PLP are exposed on the 

extracellular side of the myelin membrane as transmembrane loops as well as 

being deeply intercalated within the hydrophobic core of the bilayer. PLP 

interacts with lipid molecules, showing particular aflfmity for cholesterol, and is 

believed to have a role in stabilising myelin (reviewed by Williams and Deber, 

1993). Recent findings suggest that PLP and its alternatively spliced isoform 

DM20 are also involved in the early stages of axon-oligodendrocyte interaction 

and wrapping of the axon (Yool et al., 2001). There is also evidence for other 

functions of the classic PLP/DM20 proteins, including a role in neural cell death
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mechanisms, autocrine and paracrine regulation of ohgodendrocytes and neurons, 

intracellular transport and oligodendrocyte migration. The non-classic PLP gene 

products appear to be components of intracellular transport vesicles in 

oligodendrocytes. (Campagnoni and Skoff, 2001).

OSP

Oligodendrocyte specific protein (OSP) has recently been identified and 

constitutes 7% of total myelin protein (Bronstein et al, 1996). OSP has a deduced 

amino acid sequence similar to that of peripheral nerve myelin-PMP-22 and has 

been suggested to be the CNS PMP-22 homologue. OSP has four transmembrane 

domains and is non-glycosylated. (Bronstein et al., 1997). OSP also known as 

claudin-11 is a major component of CNS myelin and has recently been added to 

the claudin family of tight junction proteins. Data suggests a role for 

OSP/claudin-11 in regulating proliferation and migration of oligodendrocytes, a 

process essential for normal remyelination and repair (Tiwari-Woodruff et al., 

2001). OSP/cluadin-11 expression is highly regulated during development and, 

therefore may function during growth and differentiation of oligodendrocytes and 

other cells outside the CNS (Bronstein et al., 2000).

MAG

Myelin associated glycoprotein (MAG) is a glycosylated integral membrane 

protein that spans the bilayer once and comprises 1% of total myelin protein. 

MAG contains five extracellular domains and shares sequence homology with 

some members of the Ig superfamily. It is located in the periaxonal space of the 

myelin sheath (Brunner et al., 1989). MAG is mainly expressed during active 

myelination and has been suggested to function in myelin maintenance and in the 

recognition and binding of oligodendrocyte processes to axons during the 

formation of myelin (reviewed by Williams and Deber, 1993). MAG exists as two 

isoforms, differing only by their respective cytoplasmic domain. It has been 

suggested that MBP is required for the regulation of MAG expression in 
oligodendroglia (Nakahara e ta l, 2001).
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MOG

Myelin oligodendrocyte glycoprotein (MOG), a member of the Ig superfamily, is 

a minor protein constituting 0.05% of total myelin proteins, and is found on the 

extracellular surface of the myelin membrane (Linington et al, 1988; Brunner et 

al, 1989). MOG is expressed late during the development of the CNS relative to 

other well-characterised myelin proteins (Scolding et al, 1989), which suggests a 

role in completion and maintenance of myelin integrity. MOG is an important 

target for autoimmune responses that mediate inflammatory demyelination in the 

CNS. Experimentally, MOG induces strong pathogenic T cell responses in many 

strains of laboratory animals. Immunological studies in humans also identify 

MOG as a surprisingly prevalent antigenic molecule among the myelin proteins. 

In addition, the encephalitogenic properties of MOG are linked to the induction of 

antibody responses, which have been demonstrated to directly promote CNS 

demyelination, a hallmark neuropathological feature in disorders such as MS (von 

Budingen et al., 2001).

CNP

2’, 3’-cyclic nucleotide 3’-phosphodiesterase (CNP), the non-compact myelin 

protein, is found in the cytoplasm of oligodendrocj^es (Brunner et al., 1989). It is 

the third most abundant myelin protein in the CNS. CNP is expressed as two 

isoforms, with CNPl identical to CNP2 but with a 20-amino acid extension at the 

amino terminus of CNP2. The antibody response is however exclusively restricted 

to CNPl. CNP2 mRNA is able to produce both CNPl and CNP2 polypeptides 

(O’Neill et al, 1997). Previous studies have provided evidence that CNP is 

functionally involved in migration or expansion of membranes during 

myelination; CNP may help target MBP to compact myelin (Yin et al., 1997). It 

has been proposed that CNP and MOG may have unique roles among the major 

myelin proteins in signalling pathways mediated by lipid-protein microdomains 
formed in myelin (Kim and Pfeiffer, 1999).

31



Due to the ease of purification and the existence of different isoforms of the major 

proteins, autoimmune responses for such proteins have been well documented. 

More recently, researchers are starting to focus their attention to the minor myelin 

proteins, which can now be produced using molecular biology techniques or by 

‘adapting’ proteins by post-translational modifications to act as targets for an 

autoimmune response. The location of myelin proteins at the extracellular surface, 

rather than in the cytoplasm, suggests that they are more accessible as a target for 

attack. Studies on such proteins will determine their importance in antibody- 

mediated and cell-mediated immune responses.

1.6 Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinating disease o f the human 

CNS. Autoimmunity to myelin plays a key role in its pathogenesis. The variety of 

MS symptoms is caused by impaired neuronal conduction due to demyelination. 

Although the aetiology of MS is uncertain, the disease is considered to be 

multifactorial, with genetic, environmental and immunological factors playing 

major roles (Martin and McFarland, 1997).

1.6.1 Classiflcation of MS

MS may be classified into five distinct types according to its histological 

appearance: acute multiple sclerosis (Marburg type), diffuse sclerosis (Schilder 

type), concentric sclerosis (Balo type), neuromyelitis optica (Devic type) and 

classic multiple sclerosis (Charcot type) (Allen and Kirk, 1992; 1997). Myelin 

destruction is a common feature found in all types, but it is unknown if the rare 

types have the same aetiological and pathogenic basis as the more common form, 

classic MS.

Classic MS is described as a demyelinating disease o f the CNS, destroying the 

myelin sheath, whilst associated axons remain relatively preserved. The earliest 

description of classic MS was described by Charcot in 1877 and refined by 

Dawson in 1916. The initial clinical symptoms include limb weakness
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(particularly affecting the lower limbs), paraesthesia, ataxia, nystagmus, optic 

neuritis, bladder dysfunction and very rarely psychiatric symptoms (Matthews, 

1991). This type of MS may be further divided into two major forms, primary- 

progressive and relapsing-remitting. The onset of clinical signs in primary- 

progressive MS is rapidly followed by complete paralysis, with no evidence of 

remission. The spinal cord is extensively involved resulting in severe disability. 

Secondary infections are a potential further complication. In comparison, the 

chronic form o f the disease, relapsing-remitting MS, results in a continuous cycle 

of clinical episodes in which either partial or full recovery is observed. Post

relapse recovery is often complete in the early stages of the disease although 

further clinical attacks may involve the same or different regions o f the CNS. 

Chronic-relapsing MS may ultimately take on a progressive characteristic in 

which few, if any, remissions of neurological deficit occur (also known as 

secondary progressive MS). In a minority group of patients the disease course is 

benign with no apparent effect on life span (Allen and Kirk, 1992).

Classic MS is characterised by the formation of grey sclerotic plaques particularly 

in white matter, although small plaques have also been observed in the cortical 

grey matter. The clinical features of MS can vary substantially from patient to 

patient, and may reflect varying locations of plaques within the CNS. Mobility is 

generally limited by sensor-motor disturbances such as paresis, ataxia and co

ordination disturbances (Allen and Kirk, 1997). MS is flirther complicated by the 

presence of CNS lesions in the absence of clinical disease (sub-clinical MS), 

which is only observed by post-mortem examination or MRI studies. Post-mortem 

examination was conducted on patients that had various disorders o f the central 

nervous system (McDonald and Bames, 1989). For the purpose of this thesis, any 

reference to MS will refer to classic MS unless otherwise stated.

1.6.2 Pathology of CNS lesions

The multiple disseminated grey sclerotic plaques in the brain and spinal cord, give 

MS its name. Histologically, MS is characterised by inflammation of the CNS
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with large lesions of primary demyelination found particularly in the 

periventricular white matter, brainstem, spinal cord and optic nerves. The number 

and distribution of lesions varies considerably from one case to another (Prineas 

1985, Allen and Kirk, 1997). The histopathology of the plaques generally relies 

on the age of the lesions, as indicated by varying degrees of inflammation, 

ongoing demyelination, remyelination and gliosis as well as lesion topography 

(Morris, 1998).

Inflammation is an early event in acute MS lesions (Davie et ah, 1994). The fate 

of oligodendrocytes in early lesions is not folly understood. In some studies they 

are thought to persist and have been shown to be the primary target of the 

inflammatory response (Ozawa et al, 1994). Other studies suggest that 

oligodendrocyte loss occurs (Prineas, etal., 1993). There is disputed evidence that 

apoptosis may be the critical death mechanism responsible for the depletion of 

oligodendrocytes and myelin in MS (Raine et al., 1998; D’Souza et al., 1996; 

Bonetti etal., 1997; Dowling etal., 1997), see section 1.7. Once early lesions are 

established, the plaques increase in cellularity, with the prominent cell type being 

macrophages (Bruck et al., 1996; Lucchinetti et al., 1996; Martin and McFarland 

1997). Myelin sheaths degenerate although axons and nerve cell bodies are 

initially well preserved (Martin and McFarland, 1997).

Perivascular inflammation generally consists of a mixed cellular population of 

CD4^ and CD8^ T lymphocytes as well as macrophages containing lipid and 

plasma cells (Prineas and Wright, 1978). The T lymphocytes are predominantly of 

the CD4^ phenotype at this time. A higher ratio of T cells to B cells in early 

lesions compared to late lesions suggests the local production of anti-myelin 

antibodies due to the influence of autoreactive CD4^ T cells on autoreactive B 

cells (Ozawa etal., 1994).

Over time depending on the initial plaque size and location, the established early 

lesions pass into a chronic inactive phase. During the late active stage, an increase
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in astrocyte and macrophage numbers is observed as well as the presence of 

perivascular inflammation and myelin degradation products (Lassmann, 1983; 

Bruck et al, 1996). Demyelination prevails to result in an inactive ‘burnt out’ 

plaque (chronic silent lesion) (Lassmann etal, 1997). These lesions display large 

periventricular plaques, which are totally demyelinated. They are devoid of 

myelin breakdown products, exhibit oligodendrocyte loss, naked axons and 

astrocytic processes and are gliotic (Allen and Kirk, 1997).

In longstanding lesions, a marked axonal loss is observed. There is also an 

increase in blood vessels, ‘foamy’ macrophages (containing myelin debris) and 

plasma cells - particularly in the perivascular cuffs (Allen and Kirk 1997). 

Chronic plaques reveal actively demyelinating lesions with inflammatory cells at 

the edge of the plaque and evidence of restricted remyelination. The extent of 

remyelination correlates with the degree of oligodendrocyte preservation in the 

lesions. Differences in the level of remyelination may be a function of the 

heterogeneity of the lesions and/or the source and origin of the remyelinating cells 

(Lassmann e/a/., 1997).

1.6.3 Autoimmunity in MS

The pathological changes that occur in MS and animal models, particularly 

experimental allergic encephalomyelitis (EAE), indicate that components of the 

white matter are the target of the demyelinating immunological process. The 

location of myelin proteins at the extracellular surface, rather than in the 

cytoplasm, suggests that they are more accessible as a target for attack. Studies on 

such proteins will determine their importance in antibody-mediated and cell- 

mediated immune responses.

Myelin antigens are encephalitogenic in laboratory animals (Fritz et al., 1983a 

and b; Raine et al., 1984; Amor et al., 1993; 1994; 1996a; Berger et al, 1997) 

indicating they may be target antigens in MS. A number of studies have examined 

responses to such myelin antigens in MS patients in the hope of identifying a
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critical autoantigen. MBP, PLP, MAG, MOG and other antigens have all been 

considered as potential autoantigens in MS (de Rosbo and Ben-Nun, 1998).

1.6.4 Epidemiology

The uneven worldwide distribution of MS has been of keen interest to 

epidemiologists, neurologists, and statisticians for over a century, prevalence rates 

for the disease apparently being determined by variations in age, gender, 

geography, race and ethnic group. MS is more prevalent in female, Caucasians, 

aged 30-50 years, living above the 3?“  ̂parallel (Baum and Rothschild, 1981). The 

geographic distribution of MS shows variation in latitudinal gradients with higher 

incidence being observed further fi-om the equator. MS is less frequent in tropical 

than in sub-tropical regions. Persons with MS in tropical regions may be very 

usefiil in the study of other aetiological factors. Geographically MS describes 

three frequency zones that can be widely classified into high, medium and low 

areas o f prevalence. High frequency areas (greater than 30 people per 100,000 

develop MS) comprise most o f Europe, Israel, Canada, northern USA, south

eastern Australia, New Zealand, and eastern Russia (Kurtzke, 2000). Northern 

Ireland has been recognised as an area of high MS prevalence for the last 50 

years, with one of the highest MS prevalence rates in the world (McDonnell and 

Hawkins, 2000). Medium frequency areas (between 5 and 30 people per 100,000 

develop MS) include southern USA, most of Australia, South Africa, the southern 

Mediterranean basin, Russia into Siberia, the Ukraine and parts o f Latin America. 

Low frequency areas (less than 5 per 100,000 develop MS) are found in the rest of 

Asia, Africa and northern South America (Kurtzke, 2000).

Migration studies have shown that individuals, who migrate before the age of 15, 

acquire the risk of the region to which they migrated, whereas individuals that 

migrate later in life carry the risk of their geographic origin (Compston, 1997). It 

has been difficult to assess whether this is due to differences in genetic 

background or to a variety of exogenous factors. Thus, in all probability these
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studies suggest that MS is ordinarily acquired in early adolescence with a lengthy 

latency before symptom onset.

1.6.5 Aetiology

Although the clinical manifestations and neuropathological signs of MS have 

been known for a century, its aetiology has remained an enigma. Epidemiological 

data has suggested a role for environmental factors in MS aetiology. Infectious 

diseases, exposure to toxins, immunisations, nutritional and hormonal variables, 

and trauma are biologically the most plausible risk factors in triggering MS, in a 

genetically susceptible population. These putative risk factors may also play a role 

in disease modulation (Casetta and Granieri, 2000).

1.6.5.1 Diet
Immune fimction, resistance to infection and susceptibility to autoimmune disease 

are influenced by diet (Harbige, 1996). Studies in Norway show a high incidence 

of MS in the farming communities, whilst a low incidence among fish farmers on 

the coastal regions is observed. These differences in incidence of MS have been 

attributed to saturated versus non-saturated fats in the diet (Swank et al, 1952). 

Conversely, recent findings do not support a correlation between total fat intake, 

or major specific types of fat, and the risk of MS (Zhang et al, 2000).

1.6.5.2 Genetics
MS is not a Mendelian inherited disease; only the susceptibility to the disease is 

inherited. Epidemiological studies implicate an interplay between genetic and 

environmental factors in the aetiology of MS. Familial studies have revealed a 

greater concordance of MS in monozygotic (25%) than in dizygotic (3%) twins, 

which is similar to that found in siblings (4%) compared to the general population 

(0.2%) (Sadovnik and Ebers, 1993). The observation that 75% of monozygotic 

twins are disconcordant suggests that exogenous factors (such as viruses) are also 

involved in disease susceptibility. A recent study has suggested that MS patients
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and their first-degree relatives have a genetic predisposition to autoimmunity in 

general (Broadley et al., 2000; Henderson et al, 2000).

Although, many candidate genes have been implicated in MS, none are MS 

specific or prevalent in all individuals. Recent systematic genome screens have 

failed to demonstrate a single MS gene (Compston, 1997; Spurkland and Vartdel, 

1997). Studies suggest that MS is a complex trait in which susceptibility is 

determined by several genes acting independently or epistatically, as has been 

found in other autoimmune diseases (Bennet and Todd, 1996; Compston, 2000).

The most consistently identified susceptibility locus in the genome is the major 

histocompatability complex (MHC) region. Human leukocyte antigen (HLA) 

molecules are encoded by genes of the MHC complex on the short arm of 

chromosome 6. Genes encoding HLA -A, -B and -C molecules are found in the 

MHC class I region, whereas the genes encoding HLA -DR, -DQ and -DP 

molecules are found in the MHC class II region. Each of the HLA loci has 

numerous alleles (Janeway and Travers, 1997). MS is associated with the 

expression of several HLA molecules. MHC class I alleles (A3, B7), and notably 

MHC class II alleles (DR2) are increased in Northern Caucasians with MS 

(Spurkland and Vartdel, 1997). There is an increasing gradient of association 

through the HLA region from A locus to DR and DQ loci (Tiwaris and Terasaki, 

1985). It is very unlikely that many exhaustive studies will yield a single 

susceptibility gene due to the nature of the disease (reviewed by Rubio et a l, 

2000).

1.6.5.3 Evidence for a viral aetiology

The involvement of viruses in the aetiology of MS has been suspected for many 

years. In the Faroe Islands, the first of four successive MS epidemics occurred in 

1943. The disease was presumably introduced by the arrival o f British troops 

during World War II. It is thought that the troops introduced a widespread, 

specific, persistent infection, which was probably asymptomatic (Kurtzke, 2000;
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Kurtzke and Heltberg, 2001). Evidence for the involvement of specific viruses in 

MS conies from serological studies, direct virus detection and animal models. 

Higher antibody titres against viruses such as measles, mumps, parainfluenza, 

influenza C, herpes simplex, varicella-zoster, rubella, vaccinia, Epstein-Barr virus 

and paramyxovirus SV5 have been detected in MS patients (ter Meulen and Katz, 

1997). The latest candidates in the search for a viral aetiology for MS are human 

herpes virus 6 and MSRV (Azoulay-Cayla, 2000). Many viruses have been 

detected in CNS autopsy tissue from MS patients (Waksman and Reingold, 1986; 

Haahr et al., 1994; Russell, 1997; Moore, 1997, Christensen et ah, 1998). 

However, no single virus has consistently been isolated from all MS cases or has 

been found to be MS-specific. Investigations with experimental animal models, 

such as EAE (Baker et al., 1990) and SFV infection of mice (Fazakerley, 1985, 

Atkins et al., 1990), have fijrther supported a potential role for viruses as the 

causative agent of demyelination.

There is consistent data suggesting that the risk of developing MS may be 

associated with acquiring certain infectious childhood diseases at a later stage in 

comparison to normal controls, particularly measles, mumps, rubella and EBV 

infections (reviewed by Casetta and Graneiri, 2000). A high susceptibility to viral 

infections in childhood contributes to the susceptibility to neuroallergic reactions, 

such as MS at a later age (Wender and Zwyrzykowska-Kierys, 1984). Several 

studies have proved that viral infections could trigger the clinical attacks in 

relapsing-remitting MS (reviewed by Casetta and Graneiri, 2000). Herpes 

Simplex virus type 1 reactivates in the peripheral blood of MS patients during 

clinical acute attack and probably plays a role in triggering MS relapses (Ferrante 

et al., 2000). While causal associations have yet to be definitely made with MS, it 

is possible that infection with a single virus alone is insufficient for the 

development of MS and dual infections such as retrovirus and EBV are required 

(Haahr 1994).
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Virus infections associated with CNS demyelination can cause damage to 

oligodendrocytes. Measles virus has been implicated in MS (Cosby et ah, 1989), 

and virus infection of oligodendrocytes is observed in cases of subacute 

sclerosing panencephalitis (Allen et al, 1996); a rare human demyelinating 

disease caused by persistent infection with measles virus. Similarly, progressive 

multifocal leucoencephalopathy is a rare human demyelinating disease caused by 

persistent infection with a human papovavirus (HPV). HPV infects 

oligodendrocytes and has also been implicated in MS (Stoner, 1993). 

Lymphoproliferative responses to MBP have been detected in patients with 

encephalitis following measles virus, varicella-zoster virus or RV infection and 

rabies vaccination (Johnson et al, 1984). To date, there is insufficient evidence 

to draw any definite conclusions concerning any of the viruses so far proposed in 

the aetiology of MS; nevertheless, the evidence for a viral aetiology in MS is 

insurmountable.

1.6.5.4 SFV induced demyelination

SFV infection of the murine CNS has been extensively studied as a model for 

immune-mediated demyelination (Atkins et al., 1994). Animal models illustrate 

how host immune systems interacting with viruses can lead to demyelination, a 

common feature of a multi-step process of diverse origins (Azoulay-Cayla, 2000). 

It is evident that demyelination characteristic of SFV infection is immune- 

mediated and this may be triggered by viral infection of oligodendrocytes. Such 

infection may induce cell death in oligodendrocytes and result in the subsequent 

release of myelin antigens. SFV-infected oligodendrocytes could also be targeted 

by CD8^ T-lymphocytes or alternatively, uninfected oligodendrocytes and/or 

myelin in the vicinity of aggressive immune responses may be damaged by the 

action of cytokines, such as TNF-a. Normally sequestered myelin antigens are 

likely to be presented to the immune system inducing autoimmunity to myelin 

(reviewed by Atkins et al., 2000). Virus infection of oligodendrocytes by SFV is 

also observed in rat mixed glial cell cultures (Atkins et al., 1990). The damage to 

oligodendrocytes induced by SFV infection in vivo, may be due to the induction
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of apoptosis, as with cultured rat oligodendrocytes infected by SFV (Glasgow et 

al, 1997). It has also been proposed that oligodendrocytes surviving SFV 

infection are capable of remyelination (Butt et al, 1996).

Molecular mimicry may be an alternative mechanism of priming the immune 

system to myelin antigens. Many viral and bacterial proteins share sequence and 

structural homologies with known autoantigens. A MOG peptide showing 

sequence similarity to the SFV E2 protein, as well as the E2 peptide itself, can 

induce chronic-relapsing EAE in mice, and it has been suggested that this 

molecular mimicry may contribute to SFV-induced demyelination (reviewed by 

Atkins et al., 2000).

A mechanism similar to molecular mimicry may be the incorporation of self

antigens into the envelope of budding viruses leading to auto-sensitisation. 

Another possible mechanism is the induction of anti-myelin autoimmunity by 

viral superantigens. Virus infection can also induce secretion of pro-inflammatory 

cytokines that could lead to the recrudescence of anti-myelin autoimmunity by 

reactivation of previously primed T-cells (reviewed by Atkins et al, 2000).

MS is a heterogeneous disease; it may have many different aetiologies. Persistent 

virus infection may represent one such aetiology, and the mechanisms triggered 

by transient virus infections may represent another. There are many gaps in the 

study of MS aetiology; transient virus infection may provide one plausible 

explanation (reviewed by Atkins et al, 2000). Virus infections can subclinically 

prime animals for CNS autoimmune disease; long after the original infection has 

been eradicated, a non-specific infection can trigger an exacerbation. A novel 

animal model for CNS autoimmune disease could help explain why 

exacerbation’s of MS are often associated with a variety of different viral 

infections (Theil e ta l, 2001).
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1.6.5.5 Rubella virus and Multiple Sclerosis

It has long been postulated that RV may trigger MS by autoimmune 

demyelination (Atkins, et al, 1991; Natale etal, 1993). Like SFV, RV displays 

a tropism for oligodendrocytes in rat mixed glial cell cultures (Atkins et al., 
1991). The link between RV and MS is based on epidemiological studies 

indicating that MS patients were exposed to a number of childhood viruses 

(including rubella virus) relatively late in childhood (Alvord et ah, 1987; Alter et 

al., 1987; Bachmann and Kesselring, 1998) and on the presence of anti-RV 

antibodies in the CSF of MS patients (Wender and Zwyrzykowska-Kierys, 1984; 

Johnson et al, 1984; Felgenhauer, 1990; Puccioni-Sohler et al, 1995; Reiber et 
al, 1998; Tumani et al, 1998; Frederiksen and Sindic, 1998). A study on the 

antibody response to RV structural proteins in MS has revealed that irrespective 

of the antibody titer to whole RV, the relative proportion of the IgG response to 

the surface glycoprotein El was diminished, and that to the surface glycoprotein 

E2 was elevated in MS patients when compared to a matched control group. No 

difference was observed in the response to the core protein of RV on comparing 

the MS and normal control groups. This divergence in the relative antibody 

response to RV reported in MS is not simply an expression of a non-specific 

polyvalent B-cell response (Nath and Wolinsky, 1990).

Based on previous work with SFV, it has been postulated that RV could trigger 

MS by autoimmune demyelination. This may be induced by the generation of 

myelin damage after oligodendrocyte infection and presentation of myelin 

antigens to T-helper lymphocytes (Smyth et al, 1990, Atkins et al, 1990; 1991; 

Balluz et al, 1993; Natale et al, 1993; Donnelly et al, 1997). Alternatively, 

sensitisation to myelin antigens by molecular mimicry may trigger autoimmune 

demyelination. Both the El and E2 glycoproteins of RV share short, but 

significant stretches of amino acid homology with myelin PLP (Atkins et al, 
1990b, Wolinsky 1990). Computer analysis has revealed a similarity between the 

RV C-antigen motif and a sequence of MBP (Cusi et al, 1999). Sequence
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homologies also exist between structural glycoprotein E2 of RV and MOG 

(Besson Duvanel et al, 2001).

As with MS, rubella is geographically restricted and also displays a predisposition 

for females. Strong statistical correlations have been reported for both the 

presence of certain MHC antigens (HLA-Al, HLA-A8, and HLA-A3) and the 

prevalence of rubella virus seropositivity in a given geographically restricted 

population. But it remains unclear whether these associations contribute in an 

important way to regional variations in the expression of the disease, reflect 

linkage of these markers with preferred RV host cell receptors, or are host 

determinants associated with the magnitude or persistence of the immune 

response to rubella. Hormonal influences in RV-specific immunity might result in 

differential handling of RV and, hence may partially explain why females are 

more predisposed to adverse outcomes of rubella infection and immunisation 

(Mitchell, 1999).

There are some intriguing similarities in the neuropathology of PRP and MS 

(reviewed in section 1.2.4). Extensive destruction of white matter, accompanied 

by loss of myelin and oligodendrocytes is observed in PRP. Lesions found in 

some PRP cases show patterns of abnormalities similar to those seen in MS. 

(reviewed by Chantler et al., 2001). However, in light of the long list of previous 

claims to have found the viral aetiology of MS it is necessary to interpret the RV 

findings with great caution. Previous studies have failed to find the RV genome in 

the brain of MS patients (Godec et al, 1992). It is of interest to note that in cases 

of PRP, RV antigen and genetic material are difficult to demonstrate in brains at 

autopsy and thus the pathogenesis of this disease may also involve autoimmune 

mechanisms, possible triggered by molecular mimicry between viral and host 

epitopes (Wolinsky, 1990; Frey, 1997).
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1.6.5.6 Vaccines and Multiple Sclerosis

The question of a connection between vaccination and autoimmune disease is 

surrounded by controversy. Evidence for and against vaccinations being a risk 

factor for diseases, such as MS, includes: animal studies, single and multiple case 

reports, and ecologic associations (Chen et al, 2001). The temporal association 

between hepatitis B vaccination and MS has been described as coincidental 

(Monteyne and Andre, 2000). However, it has been suggested that some vaccines 

in rare cases induce autoimmune disorders (Cohen and Shoenfeld, 1996). It was 

recently recommended that the MMR vaccine should be modified to prevent any 

potential risk of triggering anti-myelin autoimmunity (Atkins et at, 2000). The 

mechanisms of autoimmune reactions following immunisation have not yet been 

elucidated; molecular mimicry is a possibility. The data regarding the relationship 

between vaccination and autoimmune disease is conflicting (Shoenfeld and Aron- 

Maor, 2000). Since autoimmune disease occurs in the absence of immunisations, 

it is unlikely that immunisations are a major risk factor (Chen et a l, 2001).

Although the incidence of MS has not been significantly affected by the 

introduction of vaccines, it is plausible that either wild-type infections or vaccines 

could trigger one type of MS in a minority of individuals. The mechanism by 

which vaccines may induce CNS inflammation could be but one of a number of 

different mechanisms operating as an MS trigger. However, vaccination may be 

less likely to trigger MS or MS exacerbations than the virulent infection, 

(reviewed by Atkins et al., 2000).

There is no justification for the discontinued use of vaccines either in the healthy 

population or in those with known autoimmune disorders. Vaccination has been 

an extremely successful method of controlling virus diseases (Griffiths, 1999). 

Current evidence does not indicate that vaccination can trigger MS and /or and 

exacerbations of MS, but this possibility warrants further investigation. In 

particular, the ability of vaccine strains to stimulate anti-myelin autoimmunity in a
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manner similar to wild-type virus should be considered (reviewed by Atkins et ah, 
2000).

The MMR vaccine is surrounded by many conflicting reports, as discussed in 

section 1.2.5 (Lindberg et al, 1999; Atkins et al, 2000). Potential severe 

complications associated with the live attenuated RA27/3 rubella vaccine have 

raised some concern (Fenichel, 1982; Frey, 1994; Muhlebach-Sponer et al., 1995; 

Schaffner et al., 1974; Tingle et al, 1985). A recent study evaluated antibody and 

cell mediated immunity to RV, in healthy adolescent males and females 

undergoing routine reimmunisation with the RA27/3 strain of RV, as a component 

of the MMR vaccine. There were no notable sex differences in the distribution of 

El-specific antibodies, however more males produced E2-specific antibodies, 

whereas more females produced C-specific antibodies after immunisation 

(Mitchell 1999). Mild distal demyelinating neuropathy has been associated with 

rubella vaccination in which anti-MBP reactivity was prominent. A similarity to 

the C-antigen motif and a sequence of MB? was found by computer analysis 

(Cusi et al, 1999). Moreover the persistence of anti-C antibodies against RA27/3 

for long periods raises the question of whether the specific antigenic stimulus 

persists on vaccinees (Cusi et al, 1989, 1993). Little is known about the 

pathogenesis of post-vaccination myelitis and although the mechanism of 

sensitisation and the specific neural antigens are not known, post-infectious and 

post-vaccinal myelitis are thought to share a common pathogenic basis (Cecille et 
al, 1999). These facts strengthen the possibility that a vaccine-induced immune 

response could lead to an auto-aggressive reaction responsible for demyelination 

{Cmietal, 1999).

A rational design for vaccines, based on DNA technology, could possibly lead to 

improvements and circumvent problems associated with current vaccines. It may 

be feasible to replace live virus vaccines with engineered virus vaccines 

expressing only desired protective epitopes (reviewed by Atkins et al, 2000). The 

elimination of proven mimicry epitopes of viral vaccines by genetic modifications
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could make viral vaccines safer and reduce the frequency of postvaccinal 

neuropathies (Cusi et ai, 1999) and also circumvent viral functions leading to 

myelin damage, such as a tropism for oligodendrocytes (reviewed by Atkins et 

al, 2000). Recent findings indicate that SFV based vectors have great potential to 

be developed as safe vaccines (Morris-Downes et al., 2001). Extensive clinical 

and laboratory studies should be initiated in order to evaluate the new emerging 

subject of vaccine-induced autoimmunity (Cohen and Shoenfeld, 1996).

Further empirical evidence is vital to provide clues towards the identification and 

complex interplay o f genetic and environmental factors that predispose to M S and 

dictate its course. A better understanding o f the heterogeneity o f the pathological 

changes may provide for a better future with regard to potential treatments and 

therapies in MS.

1.7 Apoptosis

In order to understand viral disease mechanisms, it is important to determine 

whether viruses activate the cell death pathway (apoptosis) or kill cells by lethal 

parasitism (necrosis). The fate of infected cells, particularly cells of the CNS, is of 

critical importance to mortality and morbidity in viral disease (Glasgow et al., 

1997). Dysregulation of apoptosis may induce autoimmune conditions, possibly 

through inadequate termination of immune responses, and could be of importance 

for the pathogencity of diseases (Siegel and Fleisher, 1999; Ravirajan et al., 1999; 

Lorenz et al, 2000), such as PRP and MS. Apoptosis may be the critical death 

mechanism responsible for the depletion of oligodendrocytes and myelin in MS 

(Raine et al., 1998; D’Souza et al, 1996; Bonetti et al, 1997; Dowling et al., 

1997; Rodriguez and Lucchinetti, 1999), and PRP. Apoptosis has also recently 

been implicated in the pathogenicity of RV (Pugachev and Frey, 1998; Duncan et 

al, 1999; Megyeri et al, 1999; Hofinann et al, 1999). In the following section 

the importance of apoptosis in disease progression and the mechanisms of cell 

death will be discussed.
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1.7.1 Cell Death

Apoptosis is a form of programmed cell death, which is under the genetic and 

functional control o f the cell. It is a mode of cell death that occurs under normal 

physiological conditions, with the cell being an active participant in its own 

demise (‘cellular suicide’). Unwanted or useless cells are eliminated during 

development and other normal biological processes via apoptosis. Apoptosis is 

most often found during normal cell turnover and tissue homeostasis, 

embryogenesis, induction and maintenance of immune tolerance, development of 

the nervous system, endocrine-dependent tissue atrophy and in many diseases 

including AIDs, cancer and neurodegenerative disorders. An increased rate of cell 

death in the adult CNS underlies neurodegenerative diseases. Many cancer 

therapeutic agents exert their effects through the initiation of apoptosis, and even 

the process of carcinogenesis itself seems sometimes to depend on a selective 

critical failure of apoptosis that permits the survival of cells after mutagenic DNA 

damage (reviewed in Hockenbery, 1995).

Cells undergoing apoptosis show characteristic morphological and biochemical 

features. The cardinal morphological features are cell shrinkage, chromatin 

aggregation, nuclear and cytoplasmic condensation, accompanied by transient but 

violent bubbling and blebbing from the cell surface, and culminating in separation 

of the cell into a cluster of membrane-bounded vesicles (apoptotic bodies). This is 

often followed by extensive nuclear fragmentation into multiples of 180-200 base 

pair oligonucleosomal size fragments. Apoptotic bodies contain ribosomes, 

morphologically intact mitochondria and nuclear material. Changes in several cell 

surface molecules ensure that apoptotic cells are rapidly recognised and 

phagocytosed by either macrophages or adjacent epithelial cells. Due to this 

efficient mechanism for the removal of apoptotic cells in vivo, no inflammatory 

response is elicited (Cotter and al-Rubeai, 1995; Hockenbery, 1995; Jacobson et 

ai, 1997).
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Necrosis (‘accidental cell death’), in contrast, is the pathological process, which 

occurs when cells are exposed to a serious physical injury or chemical insult. 

Cells undergo necrosis when exposed to extreme variance from physiological 

conditions, which may result in damage to the plasma membrane. Necrosis begins 

with the impairment of the cell’s ability to maintain homeostasis, leading to an 

influx of water and extracellular ions. The entire cell swells, along with 

intracellular organelles (most notably the mitochondria) and ruptures. Due to the 

ultimate breakdown of the plasma membrane, the cytoplasmic contents including 

lysosomal enzymes are released into the extracellular fluid. In vivo, necrotic cell 

death is often therefore associated with extensive tissue damage resulting in an 

intense inflammatory response. Necrosis notably lacks a genetic element. The 

differential features and significance of necrosis and apoptosis are summarised in 

table 1,2 (Vermes and Haanan, 1994; Majno and Joris, 1995; Trump et a l, 1997; 

Jacobson a/., 1997).

1.7.2 A brief overview of apoptosis
The term apoptosis first appeared in scientific literature in 1972, to delineate a 

structurally distinctive mode of cell death responsible for cell loss within living 

tissues (Kerr et al, 1972). Molecular genetic studies on the developmental cell 

death programme of the nematode Caenorhabditis elegans led to the discovery of 

a set of proteins, widely represented by homologues in other species, and 

responsible for turning on or off the final commitment to cell death. In the 

nematode, these proteins include the products of the ced-3 and ced-4 genes 

(which initiate suicide) and the ced-9 gene (a cell death antagonist). Genetic 

analysis has identified 14 genes that function at different stages of apoptosis in the 

nematode (Hengartner and Horvitz, 1994). CED-3 is the prototype of a family of 

around a dozen mammalian proteases, called caspases (cysteinyl-aspartate 

proteases), because of their obligatory cysteine in their active site and their 

predilection for cutting adjacent to aspartate residues (Yuan et al, 1993). The 

mammalian apaf-1 (apoptosis protease activating factor-1) gene, an essential 

component of the mitochondrial facet of apoptosis induction, is analogous to ced-
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Table 1.2 Differential features and significance of necrosis and apoptosis (Vermes and Haanan, 1994)

■
Morphological features

• Loss of membrane integrity • Membrane blebbing, but no loss of integrity
• Begins with swelling of cytoplasm and • Aggregation of chromatin at the nuclear membrane

mitochondria • Begins with shrinking of cytoplasm and condensation of nucleus
• Ends with total cell lysis • Ends with fragmentation of cell into smaller bodies
• No vesicle formation, complete lysis • Formation of membrane bound vesicles (apoptotic bodies)
• Disintegration (swelling) of organelles • Leaky mitochondria due to pore formation, involving the bcl-2 family

Biochemical features

• Loss of regulation of ion homeostasis • Tightly regulated process involving activation and enzymatic steps
• No energy requirement • Energy (ATP)-dependent
• Random digestion of DNA • Non-random mono- and oligonucleosomal length fragmentation of DNA
• Postlytic DNA fragmentation (late event of death) • Prelytic DNA fragmentation

• Release of various factors into cytoplasm by mitochondria
• Activation of caspase cascade
• Alterations in membrane asymmetry

Physiological significance

• Affects groups of contiguous cells • Affects individual cells
• Evoked by non-physiological disturbances • Induced by physiological stimuli

(complement attack, lytic viruses, hypothermia, • Phagocytosis by adjacent cells or macrophages
ischemica, metabolic poisons) • No inflammatory response

• Phagocytosis by macrophages
• Significant inflammatory response



4 (Zou et al, 1997). The discovery that a lack-of-function ced-9 mutation can be 

partly compensated with a mammalian ced-9 homologue hcl-2 (Vaux et al., 

1992); revealed that apoptotic cell death pathways are highly conserved from 

nematode to mammal.

The induction of apoptosis is largely determined by a complex of signal 

transduction pathways, starting with the initiation of a death signal (section 1.7.3) 

at the plasma membrane, and following through to the execution of cell death, 

mediated by a variety of activated caspases (section 1.7.4), which actively 

facilitate cellular demise. Enmeshed with this is the pro-apoptotic role of the 

mitochondrion (section 1.7.5), which also directly initiates the caspase 

autocatalytic cascade. Caspases are the downstream activators of apoptotic cell 

death. All stages of the apoptotic process are regulated by an intricate series of 

nuclear and cytoplasmic control checkpoints, where complexes of pro- and anti- 

apoptotic factors, such as the p53 tumour suppressor and the Bcl-2 superfamily of 

regulators (section 1.7.6), function to facilitate or thwart cell death.

1.7.3 Death receptors
Apoptosis can be induced via the stimulation of several different cell surface 

receptors (death receptors), belonging to the TNF receptor family, in association 

with caspase activation (Schneider and Tschopp, 2000; Schmitz et al., 2000). 

Each death receptor is located at the cell surface and contains an N-terminal 

cytoplasmic domain of approximately 80 amino acids, designated the Death 

Domain (DD) (Tartaglia et al., 1993). The most extensively studied pathways for 

the induction of apoptotic cell death involves the binding of specific extracellular 

death ligands, such as FasL and TNFa, to death receptors, such as Fas and 

TNFRI, respectively (reviewed by Nagata, 1997).

By virtue of its cytoplasmic DD, activated Fas can recruit an intracellular adaptor 

protein, FADD (Fas-associated death domain) to the plasma membrane. FADD 

serves as the link between the initial signal activation and the apoptotic
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executioners, the caspases (Chinnaiyan et al., 1995 and 1996). FADD also 

contains a Death Effector Domain (DED), which in turn, functions to recruit and 

bind to analogous DEDs (Muzio et al., 1996). The DED is part of a larger group 

of homophilic interaction domains termed CARD (caspase recruitment domain) 

(Hofmann et al., 1997), and are located in the prodomains of several caspases, 

including caspase-2, -8, -9 and -10. Fas/FasL, FADD and the apical apoptotic 

protease pro-caspase-8 form a muhimeric complex known as the Death-Inducing 

Signal Complex (DISC) (Muzio eta l, 1996).

Activated TNFRl can recruit the intracellular adaptor protein, TRADD (TNFRl- 

associated death domain protein) to the plasma membrane (Hsu et al., 1995). 

FADD can couple the TNFRl-TRADD complex to pro-caspase-8 (Chinnayian et 

al., 1996). TNFRl can also engage an adaptor protein RAIDD (Duan and Dixit, 

1997), through interactions with the DD of Receptor-Interacting Protein (RIP), 

which recruits pro-caspase-2 to another DISC (Vincenz and Dixit, 1997). TRADD 

can serve as a platform for the recruitment and activation of other signalling 

molecules (TRAF2 and RIP) to the activated TNFRl, which can prevent 

apoptosis (Rothe e ta l,  1994; Hsu e ta l, 1996). Thus, TNFRl has the potential to 

transduce an apoptotic signal, as well as to prevent it. Signalling by other TNFRl 

members closely resembles that of either TNFRl or Fas (Golstein, 1997; Marsters 

etal., 1998).

1.7.4 The role of caspases in apoptosis
Signals leading to the activation of a family of intracellular cysteine proteases, the 

caspases, play a pivotal role in the initiation and execution of apoptosis induced 

by various stimuli. At least 11 different members of caspases in mammalian cells 

have been identified (Thomberry, 1997). Among the best characterised is the 

mammalian pro-inflammatory prototypical caspase, caspase-1 or Interleukin-ip- 

Converting Enzyme (ICE), which was originally identified as a cysteine protease 

responsible for the processing of interleukin 1|3 (Yuan et al., 1993).
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All caspases share a predilection for cleavage of their substrates after an aspartate 

residue at the PI position. They also all contain an active site pentapeptide o f 

general structure QACXG (where X is R, Q, or G), essential for proteolytic 

activity. Caspases appear to be present in most if not all cells as inactive 

zymogens, composed of a pro-domain and an enzymatic region, awaiting 

activation by cleavage. The active enzyme contains two self-associating large 

(p20) and small (plO) heterodimers. Cleavage at specific aspartate residues is a 

unique characteristic of caspases (with the exception of the serine protease 

Granzyme B); therefore, activation can occur only through auto- or trans

activation by another caspase or Granzyme B (Cohen, 1997).

The heterogeneous structure of the pro-domain suggests that this region may 

define important functional or regulatory differences between caspases. Caspase- 

1, -2, -4, -5, -8, -9 and -10 contain a long pro-domain of approximately 20 kDa 

compared with <5 kDa in caspase-3, -6 and -7 (van Criekinge et al., 1996). Based 

on phylogenetic comparisons, mammalian caspases have been classified into 3 

subfamilies, an ICE subfamily (caspases 1, 4 and 5), a caspase-3/CPP32 

subfamily, and a caspase-2/ICH-l subfamily (Thomberry and Lazebnik, 1998).

Mammalian caspases appear to constitute an autocatalytic cascade, some 

members, notably caspase 8, being ‘apical’ and more susceptible to modification 

by endogenous regulatory proteins, whilst others, notably caspase 3, enact the 

final, irreversible commitment to death (Thomberry, 1997). During Fas- and 

TNFa-induced apoptosis, it has been suggested that caspase-8 lies at the apex of 

the apoptotic cascade, activating all known caspases. The long N-terminal pro

domain of pro-caspase-8 has two regions of marked identity with the N-terminal 

DED of FADD, which as previously mentioned binds specifically to Fas. 

Activated Fas and TNFRl result in the cleavage of the pro-caspase-8 pro-domain, 

and subsequent activation of the zymogen can then cleave all other caspases 

(Muzio et al., 1996; Cohen, 1997). In apoptotic cells, caspases 3 and 7 contain 

FADD-like death domains and are targets of mature caspase 10 (Fernandes-
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Alnemri et al., 1996). By virtue of their intimate association with the TNFRl 

family complexes, caspases-8 and -10 are thus, termed ‘initiator’ caspases at the 
apex of the caspase proteolytic cascade.

Study of caspase substrates is providing interesting insights into the ways in 

which cells dismantle their structure and function. Such substrates include nuclear 

and signal transduction proteins and cytoskeletal proteins, such as actin and 

fodrin, and the nuclear lamins, but also an array of regulatory and chaperone-like 

proteins whose function is altered by cleavage in subtle and suggestive ways 

(Thomberry, 1997). Cleavage of important cytoskeletal proteins, including P- 

actin, a-fodrin and Gas-2 may contribute to degradation of the cell (Vanags et al, 

1996; Cryns et al, 1996). Intracellular actin depolymerisation may lead to 

cytoplasmic shrinkage and membrane blebbing, the characteristic morphological 

features of apoptotic cell death. Degradation of lamin B (a nuclear structural 

protein) may directly promote large DNA fragment formation and unfolding, 

sufficient for endonuclease attack (Neamati et al, 1995). DNA repair enzymes, 

such as PARP, are also cleaved, abolishing the function of these crucial DNA 

repair activities (Lazebnik et al., 1994). Other direct caspase targets include the 

tumour suppressor protein, retinoblastoma, a critical regulator of cell cycle 

progression, and the major anti-apoptotic protein, Bcl-2. Proteolysis of these key 

cell cycle and cell death regulators facilitates cell death (Thomberry, 1997).

Cleavage of nuclear chromatin to oligonucleosomal fragments can be considered 

an end-point of apoptosis, ensuring cell death of the affected cell prior to budding 

as apoptotic bodies. Several nucleases were suggested as candidates, including 

DNase-1, DNase-2, cyclophillins or perhaps any available nuclease. The nuclease 

chaperone ICAD (inhibitor caspase-activated DNase) whose cleavage specifically 

during apoptosis by caspase-3, permits nuclear entry of the endonuclease, CAD; 

results in the cleavage of chromatin to oligonucleosome fragments (Enari et al., 

1998). Thus, the disruption of homeostatic repair processes and the simultaneous
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activation of endonucleases such as CAD, together with the collapse of nuclear 

and cytoskeletal structure commit the cell to apoptosis.

1.7.5 Membrane alterations

The exact mechanism of phagoc)1;e recognition of apoptotic cells is unclear. 

However, a number of changes in cell surface (membrane) markers occur during 

apoptosis, any one of which may function as a target for phagocytes. One of these 

membrane changes includes the loss of sialic acid residues from the side chains of 

cell surface glycoproteins, exposing new sugar residues (Savill et a l, 1993; Duval 

et al., 1985). Surface glycoproteins also emerge during apoptosis and may serve 

as receptors for macrophage-secreted adhesive molecules, such as

thrombospondin (Asch et al., 1987). Another plasma membrane alteration is the 

loss of asymmetry in cell membrane phospholipids, altering both the

hydrophobicity and charge of the membrane surface. In the early stages of

apoptosis, neutral phospholipids and anionic phospholipids, such as

phosphatidylserine (PS), are translocated from the inner side of the plasma 

membrane to the outer layer of the cell membrane (Fadok et at., 1992; Verhoven 

etal, 1995).

1.7.6 Mitochondrial changes during apoptosis induction

Mitochondrial physiology is disrupted in cells undergoing either apoptosis or 

necrosis. During apoptosis, mitochondrial permeability is altered and apoptosis 

specific protease activators are released from the mitochondria. Specifically, the 

discontinuity of the outer mitochondrial membrane results in the redistribution of 

cytochrome c (Apoptosis Protease-Activating Factor-2) to the cytosol, followed 

by the subsequent depolarisation of the inner mitochondrial membrane The 

dissipation of the proton and electrical gradients over the inner mitochondrial 

membranes results in the release of soluble proteins, including apoptosis-inducing 

factor (AIF), from the intermembranous space. AIF is translocated to the nucleus 

where it induces caspase-independent chromatin condensation in isolated nuclei 

and forces the nucleus to adopt apoptotic morphology. AIF may also act on other
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mitochondria to compromise their membrane function, releasing other 

apoptogenic factors. More recently, AIF has been shown to process pro-caspase-3 

in vitro, thus introducing a caspase-dependent fiinction of AIF, and also raising 

the possibility that AIF may itself, be another caspase (Green et al., 1998; Green 

and Reed, 1998; Green and Kroemer, 1998; Bemardi etal, 1999).

Release of cytochrome c into the cytoplasm appears to be a crucial step in 

mitochondrion-induced activation of pro-caspase-3, and in contrast to AIF, occurs 

when gradients over the inner mitochondrial membrane are maintained (Yang et 

al., 1997). Once released, cytochrome c binds to Apaf-1 (Zou et al., 1997), which 

as already mentioned is the mammalian homologue of the pro-apoptotic CED-4 

protein in C. elegans. Cytochrome c and Apaf-1, in the presence of dATP, induce 

the activation of a third protein, pro-caspase-9 which in turn, promotes the 

cleavage and activation of pro-caspase-3, to initiate the execution of the cell (Li et 

al., 1997). In C.elegans, CED-4 could be the signal that initiates apoptosis under 

conditions of shutdown of cellular energy metabolism, or when there is a critical 

level of cell injury affecting mitochondrial respiration. In this way CED-4 may act 

as the link between agents long known to be associated with mitochondrial injury, 

such as calcium and reactive oxygen species, and the initiation of apoptosis 

(Wyllie, 1998).

A second mitochondrial protein of enormous significance in apoptosis is Bcl-2, a 

mammalian homologue of the nematode CED-9 protein. Bcl-2 has the tertiary 

structure of a bacterial pore-forming protein, and inserts into the outer membrane 

of mitochondria. CED-9 blocks apoptosis in C. elegans by binding to and 

neutralising CED-4. In mammals, the CED-9 homologues, Bcl-2 and B c1-Xl (a 

Bcl-2 like protein) also block apoptosis by interfering with the activation of CED- 

3-like caspases (reviewed by Adams and Cory, 2001). Despite controversial 

evidence, it appears that the physiological target of Bcl-2, B c1-Xl or Bax is not 

Apaf-1 as previously thought (Conus et al., 2000).
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1.7.7 Other regulatory pathways in apoptosis 
The p53 oncosuppressor protein

Other sources of death transducers, activating the caspase cascade because of 

injury to or signals arising from other parts of the cell, include the oncosuppressor 

protein p53. p53 is one of the most important controls of cell cycle progression 

and apoptosis induction. It has been defined as a nuclear phosphoprotein which 

functions as a transcription factor for the activation of a variety of cell cycle- and 

apoptosis-related genes (Levine et al, 1991). The cyclin associated protein 
p2 jCiPiAVAFi g known downstream target of p53 transcriptional activation (Dulic 

et al, 1994), which in turn, inhibits cyclin complex-mediated phosphorylation of 

pRb (Slebos et al, 1994) thus preventing the release of the potent oncogene E2F, 

and resulting in G1 arrest. Degradation of p53 leads to a reduction in p21 levels, 

hyperphosphorylation of pRb, and continuation through the S phase of the cell 

cycle. Cell cycle (Gl) arrest allows the cell time to repair its DNA. If repair is not 

possible, p53 induces programmed cell death. One way, but only one of several, 

whereby this happens is through the transcriptional activation of Bax (Miyashita 

and Reed, 1995).

The Bcl-2 family
At least 15 Bcl-2 family members have been identified in mammalian cells, each 

possessing either pro- or anti-apoptotic activities. All members possess at least 

one of the four conserved motifs, known as Bcl-2 homology (BH) domains (Chao 

et al., 1998), and a C-terminal transmembrane domain that targets the proteins 

predominantly to the outer mitochondrial membrane, endoplasmic reticulum and 

plasma membrane (Krajewski et al, 1993). Classification of Bcl-2 family 

members is based on domain orgamsation (Kelekar and Thompson, 1998).

Residues within the BHl and BH2 domains are essential for the survival fiinction 

of the death suppressors Bcl-2 and B c1-Xl, and for interactions of these proteins 

with death agonists, such as Bax and Bak (Yin et al., 1994). The Bcl-2 family of 

proteins may insert themselves into lipid bilayers via the carboxy terminus,
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allowing the BHl and BH2 domains to act as conductance channels for small 

molecule traffic. However, it is unlikely that BHl and BH2 domains are solely 

responsible for the regulation of apoptosis induction, as other pro-apoptotic 

members, such as Bcl-Xs, lack BHl and BH2 domains, and do not form ion- 

selective channels (Minn et a l, 1996). The BH3 domain, found in all pro- 

apoptotic members, is closely associated with apoptosis induction (Chittenden et 

al., 1995). A form of hierarchical binding is firmly established within members of 

the Bcl-2 family (Kelekar et al., 1997).

Bax, which is transcriptionally upregulated by p53 tumour suppressor gene 

(Miyashita and Reed, 1995) has also been suggested to have a direct impact on 

the cell cycle, as Bax-overexpressing cells proceed through S phase more rapidly 

than Bcl-2-overexpressing cells (Brady et al., 1996). The obvious complexity and 

hierarchies involved in Bcl-2 family protein-protein interactions allow for the 

intricate modulation of the apoptotic response.

Other regulatory proteins
The mechanisms for coupling cell injury to apoptosis have mostly depended on 

activation of pre-formed proteins. Apoptosis can also be initiated (and forestalled) 

by transcriptional mechanisms, although rather little is known about most of 

them. An outstanding example is the Drosophila gene reaper, transcriptionally 

activated around 2 hours prior to developmental and injury-induced deaths in this 

organism. Drosophila apoptosis can occur without reaper transactivation but 

requires enhanced stimuli, suggesting that reaper adjusts a threshold for apoptosis 

imitation (White et al., 1996). Another gene whose transcription can initiate death 

is the familiar immediate early gene, c-myc (Evan et al., 1992). Transcriptional 

activation of c-myc initiates entry into DNA synthesis and is required for 

sustained re-entry in repeated cell cycles, but c-myc activation in the absence of 

concurrent cytokine support triggers apoptosis. This can also be interpreted as a 

‘threshold regulatory’ effect; c-myc expression increases the cellular requirement 

for survival factors (Steiner et al., 1996; Nasi et al., 2001).
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There are transcriptional and non-transcriptional pathways for activation of 

apoptosis, and they play through common effector events mediated by caspases 

and regulated by members of the Bcl-2 family. Underlying this simple scheme, 

however, is an extraordinary complexity. Thus inactivation of fas signalling 

appears to neuter the ability of both c-myc and p53 to initiate apoptosis (Heuber et 

al., 1997; Krammer, 1997). Maybe fas signalling is yet another example of 

‘threshold regulation’. New proteins have been discovered that are recruited to the 

DISC but appear to inhibit rather than activate death (Irmler et al., 1997), some of 

them of viral origin. Many of the proteins mentioned above have ahernative splice 

variants that have opposite effects. In addition, there is still little idea of the 

relevance of intracellular location or of the cell lineage to the activity of most of 

the apoptosis proteins.

1.8 Viruses and apoptosis

Apoptosis plays a crucial role in viral infection and host cell responses (Razvi and 

Welsh, 1996). In virus-infected cells, the induction of early cell death may 

severely limit viral production and reduce the dissemination of progeny virus to 

surrounding cells. In addition, cellular perturbation caused by virus infection can 

inadvertently trigger cellular detectors to initiate an innate apoptotic response 

(Everett and McFadden, 1999). Therefore, it is conceivable that viruses have 

developed strategies to regulate their apoptosis inducing potency. Thus, several 

animal viruses have evolved genes encoding proteins, which effectively evade or 

delay apoptosis induction. The proteins encoded by these viruses to induce or 

inhibit apoptosis, appear to target levels such as viral entry, or key effector 

molecules within the host-cell apoptotic cascade (Teodoro and Branton, 1997). 

Conversely, a number of viruses replicate very efficiently, leading to massive 

viral infection in the absence of anti-apoptotic effects (Gillet and Brun, 1996).

Transforming viruses are hardened survivors in the labyrinth of cell regulation, 

and have found keys to allow escape from cell death in a variety of ways. Thus
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the transforming papovavirus SV40, adenovirus type 12, Human Papilloma virus 

type 16 and Epstein-Barr virus all have proteins that inactivate apoptosis (Young 

et al., 1997). Central to this is the activity of the tumour suppressor p53 and pRb 

gene products (Teodoro and Branton, 1997). Each virus has adopted a different 

strategy to induce active cellular proliferation. Adenovirus ElB 55 kDa protein 

binds to p53, thereby blocking p53 transcriptional activity. Adenoviral E l A 

protein is a potent inducer of apoptosis, however it is dependent on the activity of 

p53 (Teodoro et al., 1995). In addition, ElA protein binds to pRb to induce 

cellular transformation (Debbas and White, 1993). Human papillomavirus E6 

protein targets p53 for accelerated degradation and its E7 protein inactivates pRb, 

thereby releasing free E2F-1 and promoting extensive cell proliferation (Nevins, 

1992). The SV40 large T-antigen also blocks p53 DNA binding activity (reviewed 

by O’Brien, 1998). Conversely, apoptosis can be blocked independently of 

tumour suppressor protein activation as exemplified by herpes simplex virus type 

1-encoded serine/threonine kinase U83 (Leopardi et al., 1997) and the p53 

independent cell death induced by SFV (Glasgow etal., 1998).

HIV-1 and Reovirus cell surface molecules induce apoptosis in infected cells by 

functioning as ‘superligands’, to engage cellular pro-death receptors (Kaplan and 

Sieg, 1998). Following influenza and HIV-1 infection, the host cell-encoded 

interferon-inducible, double-stranded-RNA-dependent protein kinase (PKR), is 

activated. The pro-apoptotic functions of PKR, which includes Fas ligand

pathway activation (Balachandran et al., 1998) and protein synthesis inhibition 

(Lee and Esteban, 1994), become manifest only in the presence of dsRNA 

intermediates, which are frequently present in the cytosol of infected cells as an 

intermediate of viral replication (Jacobs and Langland, 1996). The effectiveness 

of PKR activation as a cellular defence against viral spread is reflected by the fact 

that numerous other viruses appear to have developed strategies to suppress this 

kinase, including EBV, HIV-1, HCV and Adenovirus. Vaccinia virus encodes at 

least two proteins, E3L and K3L, to ensure suppression of PKR (Beattie et al., 

1991).
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Viruses are also known to target caspases (Gillet and Brun, 1996). Cowpox crmA 

serpin protein and the baculovirus p35 protein are caspase inhibitors. Viral 

modulation of host cell death also occurs at the level of the endoplasmic reticulum 

(Pahl and Baeuerle, 1997) and mitochondrion (Tschopp et al, 1998). Numerous 

Bcl-2-like proteins have been identified in viruses such as Adenovirus, EBV, 

African Swine Fever virus, and Human Herpesvirus-8. Although Adenoviral 

E1B-19K protein bears no significant homology with Bcl-2, it binds to and 

inactivates both Bax and Bak proteins in vivo, thereby inhibiting their death- 

promoting activities (Boulakia etal, 1996).

The role of apoptosis in Togavirus infections is equally complex. SV induced 

apoptosis is reported to be inhibited by Bcl-2 (Levine et al., 1993,1996) delayed 

by Ras (Joe et al., 1996) and requires NFkB activation (Lin et al., 1995). 

Caspases are also implicated in SV induced programmed cell death (Nava et al., 

1998). Expression of the anti-apoptotic gene hcl-2 restricts SFV multiplication in 

cultured rat AT3 cells, and also delays the onset of SFV induced apoptosis 

(Scallon et al., 1997). A similar result has been obtained for the SFV vector in 

RIN cells expressing hcl-2 (Lundstrom et al., 1997). However, in contrast to this, 

it has been shown that three cell lines over expressing bcl-2 underwent apoptosis 

after SFV infection as efficiently as control cells, which did not express bcl-2. 

This was associated with cleavage of Bcl-2 within a caspase target site, thus 

removing the N-terminal region of Bcl-2 known to be essential for the death- 

protective activity of this protein. The viral function, which induces this caspase- 

mediated inactivation of Bcl-2, is as yet unknown (Grandgirard et al., 1998). In 

rats infected intranasally with SFV, most neurons do not express bcl-2, so the 

resistance of mature neurons to SFV-induced apoptosis is not due to hcl-2 

expression (Sammin et al., 1999). More recently, overexpression of bcl-2 and bcl- 

Xl by SV and SFV vectors has resulted in limiting apoptosis (Mastrangelo et at., 

2000).
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1.9 Project Objectives

Mechanisms of virus induced apoptosis, as well as apoptosis induced by other 

agents, are not completely understood because of the complexity of the 

underlying biochemical cascades and because not all of the participating host 

factors have been identified (Teodoro and Branton, 1997). The unfolding story of 

RV induced apoptosis is as complex as its family members, SFV and SV, as 

reviewed in section 5.1. The work documented in this thesis was undertaken to 

analyse the importance of cell death mechanisms in the pathogenesis of rubella 

virus and the live attenuated vaccine, RA27/3. The objectives of this thesis were 

fourfold:

(1) To determine the mode of cell death induced by the Therien strain of RV,

RV(T), in Vero cells and to set up a comparative study with the live 

attenuated rubella vaccine, RA27/3.

(2) To determine whether the depletion of oligodendrocytes in RV(T) infected

rat mixed glial cell cultures was due to the induction of apoptosis. In 

addition, to assess whether RA27/3 also depletes oligodendrocytes in 

these cultures.

(3) To investigate RV(T) infection of the CNS in vivo.

(4) To study the mechanisms of cell death induced by RV(T) and RA27/3.

The analysis o f cell death mechanisms is an important approach to understanding 

the demyelinating and teratogenic effects induced by rubella virus. The fate o f 

infected cells particularly cells o f the CNS are o f critical importance to mortality 

and morbidity in viral diseases.
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Chapter Two 

Materials and Methods



2.1 Reagents

A comprehensive listing of the composition of general solutions is listed in Appendix

A. Reagents used in experiments described in this thesis are included in Appendix B, 

listed alphabetically and by supplier name.

2.2 Cell Culture

2.2.1 Vero cells

African Green monkey kidney (Vero) cells, an epithelial cell line, were a gift from Dr.

B. K. Rima, Queen’s University Belfast. These cells were used for viral growth and 

assay. Vero cells were cultured at 31^C and 5% CO2 in supplemented BHK-21 growth 

medium (A.1).

2.2.2 H358a cells

NCI-H358a cells are a human lung carcinoma cell line, with a p53 deletion (Takahashi 

et al., 1989); these cells were maintained in supplemented RPMI 1640 medium (A.2). 

Professor J. A. Roth, University of Texas, kindly provided H358a cells. These cells 

were utilised in characterising the apoptotic pathway induced by RV(T) and RA27/3. 

All cells were incubated at 37®C and 5% CO2 atmosphere.

2.2.3 HL60 Cells
HL60 cells, a human promyelocytic leukaemia cell line, were a gift from Dr. M. 

McGee, Trinity College Dublin. HL60 cells were used as a control cell line in caspase 

fluorogenic assays (2.14.2.3). These suspension cells were maintained in 

supplemented RPMI 1640 medium (A.2), containing 20% (vol/vol) foetal calf serum. 

Cells were incubated at 37*̂ C and 5% CO2 atmosphere.

2.2.4 Rat glial primary cell cultures

Preparation of glial cell cultures was based on the method of Chapman and Rumsby, 

(1982) later modified by Gates et al. (1985). Primary glial cells were prepared from 1 

to 2 day old neonate rats. Neonates were sacrificed by decapitation and the forebrains 

were aseptically removed. Individual cerebra were divided along the longitudinal
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fissure into separate hemispheres and the meninges were removed by blotting on 

sterile filter paper. The tissue was chopped finely with a scalpel. 8 ml o f  supplemented 

DMEM (A.3) was added and the tissue was expelled 5 times through a 19-guage 

needle and 10 times through a 21- and 23-guage needle. Cells were counted using a 

haemocytometer and plated at a density o f 7 x 10  ̂ to 9 x 10  ̂ cells per 35 mm plastic 

dish. The cells were incubated at 37°C and 5% CO2 atmosphere, the growth medium 

was changed at 3 days post seeding, and every 2 to 3 days thereafter, until confluency 

was reached, usually 9 days post seeding.

2.3 Virus

R.F. Petterson, University o f  Helsinki, kindly donated the Therien strain o f rubella 

virus, RV(T). Smith Klein Beecham supplied the live attenuated vaccine strain o f RV, 

Ervevax RA27/3.

2.3.1 Growth o f RV(T) working stocks

For production o f seed stock RV(T), aliquots o f three times plaque purified RV(T) 

were added to slightly sub-confluent Vero cells in 75 mm^ culture flasks. Prior to 

addition o f the virus, cells were washed twice in IM  sterile PBS (A. 5) pH 6.7. After 

adsorption o f the virus for one hour (with gentle rocking every 15 min), the virus 

inoculum was decanted and replaced with 20 ml of fresh BHK-21 growth medium 

(A.1). Cells were incubated at 37"C for 6 days, when a cytopathic effect (CPE) was 

observed. The virus was then harvested by centrifiigation at 6 rpm, 10“C, for 5 min. 

The supernatant was fiher sterilised (0.2 micron filter) and stocks were stored in 0.5ml 

aliquots at -7 0 ‘̂ C. For production of working stock RV, the above procedure was 

repeated with 0.5ml (10"* pfij/ml) o f seed stock virus per 75 mm^ flask.

2.3.2 Plaque assay of RV(T) and RA27/3

RV(T) and RA27/3 viral titres were measured by plaque assay in Vero cells. Vero 

cells were seeded at 5 x 10  ̂ cells per 35 mm^ plate. When cells reached 

subconfluency, they were washed with IM  PBS (A.5). Cells were infected with serial 

dilutions o f virus: lO*’, 10' ,̂ lO'"*, 10"̂ , 10^, and 10 and IM  PBS control, for 60 min
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at 31^C, with gentle rocking every 15 min. Virus was decanted and 5ml overlay 

medium: noble agar (A.7) was added to each plate. Cells were incubated at 37^C for 6 

days. The cells were fixed in 10% neutral buffered formalin (NBF) for 10 min and 

stained with crystal violet for 1 min. The stain was removed and plaques were 

counted.

2.4 Infection of cell cultures with RV(T) and RA27/3

Cell cultures were maintained as described in section 2.2. Prior to infection, growth 

medium was decanted from confluent cells and cells were washed twice with IM  PBS 

(A.5). Mixed glial and neuronal cell cultures were not washed due to the extreme 

fragility of their monolayers. Virus was added at a multiplicity o f infection (MOI) of 

1. After adsorption for 1 h at 37“C and 5% CO2 atmosphere (with gentle rocking every 

15 min), virus was decanted and fresh growth medium was added. Uninfected controls 

were mock infected with growth medium. Infections were always carried out in 

triplicate. Cells were incubated at 37*̂ C and 5% CO2 atmosphere.

2.5 UV irradiation of RV(T) and RA27/3

RV(T) and RA27/3 working stocks were UV irradiated to render the RNA incapable 

of replication (Lai and Joklik, 1973). Virus was decanted into petri- dishes, to a depth 

of 1 mm, and then placed 10 cm from an 8 W UV light for 10 min. Loss of infectivity 

was measured by plaque assays (2.3.2).

2.6 Virus depleted supernatant

Vero and rat glial cells were infected with RV(T) and RA27/3, and controls were 

mock infected with growth medium, as described in section 2.4. At 7 d.p.i. (for Vero 

cells) and 10 d.p.i. (for rat glial cells), culture supernatant from infected cells was ultra 

centrifiiged at 40,000 rpm in a Beckman centrifrige (60 Ti rotor) for 2 hours. The 

RV(T) and RA27/3 depleted supernatants were used in experiments described in 

section 5.2.1.

64



2.7 Cytospinning

For various assays, it was necessary to analyse cells floating in the supernatant. Cells 

were cultured in 75 cm^ flasks, as described in section 2.2. Supernatant from infected 

and uninfected cells was centrifuged at 4 rpm; 10°C for 5 min. Pellets were 

resuspended in 1 ml of growth medium and counted using a haemocytometer. 100|j,l o f 

3x10^ cells/ml were cytospun onto slides at 700 rpm for 2 min.

2.8 Trypan blue exclusion assay

Total cell counts and viable cell numbers were determined by the trypan blue 

exclusion assay. Infected and uninfected cells (2.2 and 2.4) were removed from flasks 

by trypsinisation with trypsin-EDTA (A. 8). Floating cells were centrifuged at 4 rpm; 

10“C for 5 min, supernatant was then discarded. Cells were resuspended with growth 

medium. 0.5 ml o f 0.4% (wt/vol) Trypan blue solution, 0.3ml of growth medium and

0.2ml of cell suspension were mixed thoroughly, and allowed to stand for 10 min.

Viable (non-stained) and non-viable (blue) cells were counted using a haemocytometer 

at 400X magnification, every 24 hours from 1 to 14 d p i. This procedure was repeated 

in triplicate.

Calculations:

Cell counts per m l = the average count per square x dilution factor x 10"* (count 10 

squares)

Total cells = cells per ml x the original volume of fluid from which cell sample was 

removed.

Cell viability (%) = total viable cells (unstained) / total cells (stained and unstained) x 

100 .

2-9 Preparation of antibodies

2.9.1 Rabbit polyclonal antibodies

Vero cells were infected with RV(T) (2.4). At 6 d.p.i., the virus inoculum was 

decanted and centriftiged at 6 rpm for 10 min. The supernatant was poured onto a 

sucrose cushion [20% (wt/vol) sucrose in T.N.E. buffer (A.9)] in ultracentrifuge tubes
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and centrifuged at 25,000 rpm at 4®C, for 2 hours (using the SW 40 Ti rotor). The 

pellet was resuspended in 1ml IM PBS (A.5), and then plaque assayed (2.3.2). Rabbits
• •  •  7  •were injected with 10 plaque-forming units of purified virus by the intraperitoneal 

route. Rabbits were bled 6 d.p.i. The blood was incubated at 37*̂ C for 1 hour and then 

at 4*̂ C overnight. The antiserum (upper golden layer) was centrifuged for 10 min, 6 

rpm at 4°C. The supernatant was aliquoted and stored at -70°C for use in 

immunohistochemistry. Untreated rabbits were also bled 6 d.p.i. Non-immune serum 

was stored at -70*^C, for use in control experiments.

2.9.2 Human polyclonal antibodies

Subject was vaccinated intramuscularly with a 0.5ml dose of RA27/3 Ervevax 

vaccine. Subject was bled 5 and 7 weeks post-vaccination. Blood was incubated at 

37®C for 1 hour and then at 4*̂ C overnight. The antiserum was centrifuged for 10 min, 

6 rpm at 4'^C, and the supernatant was aliquoted and stored at -70®C.

2.10 Immunocytochemistry

Cell cultures were plated in 4 well chamber slides at a density of 10  ̂ cells/ml. Cells 

were infected as described in section 2.4. A panel of fixatives was tested to determine 

the most suitable fixative for each cell type (table 2.1).

Table 2.1 Fixatives tested for optimal immunohistochemical staining (*A.10).

Time (min) 10 10 60 10

Temperature RT RT RT RT

Cells fixed in 10% NBF were post-fixed in ethanol: acetic acid 2:1, for 5 min at -20°C. 

Endogenous peroxidase was quenched in 3% (vol/vol) H2O2 (A .ll)  in PBS (A.5) for 

10 min. Cells were washed twice with PBS between each step. Immunocytochemistry 

was carried out with the Vectastain Elite ABC kit (Vector Laboratories, Burlingame,

66



USA), as per the manufacturer’s instructions with the following exceptions. Cells were 

incubated sequentially with normal serum (A. 12) for 20 min, and primary antibody for 

40 to 60 min at 37*̂ C, in a humidified chamber. Primary antibodies were tested at 

varying dilutions (1:10, 1:25, 1:50, 1:100, 1:150, 1:200, 1:500, 1:750, 1:1000, 1:2000 

in PBS) to determine optimal staining. Slides were then incubated for 50 min with 

biotinylated secondary antibody and avidin-biotin-peroxidase complex for 30 min, in a 

humidified chamber at room temperature. Between each step, slides were washed 

twice with PBS-tween-80 (A. 13) and PBS. Peroxidase staining was localised with 

diaminobenzidine tetrahydrochloride (DAB) (A. 15). Cells were incubated with DAB  

for 2 min, and washed under running tap H2O for 10 min. Cells were counterstained in 

2% (wt/vol) methyl green in 0.1 M sodium acetate, for 10 min (A. 16), and mounted in 

DPX mounting medium. Primary and secondary antibodies were substituted with PBS 

to detect background and non-specific staining. For viral quantification the number o f  

positive cells were counted under 400X magnification and expressed as a percentage 

o f the total number o f  cells.

2.11 Immunofluoresence

Cell cultures were plated in 4 well chamber slides at a density o f  10  ̂ cells/ml, and 

infected as described in section 2.4. Cells were fixed in acetone for 10 min at room 

temperature, followed by washing in PBS. Cells were sequentially incubated with 

normal serum (A. 12) for 1 hour and primary antibody for 1 hour (unless otherwise 

stated) at 37*̂ C in a humidified chamber. Slides were then incubated with either a 

FITC or a TRITC conjugated secondary antibody for 1 hour at 37°C. After addition o f  

primary and secondary antibodies, cells were washed twice with PBS-tween-80 (A. 13) 

and with PBS. Cells were mounted in mowiol. Sections were kept in the dark during 

the staining procedure. Primary and secondary antibodies were substituted by PBS, to 

detect any background fluorescence.
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2.12 Apoptosis detection

2.12.1 DNA Ladders

For detection of DNA fragmentation, cells were examined for DNA ladders by 

agarose gel electrophoresis (Fernandes and Cotter, 1993). Cells were grown in 75 mm^ 

flasks and infected with RV or RA27/3 (10"* pfu/ml). Controls were mock infected 

with IM PBS (2.4). DNA was extracted from infected and uninfected cells, from 1 to 

14 d.p.i. Monolayer cells were treated with lysis buffer (20mM EDTA, lOOmM Tris 

pH 8.0, 0.8% (wt/vol) sodium lauryl sarcosinate) for 1 hour at 37®C. Floating cells 

were centrifuged at 4 rpm, 4®C for 5 min, the lysis step was repeated with the pellet. 

The lysed cells were then digested with ribonuclease A (10 mg/ml) at 37°C for 2.5 

hours and proteinase K (20 mg/ml) at 37®C for 18 hours. Samples were run on a 1.5% 

(wt/vol) agarose gel for 5 hours at 55 volts in TBE. Gels were stained with ethidium 

bromide and visualised under UV light.

2.12.2 Southern blotting

To enhance the sensitivity of detection of DNA ladders southern blotting followed by 

probe radiolabeling and hybridisation was employed. The probes were made using 

purified total genomic DNA derived from cells, which were digested with Eco R1 and 

labelled using the nick translation system (Promega).

2.12.2.1 Southern transfers

DNA from agarose gels (2.12.1) was transferred to nylon membranes with 20x SSC 

for 48 hours as described by Southern (1975). After transfer the membranes were 

rinsed in 2x SSC, dried and baked at 80®C in an oven for 2 hours.

2.12.2.2 Isolation of genomic DNA from tissue culture cells

DNA was extracted from uninfected cells, as described in section 2.12.1. Following 

incubation with proteinase K overnight, DNA was phenol; chloroform (1:1) extracted 

and the samples were brought to a final concentration of 0.2 M NaCl and precipitated 

with 2.5 volumes of ice-cold ethanol. Samples were stored at 4‘’C. DNA was then 

restriction digested with EcoK\, and phenol chloroform extracted and ethanol
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precipitated again. Finally the DNA was labelled using the nick translation system, as 

described below (2.12.2.3).

2.12.2.3 Preparation of hybridisation probes by nick translation

Nick translations were performed as described by Rigby et al. (1977). Samples (0.5 îg 

DNA) were nick-translated in 50 mM Tris-Cl (pH 7.8), 10 mM MgCb, 0.1 mM 

dithiothreitol with 60 )j,M each of dGTP, dTTP and dCTP and 100 jiCi of a-^^P dATP. 

Probes were labelled at 15°C for 1 hour, using 2 ng of DNAse 1 and 2.5 units of DNA 

polymerase 1. Reactions were stopped by the addition of 0.25 M EDTA, pH 8.0 and 

passed through a Sephadex G-50 column to separate labelled DNA from 

unincorporated nucleotides. The ^̂ P labelled DNA probe was collected and stored at 

4*’C. The probe was denatured by boiling for 5 min and then incubated on ice for 2 

min.

2.12.2.4 Southern hybridisations

Baked nylon membranes (section 2.12.2.1) were prehybridised overnight at 37*̂ C in 

50% (vol/vol) formamide [in 2x prehybridisation buffer (A. 17)]. After removal of the 

buffer, 150 jil of denatured nick translated probe (2.12.2.3) was added to fresh buffer. 

Hybridisations were performed at 31°C overnight. Membranes were washed twice in 

2x SSC [in 0.5% (vol/vol) SDS] for 15 min at 37‘̂ C. This was followed by 2 washes in 

Ix SSC [in 0.1% (vol/vol) SDS] at 55‘’C for 15 min. Membranes were dried at this 

stage and exposed to Kodak XAR-5 film at -l(fC  overnight.

2.12.3 TUNEL Staining
Cells were cultured in chamber slides and infected with RV(T) and RA27/3, controls 

were mock infected, as described in section 2.4. Floating cells were cytospun onto 

slides as described in section 2.7. Vero and H358a cells were fixed in 10% NBF for 

10 min, rat glial cell cultures were fixed in 4% (wt/vol) PFA (in PBS) (A. 10) for 1 

hour, both at room temperature. Endogenous peroxidase activity was quenched in 3% 

H2O2 ( A l l )  in methanol, at room temperature for 20 min. Cells were permeabilised in 

ice cold 0.1% (vol/vol) Triton-X-100 [in 0.1% (wt/vol) sodium citrate] for 2 min. Cells
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were incubated with TUNEL enzyme mix (In situ cell death detection, POD kit- 

Boehringer Mannheim) for 1 hour at 37°C, in a humidified chamber. Converter POD 

was added for 30 min at 37*^0. Peroxidase activity was detected by labelling cells with 

DAB (A. 15) for 10 min. Cells were washed twice in PBS (A.5) after each step. Cells 

were counterstained with 2% (wt/vol) methyl green (A. 16) and mounted in DPX. For 

the detection o f any background staining TUNEL enzyme was replaced with TUNEL 

label solution.

2.12.4 Annexin V staining

Infected and mock-infected cells (described in section 2.4) were processed for 

Annexin V staining at 12, 18, 24, 36, 48, 72 and 96 hours post infection. Infected and 

control cells were rinsed once with IX  binding buffer (Apoalert Annexin V kit, 

Clontech). Followed by incubation with 200|j,l IX binding buffer, Sul Annexin V and 

lO îl propidium iodide for 10 min, in the dark, at room temperature. Cells were then 

fixed in 2% (vol/vol) formaldehyde for 10 min. Fluorescence was detected with FITC 

and TRITC filters on a fluorescent microscope.

2.13 Double immunofluoresence (TUNEL and other antigen)

Cells were TUNEL stained as described in section 2.12.3, with the following 

exceptions. Quenching o f endogenous peroxidase was not required and subsequent to 

the addition o f TUNEL enzyme, cells were washed in PBS (A.5) and incubated with 

normal serum (A. 12). Cells were then immunofluorescently labelled with primary and 

secondary antibodies, as described in section 2.11.

2.14 Caspase experiments

2.14.1 Caspase 3 protease inhibition

Vero and rat glial cells were grown to confluency in 75 mm flasks as described in 

sections 2.2.1 and 2.2.3, respectively. Growth medium was decanted fi-om confluent 

cells and 1 ml o f caspase 3 protease inhibitor, z-DEVD-fmk [20 nM  final 

concentration (A. 18) in growth medium], was added to each flask, for 1 hour at 37^C 

at 5% CO2, with gentle shaking every 15 minutes. Controls were treated with culture
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medium. Cells were then infected (and mock infected) with RV(T) and RA27/3, as 

described in section 2.4. Fresh z-DEVD-fmk (20 |j,M) was added to cells every 48 

hours. Cell viability was measured by the trypan blue exclusion assay (2.8) at various 

times post infection.

2.14.2 Caspase protease activity 

2.14.2.1 Preparation of cytosolic extracts

Cytosolic extracts were prepared by the method of Zisterer et al. (2000). Cells were 

harvested by centrifuging at 1500 rpm for 5 min. Pellets were washed in 10 ml of PBS 

(A.5) and then resuspended in 200 |il of harvesting buffer (A. 19). Samples were left 

on ice for 10 min. Cells were burst open by drawing through a 21 guage needle, 8 

times. Samples were left on ice for a fiirther 5 min, followed by centrifuging at 15,000 

rpm for 10 min at 4®C. The supernatant was either used fi'esh to measure caspase 

activity or stored at -20“C.

2.14.2.2 Determination of protein concentration

Protein concentration was determined by the dye-binding assay of Bradford (1976). 

The assay is based on binding of Coomassie Brilliant Blue (A.20). Linear standard 

curves were constructed using BSA (A.21). A series of dilutions of the protein 

samples were prepared in PBS (A.5) 1 ml of Coomassie Brilliant Blue Solution was 

added to each sample, tubes were left at room temperature for 20 min. The absorbance 

was measured on a spectrophotometer at 595 nm. Protein concentrations were 

determined by reading fi'om the standard curve.

2.14.2.3 Caspase fluorogenic assays
The protein concentration of cytosolic extracts (2.14.2.1) was determined by the 

Bradford assay (2.14.2.2). 10 |ig of protein was added to each eppendorf; the volume 

was made up to 299 |il with incubation buffer (A.22). 1.2 |o,l of 5 mM caspase 3 

substrate, Ac-DEVD-AMC (A.23) was added to each sample to give a final 

concentration of 20 |^M. Following incubation at 25*̂ C for 60 min, fluorescence was 

measured using a spectrofluorimeter (excitation wavelength 380 nm and emission
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wavelength 460 nm). The amount of AMC released was determined by comparison 

with a standard curve generated with known amounts of AMC (A.24). Fluorogenic 

assays were repeated as described above using the caspase 6 substrate, Ac-VEID- 

AMC (A.25). HL60 cells (2.2.3) were exposed to UV light and used as positive 

controls for caspase activity at 24 hours following exposure. The specific activity o f 

caspase 3 and 6 proteases was calculated from the nM AMC released and plotted 

against time.

2.15 In Vivo Experiments

2.15.1 Viral multiplication in vivo

20 neonatal and 20 weanling rats were injected intracerebrally (i.e.) (in the sub- 

occipital lobe) with 10"* plaque forming units of virus in 20(il o f phosphate buffered 

saline, with a 21-gauge needle. Rats were monitored daily for clinical symptoms. 2 

neonate and 2 weanling rats were sacrificed every 24 hours from 1 to 10 days post 

inoculation. Rats were sacrificed by intraperitoneal injection with sodium 

pentobarbital. Brains were aseptically removed and 10% and 20% (wt/vol) 

homogenates were prepared in BHK-21 medium (A.l). Homogenates were clarified 

by centrifugation at 6 rpm, for 10 min. Supernatants were filter sterilised and 

subsequently plaque assayed (2.3.2).

2.15.2 Preparation of sections

9 neonatal and 9 weanling rats were injected i.c (in the sub-occipital lobe) with 10"̂  

plaque-forming units o f RV(T) in 20|il o f PBS and control animals were injected with 

20|il of PBS, using a 21-gauge needle. 3 infected and 3 control animals were sacrificed 

(by i.p. injection of sodium pentobarbitol) at 5, 7 and 14 d.p.i. Brains were removed 

and fixed by immersion in 10% (vol/vol) NBF. Tissue was embedded in parafTin wax 

and 4 |im coronal sections were cut. Tissue was paraffin embedded and cut by the 

Veterinary Pathology laboratory, UCD.
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2.15.3 Histology

Sections were routinely stained with haematoxylin and eosin. Paraffin wax was 

dissolved by immersion in xylene for 10 min. Sections were then sequentially washed 

in 100%, 90% and 70% ethanol, followed by running tap H2 O, for 10 min each. 

Sections were stained with Erlich’s haematoxylin (A.26) for 10 min and rinsed for 10 

min in running tap H2O. The staining was differentiated using 1% (vol/vol) HCl in 

70% (vol/vol) ethanol, for 10 sec, followed by washing in running tap H2O until the 

tissue appeared blue. Sections were counterstained in eosin (A. 27), for 5 min, and 

washed briefly in running tap water before being dehydrated through the 70%-100% 

(vol/vol) ethanol solutions. Finally sections were ‘cleared’ in xylene and mounted in 

DPX.

2.15.4 Immunohistochemical detection of viral antigen (in paraffin sections)

Sections were dewaxed in xylene and rehydrated through a series of ethanol (100%, 

95%, 80% and 70%). Washing in PBS (A.5) followed this, for 5 min at room 

temperature. Endogenous peroxidase was blocked in 3% (vol/vol) H2 O2 (A l l )  in 

methanol for 20 min at room temperature. Sections were washed again in PBS, for 5 

min. To prevent antigen masking (by paraffin embedding), sections were microwaved 

twice for 6 min at 750 watts, in citrate buffer (A.28). Prior to washing in PBS for 5 

min, sections were allowed cool for 18 min at room temperature, in the citrate buffer. 

This was followed by sequential incubation with normal goat serum (A. 12) and human 

anti-RA27/3 antisera (diluted 1;1000 in PBS) (2.9.2), as described in section 2.10.

2.15.5 TUNEL staining paraffin embedded sections

Sections were dewaxed in xylene and rehydrated through a series of ethanol (100%, 

95%, 80% and 70%). Sections were then washed in PBS, for 5 min at room 

temperature. For optimal detection of apoptotic cells two methods were compared. 

The first involved pre-treatment with citrate buffer, as described in section 2.15.4, this 

was followed by incubation with TUNEL enzyme and staining (2.12.3). The second 

method involved pre-treatment with proteinase K. Prior to blocking endogenous
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peroxidase and permeabilisation (2.12.3), sections were treated with 20^g/ml 

proteinase K (either diluted in PBS from 20mg/ml, or in lOmM Tris/HCl pH 7.4-8.0).

2.16 Statistical analysis

The software package Prism 2.01 was used for statistical analysis. To ascertain 

whether results were statistically significant, unpaired t tests were conducted. Analysis 

of variance (ANOVA) was applied to test the significance of total data over the 14-day 

experimental periods. Table 2.2 refers to the set threshold P values for significance.

Table 2.2 Set threshold P values, utilised by the software programme Prism 2.01.

NS >0.05 Not significant
A 0.01 to 0.05 Significant
** 0.001 to 0.01 Very significant

<0.001 Extremely significant
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Chapter Three 

Role of apoptosis in virus induced cell death ofVero cells



3.1 Introduction

Rubella virus infection is generally asymptomatic in nature (epitomised by a low 

grade rash); it can, however, result in complications such as polyarthralgia and 

arthritis, and rare neurological complications, PRP and encephalomyelitis. The 

primary concern with RV is its potency as a teratogenic agent (Chantler et al., 

2001), reviewed in section 1.2.3. The continued importance o f understanding this 

phenomenon is underscored by reports of CRS in developing countries (Sullivan 

et al., 1999; Panagiotopoulos et al., 1999; Cutts and Vynnycky, 1999; Cutts et al., 

2000; St John and Benjamin, 2000; Lawn et al., 2000; Semerikov et al., 2000) and 

in infants of vaccinated mothers (Ross et al., 1992; Lee et al., 1992; Burgess, 

1992; Weber et al., 1993; Condon and Bower, 1993; Braun et al., 1994; Robinson 

et al., 1994; Panagiotopoulos et al., 1999; Bullens et al., 2000). Potential severe 

neurological complications associated with the live attenuated RV vaccine, 

RA27/3, have also raised some concern (Cusi et al., 1999; Wakefield et al., 1999; 

Plesner et al., 2000; Altmann, 2000; D’Souza et al., 2000; Tsuru et al., 2000).

It was previously unknown whether the morphological changes and cell death 

induced by RV were due to apoptosis or necrosis (Frey, 1994; Chantler et al., 

2001). Recent findings on the pathogenesis of certain Togaviruses have revealed 

apoptosis to be the critical death mechanism (Levine et al., 1993; 1996; Scallan et 

al., 1997; Jackson et al., 1997; Glasgow et al., 1997; 1998). Based on these 

findings, it was postulated that the cellular basis of RV pathology could be due to 

apoptosis.

RV can be grown routinely in many cell lines (Chantler et al., 2001). However, 

highest titre yields of cell fi-ee virus are grown in the continuous cell line derived 

from African Green Monkey kidney, Vero cells (Bardeletti et a l,  1979). In this 

chapter, the induction of Vero cell death by the Therien strain of rubella virus, 

RV(T), and the live attenuated vaccine strain, RA27/3, was analysed. To 

determine whether apoptosis was induced, Vero cells were examined for
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characteristic morphological features of apoptosis. The hallmarks o f apoptosis 

were examined, DNA fragmentation (DNA ladders), cell shrinkage, cjlioplasmic 

condensation, plasma membrane blebbing, condensation of nuclear chromatin 

(TUNEL staining) and translocation of phosphatidyl serine (Annexin V), as 

described in section 1.7. Very recent findings have confirmed some o f the results 

obtained in this chapter, using different cell lines, viral strains and MOIs 

(Pugachev and Frey, 1998; Duncan et al., 1999; 2000; Megyeri et al., 1999; 

Hofmann e/a/., 1999).

3.2 Materials and Methods

3.2.1 Viral plaque assays

Viral growth curves were constructed from 1 to 14 d.p.i., for RV(T) and RA27/3 

infected Vero cells, by plaque assay as described in section 2.3.2.

3.2.2 Trypan blue exclusion assays
The percentage cell viability and cell counts were calculated (section 2.8) for 

RV(T) and RA27/3 infected and uninfected Vero cells.

3.2.3 Apoptosis detection
For the detection of apoptosis, DNA was extracted from RV(T) and RA27/3 

infected and uninfected Vero cells and ran on agarose gels (2.12.1). To enhance 

the sensitivity o f detection, southern blotting was conducted [for RV(T) infected 

and control cells] (2.12.2). To confirm apoptosis was occurring morphologically, 

Vero cells were stained with TUNEL enzyme (2.12.3) and Annexin V (2.12.4).

3.2.4 Detection of viral antigens
For optimal detection o f viral antigen, infected and uninfected Vero cells were 

immunohistochemically stained using a panel of antibodies and fixatives, as 

described in section 2.9 and 2.10.
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3.2.5 Double immunofluoresence (TUNEL and viral antigen)

RV(T) and RA27/3 infected Vero cells and mock-infected controls were double 

labelled for TUNEL enzyme and viral antigen at 7 d.p.i., as described in section 

2.13. The primary and secondary antibodies for viral antigen were human anti- 

RA27/3 (diluted 1:1000 in PBS) and TRITC conjugate goat anti-human IgG 

(diluted 1:8) antisera, respectively.

3.3 Results

Note: All experiments were carried out at least in triplicate; therefore all 

results quoted in the text are mean values. Data represented in graphs are 

mean values ± SEM.

3.3.1 Comparison of cytopathic eflfect induced by RV(T) and RA27/3

In RV(T) infected Vero cells, CPE was first observed approximately 2 to 3 d.p.i. 

By 6 d.p.i. the CPE peaked, with the majority of cells lifted from the monolayer. 

However with RA27/3, CPE was slow appearing and only partial, initially being 

observed at approximately 4 to 5 d.p.i. Cells became infected and rounded up but 

only a small percentage lifted fi'om the monolayer.

3.3.2 Viral multiplication in Vero cells

The titres of infectious virus were determined from 1 to 14 d.p.i. in Vero cells 

infected with RV(T) and RA27/3 (figure 3.1). For RV(T) infected cells viral titres 

decreased 1 d.p.i. to 3.5 x 10  ̂pfli/ml. Following this, there was a sharp increase 2 

d.p.i., peaking at 4 and 5 d.p.i., with mean titres of 4.4 x 10  ̂and 2.5 x 10  ̂pfu/ml, 

respectively. From 5 d.p.i. the titres dropped rapidly until by 8 d.p.i. no virus 

could be detected by plaque assay. In comparison, viral titres in Vero cells 

infected with RA27/3 were much lower. Titres decreased 1 and 2 d.p.i., followed 

by a peak, at 4 and 5 d.p.i. (7 x  lO"* an d  5 x lO'* pfii/ml, respectively). From 5 to 8
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Figure 3.1 Multiplication of RV(T) and RA27/3 in Vero cells. Vero cells were 

infected with RV(T) and RA27/3 and plaque assayed from 1 to 14 d.p.i. Plaque 

assays were carried out in triplicate.



d.p.i. there was a rapid decrease in titre. No infectious virus could be detected by 

10 d.p.i. No plaques were detected in any of the control cells.

3.3.3 Trypan blue exclusion assay

Trypan blue exclusion assays were conducted to compare the differences, in cell 

viability and cell counts, between Vero cells infected with RV(T), RA27/3 and 

BHK medium. Data was collated for monolayer and floating cells, over 14 days. 

Prior to infection, cell viability of heahhy sub-confluent cells was approximately 

80-90%.

For RV(T) infected cells, a large decrease in the cell viability of monolayer and 

floating cells was observed (figure 3.2, panel A). For the first 5 days post 

infection cell viability gradually decreased. This was followed by a sharp decrease 

between 5 and 7 d.p.i., from 59.4% to 24.4%. From the onset of infection, an 

undulating pattern of decrease with peaks and troughs developed. On days 12 to 

14 post infection this pattern levelled off at 10-11%,

For RA27/3 infected monolayer and floating cells, the decrease in cell viability 

was not as dramatic as for RV(T) (figure 3.2, panel A). There was no difference in 

cell viability between the uninfected controls and RA27/3 until 3 d.p.i. [unlike 

RV(T) infected cells, which displayed a decrease as early as 1 d.p.i.]. The 

undulating pattern observed for RV(T), was also noticeable for RA27/3. However, 

viability did not drop below 53.5% (10 d.p.i.), with 18.7% being the largest 

difference in viability between control and RA27/3 infected cells (8 d.p.i.). 

Whereas for RV(T) infected cells, viability decreased to 9.6% on 14 d.p.i., with a 

difference of 71.7% between this and the controls.

In summary, RV(T) infected cells displayed a dramatic decrease in cell viability 

of monolayer and floating cells; which by 14 d.p.i. was 8.5 times lower than 

control cells. For the attenuated vaccine strain, RA27/3 the decrease, although not 

as accentuated as for RV(T), was extremely significant (p<0.0001), with a mean
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Figure 3.2 Vero cell viability and total cell counts measured by the trypan 

blue exclusion assay. Cells were infected with RV(T) and RA27/3 and stained 

with trypan blue, from 1 to 14 d.p.i. Controls were mock infected with BHK 

medium. All assays were carried out in triplicate and counted using a 

haemocytometer at 400X magnification. (A) The percentage of viable 

monolayer and floating cells (B) The percentage of viable monolayer cells (C) 

The percentage of floating cells (D) The total number of viable and non-viable 

monolayer and floating cells.
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difference of 10-18% between controls and vaccine infected cells. The differences 

between control and RV(T) infected cells, and between RV(T) and RA27/3 

infected cells were extremely significant (p<0.0001 in both analyses).

The cell viability of monolayer cells (figure 3.2, panel B) infected with RV(T) or 

RA27/3 was significantly lower than uninfected cells (p<0,0001 for both 

analyses). As early as 1 d.p.i., the cell viability of RV(T) infected monolayer cells 

was significantly different from the uninfected controls. For RA27/3 infected 

cells, it was not until after 3 d.p.i. that the cell viability was significantly different 

from the controls. The lowest mean percentage of cell viability was 56.5% for 

RA27/3- and 32.6% for RV(T)- infected monolayers, compared to 69.3% for 

uninfected controls.

There were some fundamental differences observed in the CPE induced by RV(T) 

and RA27/3; primarily the number of cells lifting from the monolayer and floating 

in the supernatant. For this reason, the floating cell population was analysed 

separately over 14 days. The number of floating cells was expressed as a 

percentage (figure 3.2, panel C) of the total cell count (figure 3.2, panel D). The 

majority (93.4 to 99.8%) of floating cells were nonviable. The percentage of 

floating cells in controls was very low, as expected, ranging from 0.9% to 3.2%. 

The difference between control and RV(T) infected cells was extremely 

significant (p<0.0001). This difference was initially observed following 3 d.p.i., 

after which the percentage of floating cells gradually rose to 19.2%. This was 

followed by a sharp increase up to 65.9% (6 d.p.i.); which continued to rise until 

13 d.p.i., when 95% of the cell population was floating in the supernatant. Unlike 

RV(T) infected cells, there was no difference between RA27/3 infected and 

control cells until after 4 d.p.i. From 5 d p i. onwards, the percentage of floating 

cells oscillated between 5.0% and 13.6%. Three small peaks were observed at 5 

(7.0%), 8 (13.6%) and 12 d.p.i. (12.9%). The differences in the percentages of 

floating cells between the controls and RA27/3, and RV(T) and RA27/3 were 

extremely significant (p<0.0001 in both analyses).
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Total cell counts were calculated to compare differences in cell inhibition or 

proliferation between RV(T) and RA27/3 infected cells (figure 3.2, panel D). 

Control cells displayed increased growth up to 5 d p i., after which there was a 

gradual decrease in cell growth until 14 d.p.i. For RV(T) infected cells, growth 

inhibition was extremely significant (p<0.0001), when compared to control cells. 

The results for RA27/3 infected cells were surprising; there was an increasing 
cyclical pattern of cell growth. This distinct pattern occurred in 4-day cycles. The 

results for RA27/3 were significantly different from control and RV(T) infected 

cells (p<0.0001 in both analyses).

3.3.4 Apoptosis detection

3.3.4.1 Detection of DNA fragmentation by agarose gel electrophoresis

The induction of apoptosis in Vero cells was confirmed by the detection of DNA 

ladders by agarose gel electrophoresis. DNA was extracted from infected and 

control cells from 1 to 14 d.p.i. DNA ladders were detected from 6 to 14 d.p.i. in 

RV(T) infected cells. The most intense DNA ladders occurred on days 7 to 10 

post infection. For RA27/3, DNA ladders were observed from 8 to 14 d.p.i., 

though there appearance was not as definitive as for RV. No DNA ladders were 

detected in uninfected control cells (up to 20 d.p.i.). These extractions were 

repeated 5 times, with consistent results. A representative gel showing extracted 

DNA on 1, 7 and 10 d.p.i. is shown in figure 3.3.

The sensitivity of detection of the DNA ladders was increased by southern 

blotting followed by probe radiolabeling and hybridisation. For RV(T) 

infected cells, the intensity of the DNA ladder pattern increased. A DNA ladder 

was observed 5 d.p.i., which could not be seen prior to probing (figure 3.4). Cells 

infected with RA27/3 were not probed with (due to the discontinued use of ̂ P̂ 

radioactive material within the laboratory).
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Figure 3.3 Detection of DNA fragmeotation i .  Vero cells, following agarose 

gel electrophoresis. Cells were infected with RV(T) or RA27/3. Controls were 

mock infected. DNA was extracted from cells and ran on a 1.5% (wt/vol) agarose 

gel. Gels were stained with ethidium bromide. Lanes 2,4, 6, 8 and 10 contam DNA 

from uninfected confrol cells. Lanes 1, 5 and 9 contain DNA from RV(T) infected 

cells 1, 7 and 10 d.p.i., respectively. Lanes 3, 7 and 11 contain DNA from RA27/3 

infected cells 1, 7, and 10 d.p.i. respectively. The DNA molecular weight marker in

lane 12 is i/m d III digested DNA.



Figure 3.4 Southern hybridisation of Vero DNA fragmentaaon gel. Gels were 

southern blotted followed by ” P probe radiolabeling and hybridisation. Lane 1 

contains DNA from uninfected Vero cells and lane 2 contains DNA from RV(T) 

infected Vero cells, 5 d.p.i.



3.3A.2 Morphological detection and quantification of apoptosis

Apoptotic Vero cells stained brownish black during TUNEL staining, produced 

by the chromogenic peroxidase substrate, DAB. Non-apoptotic cells were 

counterstained blue with methyl green. As has been previously described, the 

defining characteristic of apoptosis is a complete change in cellular morphology 

(Cotter and Al-Rubeai, 1995; Hockenbery, 1995). The TUNEL positive nuclei in 

infected Vero cells exhibited morphology unique to apoptosis, with condensation 

of nuclear chromatin and/or nuclear fragmentation (figure 3.5). Characteristic of 

late stage apoptosis, many nuclei were fragmented into apoptotic bodies of 

nuclear and cytoplasmic material.

TUNEL positive Vero cells were quantified and the percentage of apoptotic cells 

compared. Monolayer cells were quantified separately (figure 3.6, panel A) from 

total cells (monolayer and floating cells), figure 3.6, panel B. For uninfected 

monolayers, there was a low level of TUNEL positive cells, as expected; which 

increased slightly between 8 and 14 d.p.i., with peaks at 10 (7.3%) and 14 

(17.9%) d.p.i. The differences between control and virus [RV(T) and RA27/3] 

infected cells were extremely significant (p<0.0001 in both analyses). For RV(T) 

infected monolayers, the percentage of positive cells slowly increased between 1 

and 6 d.p.i.; after which the percentages levelled off, ranging from 20.5% (10 

d.p.i.) to 37.6% (13 d.p.i.). There was no significant difference between RV(T) and 

RA27/3 infected monolayers over the 14-day period (p=0.1544). For RA27/3, 

levels rose slowly between 1 and 6 d.p.i., followed by a 13.68% increase 7 d.p.i. 

Between 7 and 14 d.p.i the increase plateaued, with percentages ranging from 

mean values of 22.9% to 29.1%, with an overall mean of 27.7%. During the same 

period (7 to 14 d.p.i.), the overall mean for RV(T) infected monolayer cells was 

27.3%.

100% of floating cells were TUNEL positive for all RV(T), RA27/3 and mock 

infected Vero cells, from 1 to 14 d.p.i. The number of floating cells was hence
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Figure 3.5 TUNEL staining of Vero cells. Vero cells were infected with 

RV(T) or RA27/3 and TUNEL stained from 1 to 14 d.p.i. Controls were mock 

infected with BHK medium. TUNEL positive cells stained brown. Negative 

cells appeared blue-green. (A) Uninfected Vero cells, 7 d.p.i. (B) A 

representative photograph of apoptotic Vero cells, following infection with 

RA27/3, 7 d.p.i. Photographs were taken at 400X magnification.





Figure 3.6 Quantification of TUNEL positive Vero cells. Vero cells were 

infected with RV(T) or RA27/3 and TUNEL stained from 1 to 14 d.p.i. 

Controls were mock infected with BHK medium. TUNEL positive cells were 

counted using a graticule at 400X magnification and expressed as a percentage 

of total cell counts. (A) Quantification of TUNEL positive Vero monolayer 

cells. (B) Quantification of TUNEL positive Vero monolayer and floating 

cells.



A

Quantification of TUNEL Positive Vero Monolayer cells

Control
C=IRV(T)
H R A 2 7 /3

40-

25-

Z  20-

10-

Days post infection

B

Quantification of TUNEL Positive Vero Monolayer and Floating
cells

lOOn
I' I Control 
C=IRV(T)
H R A 2 7 /3

a. 60

Days post infection



quantified and added to the number of TUNEL positive monolayer cells, to give 

the overall percentage of TUNEL positive cells (figure 3.6, panel B).

When the total data (monolayer and floating cells) was analysed, there was a 

small increase in the percentage of TUNEL positive cells for uninfected controls 

(p=0.0029), compared to monolayer data alone. For RV(T) infected cells, the 

maximum increase in TUNEL positive cells (compared to monolayer cells alone) 

was 65.2% on 14 d.p.i. (p=0.0003). From 1 to 5 d.p.i with RV(T), the percentage 

of positive cells rose steadily, followed by a sharp increase 6 d.p.i. (76.9%); 

peaking at 13 d.p.i. (92.9%). Overall, the increase in TUNEL positive cells when 

the total data was analysed was extremely significant (p<0.0001) for RV(T) 

infected cultures. Levels only increased minimally, though significantly 

(p<0.0001), for RA27/3 infected cells, with the maximum increase occurring on 8 

d.p.i. (11.8%). The highest percentage of TUNEL positive cells, in RA27/3 

infected cultures, occurred on days 9, 11 and 13 post-infection, peaking at 36.2%. 

The differences between control and infected cells were extremely significant 

(p<0.0001 for RV(T) and RA27/3). The higher percentages of TUNEL positive 

antigen in RV(T) infected monolayer and floating cells, compared to RA27/3 

infected cultures was extremely significant (p<0.0001), note this was in contrast 

to the analysis o f monolayer cells alone.

3.3.4.3 Detection of phosphatidyl serine by Annexin V staining

Phosphatidyl serine (PS) was translocated fi-om the inner to the outer surface of 

the cell membrane during the early stages of RV(T) and RA27/3 induced 

apoptosis. PS was easily detected, on the cell surface of apoptotic Vero cells, as a 

fluorescent green cell membrane. The onset of apoptosis was detected as early as 

18 and 24 h.p.i., for RV(T) and RA27/3 infected cells, respectively. The number 

of apoptotic cells in uninfected controls was minimal with as few as 1 to 2 cells 

per field, in contrast to virus [RV(T) and RA27/3] infected cells, which displayed 

between 50 and 100 cells per field, at 200X magnification (figure 3.7).
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Figure 3.7 FITC conjugated Annexin V labelled Vero cells. (A) Uninfected 

Vero cells, 24 h.p.i. (B) RA27/3 infected Vero cells, 24 h.p.i and (C) RV(T) 

infected Vero cells, 24 h.p.i. All cells were labelled with Annexin V and fixed 

in acetone at 12, 18, 24, 36, 48, 72 and 96 hours post infection. Cells were 

photographed at 400X magnification, 24 h.p.i.





Approximately 10% to 30% of all cells displaying green fluorescent membranes 

were also counterstained red with propidium iodide (data not shown).

3.3.5 Quantification of viral antigen by immunohistochemical staining

For immunohistochemical detection of viral antigen two antibodies were 

compared. Rabbit polyclonal anti-RV antisera gave very high background and 

non-specific staining. Optimal results were obtained utilising a 1:1000 dilution of 

human polyclonal anti-RA27/3 antisera. The preferred fixative with this antibody 

was 10% NBF, followed by post fixation with ethanol: acetic acid (section 2.9 and 

2 . 10).

The morphology of cells infected with RV(T), RA27/3 and uninfected controls 

was examined. Cells positive for viral antigen appeared brown in colour and 

negative cells were blue-green (figure 3 .8). The majority of cells infected with 

RV(T) and RA27/3 exhibited morphology typical of apoptosis (Cotter and Al- 

Rubeai, 1995; Hockenbery, 1995); exhibiting cell shrinkage, plasma membrane 

blebbing, chromatin margination, nuclear condensation and segmentation and 

division into apoptotic bodies.

Viral antigen was quantified in cells infected with RV(T), RA27/3 and BHK 

medium from 1 to 14 d.p.i. (for monolayer and floating cells, separately and 

combined). For RV(T) infected monolayers (figure 3.9, panel A), the percentage 

of antigen positive cells remained fairly constant from 1 to 5 d.p.i., with only 

9.0% to 11.6% of cells positive. From 4 to 8 d.p.i. the percentage of antigen 

positive cells gradually rose to 30.7%. A dramatic increase, of 40.7%, occurred 

between days 11 and 12, which by 14 d.p.i. had risen to 82.6%. The difference 

between RV(T) infected and control cells was extremely significant (p<0.0001).

For the vaccine strain, RA27/3, the pattern of positivity in monolayers, was quite 

similar to RV(T), with differences only ranging from 0.3% to 7.6%, until 9 d.p.i. 

From 9 d.p.i., the difference between RV(T) and RA27/3 infected cells increased
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Figure 3.8 Immunohistochemical staining of Vero monolayer cells with 

human anti-RA27/3 antisera. Vero cells were infected with RV(T) or 

RA27/3 and stained from 1 to 14 d.p.i. using the Vectastain Elite ABC kit. 

Controls were mock infected with BHK medium. Cells positive for viral 

antigen stained brown. Negative cells appeared blue-green. (A) Mock infected 

cells 8 d.p.i. (B) RA27/3 infected cells 8 d.p.i. (C) RV(T) infected cells 8 d.p.i. 

Photographs were taken at 200X magnification.



B



Figure 3.9 Quantification of infected Vero cells. Vero cells were infected 

with RV(T) or RA27/3 and immunohistochemically stained with human anti- 

RA27/3 antisera. Controls were mock infected with BHK medium. Cells 

positive for viral antigen were counted and were expressed as a percentage of 

total cell counts. (A) Quantification of infected Vero monolayer cells. (B) 

Quantification of Vero monolayer and floating cells. Cells were counted under 

400X magnification using a graticule.
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vastly, reaching 64.4% by 14 d.p.i. (p=0.0481). The percentage of antigen positive 

cells for RA27/3 was quite low throughout the 14 days, with three small peaks on 

2, 8 and 13 d.p.i. (at 7.1%, 24.1% and 24.4%, respectively). Over the 14-day 

period, the percentage of antigen positive cells in RV(T) infected cultures was 

significantly higher than for RA27/3 infected cultures (p<0.0001). Differences 

between controls and RA27/3 infected cells were extremely significant 

(p<0.0001). Levels of non-specific staining fluctuated between 0.2% and 2.0% in 

uninfected cultures.

100% of all floating cells were positive for viral antigen, from 1 to 14 d.p.i. The 

number of antigen positive floating cells was quantified and combined with the 

number of positive monolayer cells to give the total percentage of cells positive 

for viral antigen (figure 3.9, panel B). With the combined results the number of 

positive cells in RV(T) infected cultures, rose dramatically and extremely 

significantly (p<0.0001), as early as 1 d p i. By 5 d.p.i., positive cells had 

increased to 28.9%, and then jumped up to 73.5% on 6 d.p.i.. The level then 

continued to rise, reaching 98.5% by 14 d.p.i. In comparison the total percentage 

for positive cells in RA27/3 infected cultures increased only slightly, compared to 

the monolayer data, with small significant increases ranging from 0.8% to 11.6% 

(p<0.0001).

3.3.6 Dual fluorescent labelled infected apoptotic Vero cells

Dual labelled Vero cells were examined under a fluorescent microscope with 

FITC and TRITC filters. Viral antigen positive (TRITC) and TUNEL positive 

(FITC) cells co-localised (figure 3.10). Uninfected controls displayed a very low 

level of non-specific staining for viral antigen and approximately 1% to 2% of 

cells were TUNEL positive. Controls with primary or secondary antibodies 

substituted were negative for the appropriate antibody (data not shown).
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Figure 3.10 Dual fluorescent labelling of infected apoptotic Vero cells.

Cells were infected with RV(T) and RA27/3 and double-labelled for TUNEL 

and viral antigen, 7 d.p.i. (A) TUNEL positive (FITC) RV(T) infected cells 

(B) Viral antigen (TRITC) RV(T) infected cells (C) TUNEL positive (FITC) 

RA27/3 infected cells. (D) Viral antigen positive (TRITC) RA27/3 infected 

cells. Cells were photographed at 400X magnification.







3.4 Discussion

This chapter has characterised RV induced cell death and quantified the 

differences between RV(T) and RA27/3 cytopathogenicity in Vero cells.

Recent studies have shown the ability of this virus to induce cell death in RK13, 

Vero and BHK cells using the M3 3 and Therien strains of RV, at various MOI’s 

(Pugachev and Frey, 1998; Duncan et al., 1999; 2000; Megyeri et al., 1999; 

Hofmann et al., 1999). The results in this chapter have confirmed these reports, 

albeit a number of differences between the strains, cells and MOIs exist 

(discussed later). For the first time, the extent of apoptosis induced by RV(T), has 

been comprehensively quantified, in a time dependent manner. The induction of 

apoptosis by the live attenuated vaccine strain RA27/3 is also documented for the 

first time.

Viral infection and cell death for RV(T) and RA27/3 infected Vero cells were 

studied up to 14 d.p.i. The reason for this cut-off point was due to the CPE 

induced by RV(T). In RV(T) infected cells it was not until 13-14 d.p.i. that 

approximately 95% of the cells had lifted from the monolayer.

Viral titres for RV(T) infected cells peaked at 4 and 5 d.p.i. at 10̂  and 10̂  pfia/ml, 

as has been previously confirmed (Frey, 1994). For RA27/3, viral titres were 

considerably lower, peaking at 10̂* pfu/ml, this was not surprising considering that 

RA27/3 is attenuated and only generates partial CPE.

The trypan blue exclusion assay was conducted to compare cell viability and 

growth between RV(T) and RA27/3 infected cells. The higher titres observed in 

RV(T) infected cells directly correlated with an increase in non-viable cells as 

compared to RA27/3, these results confirm a similar observation by Hofmann et 

al. (1999) with the M3 3 strain of RV. The undulating pattern of peaks and troughs 

observed for total cell viability in RV(T)- and RA27/3-infected cells is
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presumably due to changes in viral titres. In RV(T) infected cells, cell viability 

dramatically decreased after 5 d.p.i., this directly followed the peak in viral titres 

at 4 and 5 d.p.i. Although viral titres were quite low in RA27/3 infected cells, a 

decrease in cell viability was also observed when viral titres peaked at 4 and 5 

d.p.i. A significantly higher percentage of floating cells were detected in RV(T) 

infected cultures than in RA27/3 infected cultures. This correlates with higher 

viral titres for RV(T) and also confirms the initial observations when comparing 

the CPE of both strains. The vast majority of cells floating in the supernatant were 

non-viable, as expected and later confirmed by Pugachev and Frey (1998). The 

mechanical disruption of non-viable cells lifting from the monolayer, possibly 

caused a small percentage of viable cells to float in the supernatant (accounting 

for the 0.2% to 6.6% viable floating cells). Pugachev and Frey (1998) reported 

that infected monolayer cells were rarely non-viable. These results are 

contradictory to those reported here, in that an extremely significant proportion of 

monolayer cells were non-viable, in infected cultures. The possible relationship 

between cell viability and viral titres over time is discussed in the context of 

caspase activity in chapter 6.

It has long been suggested that the complex physiological basis for CRS rests in 

the concerted action of ahered cell growth, impaired differentiation and death of 

certain sensitive cell types. RV infected foetal organs contain significantly 

reduced numbers of cells compared with uninfected controls (Naeye and Blanc, 

1965; Plotkin and Vaheri, 1967; Dudgeon, 1969; Wolinsky, 1996). When Vero 

cells were infected with RV(T), a decrease in cell growth was observed when 

compared to control cells [also shown by Pugachev and Frey (1998)]. It is 

noteworthy that the day cell numbers peaked (5 d p i.) coincided with a dramatic 

decrease in cell viability (between 5 and 6 d.p.i.), this observation may be 

attributed to the deregulation of the cell cycle following the interaction of the 

NSP90 protein with pRb, which will be discussed in more detail in chapter 6. 

When cells were infected with RA27/3, however, a very unusual pattern o f cell 

growth occurred. Cell numbers increased, levelled off and then dropped
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approximately every 4 days. The cause of the significant growth retardation (drop 

in cell numbers) at 5, 8 and 13 d.p.i is unknown, and will also be discussed in 

chapter 6. The drop in cell numbers on these days coincides with peaks in the 
percentages of floating cells.

The undulating cell viability pattern and low viral titres observed in RV(T) and 

RA27/3 infected cells could be explained by the von Magnus phenomenon. 

Infection of a wide variety of cells in vitro with low MOIs of RV results in viral 

persistence. During long-term persistence of Vero cells, defective interfering (DI) 

RNA becomes the dominant species of viral RNA, with genomic RNA decreasing 

to low levels. DI particles are virus particles that contain genomes that are grossly 

altered genetically, usually by significant deletion of essential functions, but that 

nevertheless retain critical replication origins and packaging signals, allowing for 

amplification and packaging in co-infections with complementing wild-type 

helper virus. DI particles usually display a replication advantage relative to wild 

type virus, resulting from increases in the copy number or efficiency of replication 

origins. DI particles actively inhibit replication of wild-type virus, presumably by 

competing for limiting essential replication factors. These defective virions cannot 

complete replication on their own but use viral polymerase molecules and other 

essential enzymes to reproduce themselves. Thus the defective particles compete 

with wild type virus particles for the available pool of viral enzymes and host cell 

factors needed for viral replication. The accumulation of such defective viruses in 

the population serves to limit an infection as the defective particles consume a 

great deal of cellular energy and utilize valuable enzymatic machinery to make 

non-infectious particles. This severely limits the replication of the wild-type virus 

and thus limits the disease. This accumulation of DI particles in a virus population 

is referred to as the von Magnus phenomenon (reviewed in Chantler et a l, 2001).

At the time of this study the underlying mechanisms involved in the 

C3^opathogenicity of RV were unknown. The trypan blue exclusion assay does not 

distinguish between the types of cell death, necrosis or apoptosis. It was therefore
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the purpose of this study to investigate the morphological changes and cell death 

due to RV infection, in order to determine w^hether RV belonged to the category 

of RNA viruses, Sindbis, Polio and SFV, that kill cultured cells by apoptosis 

(Levine et a l, 1993; 1996; Tolskaya et al, 1995; Scallon et a l, 1997; Glasgovsr et 

ah, 1997; 1998). The ability of RV(T) and RA27/3 to induce apoptosis was 

confirmed by DNA fragmentation (DNA ladders), cell shrinkage, cytoplasmic 

condensation, plasma membrane blebbing, condensation of nuclear chromatm 

(TUNEL staining), and translocation of phosphatidyl serine (Annexin V). 

Apoptosis was induced significantly earlier in RV(T) than in RA27/3 infected 

cells, as shown in table 3.1.

Table 3.1: Occurrence of apoptosis in infected Vero cells.

RV(T) 18h.p.i. 1 5

RA27/3 1 1 8

Control Insignificant 1 None

The extent of apoptosis for RA27/3 was far less acute than for RV(T) infected 

cells. There was a direct correlation between higher viral titres and the quantity of 

apoptotic cells (as measured by the TUNEL assay). This correlation was 

particularly evident when comparing RV(T) and RA27/3. Hofinann et al. (1999) 

also observed a correlation between the viral titres of the M33 strain of RV and 

non-viable cells. As was noted for the trypan blue exclusion assay, significant 

portions of infected monolayer cells were non-viable (TUNEL positive).

The results obtained in this study have confirmed the induction of apoptosis by 

the Therien strain of RV and its attenuated vaccine strain, RA27/3. However, not 

all the results for Annexin V were conclusive. Annexin V staining can also bind to 

intracytoplasmic PS when membranes are disrupted, as in necrotic cells 

(Koopman et al., 1994). Therefore double labelling v^th propidium iodide was
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performed to distinguish cells with intact membranes from those with disrupted 

membranes. Approximately, 10-30% of cells were co stained for Annexin V and 

propidium iodide; this co staining is representative of either necrosis or late stage 

apoptosis. During the later stages of apoptosis, the plasma membrane becomes 

increasingly permeable; propidium iodide begins to move readily across the cell 

membrane. It is not possible to distinguish using this method whether these cells 

are necrotic or in the late stage of apoptosis (Clontech laboratories. Inc., 

www.clontech.com). However, it is assumed that the 10-30% of co stained cells 

are in late stage apoptosis and are not necrotic. These assumptions are based on 

the Annexin V results, taken in tandem with the conclusive results from TUNEL 

and DNA fragmentation assays, as well as previous reports (Pugachev and Frey, 

1998; Duncan et al., 1999; 2000; Megyeri et al., 1999; Hofmann et al., 1999). The 

other 70-90% of cells that only stained positive for Annexin V (and not for 

propidium iodide) are conclusively in the early stages of apoptosis.

The quantity of TUNEL positive cells was synchronous with viral antigen staining 

for RV(T) infected cultures. There was no significant difference between TUNEL 

and viral antigen positive cells over the whole 14 days in RV(T) infected cultures 

(p=0.2328). However, in RA27/3 infected cells there was a larger percentage of 

cells positive for TUNEL antigen than viral antigen (p<0.0001). The uninfected 

controls also displayed a gradual increase in the quantity of TUNEL positive cells 

over viral antigen positive cells (with a significance level of p<0.0001). This was 

expected, as the percentages o f viral antigen positive cells in uninfected cells were 

a control measure of low-level non-specific staining, and wouldn t be expected to 

increase over the course of the experiment. The increase in TUNEL positive cells 

in uninfected cultures over the 14-day period is presumably due the ageing 

process.

There have been no previous reports that have extensively quantified the extent of 

TUNEL positive and viral antigen positive cells, for RV. Some studies have 

conducted partial and incomplete quantitative experiments, however they utilised
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various different strains of RV and different MOIs, cells, antibodies and methods, 

making a direct comparison unfeasible. However, Pugachev and Frey (1998); and 

Duncan et al. (1999) did confirm the co localisation of TUNEL positive and viral 

antigen positive cells for RV, as shown during double immunofluoresence 

labelling in this study. The co localisation of TUNEL positive and viral antigen 

positive cells for RV(T) and RA27/3 strongly suggests that RV(T) and RA27/3 
induce an apoptotic pathway.

In summary, this chapter has extensively quantified the induction of apoptosis by 

RV(T) infection of Vero cells; it has also shown for the first time that the live 

attenuated vaccine RA27/3 is capable of inducing apoptosis in vitro. A clearer 

understanding of the precise mechanisms of cell death have already made an 

impact on the understanding and therapeutic strategies in neoplastic and 

inflammatory diseases (Blank et al., 1997; Rudin and Thompson, 1997). Similar 

insights into viral pathology and treatment are arising from the study of virus- 

induced apoptosis. It has been shown that SV induced apoptosis in vivo is directly 

related to mortality in mice (Lewis et al., 1996). Although the contribution of RV 

associated apoptosis to pathogenicity in vivo remains to be determined, rubella 

embryopathy could conceivably be related to the untimely and inappropriate 

induction of apoptosis in embryonic and foetal tissue. The underlying mechanisms 

however of the well-known defective organogenesis supposedly caused by mitotic 

inhibition are still unclear (Chantler et al., 2001). Necrotic lesions that could be 

caused by virus-induced apoptosis are apparent particularly in the brain, in rare 

neurological complications, such as PRP and encephalomyelitis (Frey, 1994; 

Chantler et al., 2001); this will be discussed in detail in chapter 4. The induction 

of apoptosis by RA27/3, albeit in vitro, has worrying connotations for the future 

use of this vaccine, particularly when considering the inadvertent vaccination of 

pregnant women (Hofmann et al., 2000). There is also a putative role for RA27/3 

induced apoptosis in the pathogenicity of rubella vaccine associated neuropathies 

(Cusi et al., 1999; Wakefield et al., 1999; Plesner et al., 2000; Altmann, 2000; 

D’Souza et al., 2000; Tsuru et al., 2000).

91



Chapter Four

Analysis o f Rubella Virus Infection of the Central Nervous 

System, In Vitro and In Vivo.



4.1 Introduction

The CNS plays a significant role during the pathogenesis of RV. The majority of 

congenital rubella cases involve the CNS. Rare neurological conditions, such as 

PRP and encephalomyelitis can also resuh from RV infection. Extensive 

destruction of white matter, accompanied by loss of myelin and oligodendrocytes 

is observed in PRP, as reviewed in section 1.2. Oligodendrocytes seem to be the 

primary target in demyelinating diseases, such as PRP and MS (reviewed by 

Chantler et ah, 2001). Although the aetiology of MS remains unknown, there is a 

potential role for viruses as the causative agent of demyelination. There is also 

disputed evidence that apoptosis may be the critical death mechanism responsible 

for the depletion of oligodendrocytes and myelin in MS (Souza et al., 1996; 

Bonetti et al., 1997; Dowling et al., 1997; Raine, 1997).

Based on previous work with SFV, it has been postulated that RV may trigger MS 

by autoimmune demyelination. This may be induced by the generation of myelin 

damage following oligodendrocyte infection and presentation of myelin antigens 

to T-helper lymphocytes. Alternatively, sensitisation to myelin antigens by 

molecular mimicry may trigger autoimmune demyelination (Atkins et al., 1991; 

Natale et al., 1993), reviewed in sections 1.6.5.3, 1.6.5.4 and 1.6.5.5. Potential 

severe neurological complications associated with RA27/3, have also raised some 

concern (Wakefield et al., 1999; Plesner et al., 2000; Altmann, 2000; D’Souza et 

al., 2000; Tsuru et a l, 2000). Of particular interest is the report of peripheral 

neuropathy associated with anti-myelin basic protein antibodies, in a woman 

vaccinated with RA27/3 (Cusi etal., 1999).

Previous studies have utilised rats to study the tropism of RV for the CNS. In rat 

mixed glial cells, RV infects oligodendrocytes and causes their depletion (Van 

Alstyne et al., 1984; Atkins et al., 1991; Natale et al., 1993). One of the main 

aims of this chapter was to analyse cell death induced by RV(T) and RA27/3 in 

cells of the CNS. This will enable us to postulate whether RV(T) and/or RA27/3
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induced apoptosis could be a pathogenic mechanism in demyelinating diseases 
such as PRP, and possibly MS.

For many years, the SFV murine model for immune mediated demyelination has 

been extensively studied (Gates et a l, 1984; Atkins et al., 1985; 1994; 1999; 

2000; Fazakerly and Web, 1987; Glasgow e/a/., 1991; Subak-Sharpe e ta l, 1993; 

Donnelly et al., 1997; Morris et ah, 1997). SFV infection of the mouse or rat CNS 

results in infection mainly of oligodendrocytes and neurons both in animals 

(Atkins et al., 1985; Smyth et al., 1990; Balluz et at., 1993; Fazakerly et al., 

1993) and in culture (Gates et al., 1985; Atkins et al., 1990). Analysis of cell 

death mechanisms is an approach that has been used to analyse demyelination and 

teratogenesis induced by SFV. Oligodendrocyte death following SFV infection 

results from the induction of apoptosis (Glasgow et al., 1997). Infiltrating 

leucocytes and neuronal cells also undergo apoptosis during SFV encephalitis of 

rats (Sammin et al., 1999). It has also been shown that SV induction of apoptosis 

in neurons in vivo is directly related to mortality in mice (Lewis et al., 1996). 

There are no reliable animal models for the study of RV neuropathology (section 

1.2). It was therefore part of the rationale of this study to develop an animal model 

for the analysis of RV(T) neuropathology.

In this chapter, the depletion of the upper oligodendrocyte layer in rat glial cells 

was examined. To determine whether apoptosis was induced by RV(T) and/or 

RA27/3, rat glial cells were examined for the characteristic features of apoptosis 

(DNA fragmentation, apoptotic morphology and translocation of PS). Finally, to 

analyse the neurological sequelae of RV(T) infection in vivo, neonatal and 

weanling rats were infected intracerebrally.
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4.2 Materials and Methods

In Vitro Experiments

4.2.1 Rat glial primary ceil culture

Rat glial cells were prepared from 1 to 2 day old neonate rats, as described in 

section 2.2.4.

4.2.2 Viral plaque assay

Viral growth curves were constructed from 1 to 14 d.p.i., for RV(T) and RA27/3 

infected rat glial cells, by plaque assay, as described in section 2.3.2.

4.2.3 Trypan blue exclusion assay

The percentage cell viability and cell counts were calculated (section 2.8) for 

infected and uninfected rat glial cells.

4.2.4 Apoptosis detection

For the detection of apoptosis, DNA was extracted from infected and uninfected 

rat glial cells and ran on agarose gels (2.12.1), to enhance the sensitivity of 

detection [for RV(T) infected cells] southern blotting was carried out (2.12.2). To 

confirm apoptosis was occurring morphologically, rat glial cells were stained with 

TUNEL enzyme (2.12.3) and Annexin V (2.12.4).

4.2.5 Detection of viral antigens

For optimal detection o f viral antigen, rat glial cells were immunohistochemically 

stained using a panel o f antibodies and fixatives, as described in section 2.9 and 

2 . 10.

4.2.6 Immunofluoresence

4.2.6.1 Single immunofiuoresence- oligodendrocytes and astrocytes

Rat glial cells were immunofluorescently labelled as described in section 2 . 11, at 

10 d.p.i. Primary antibodies utilised were mouse anti-CNPase (monoclonal;
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diluted 1:10 in PBS) for the detection of oligodendrocytes, and rabbit anti-cow 

GFAP (polyclonal; diluted 1:100 in PBS) for the detection of astrocytes. 

Secondary antibodies were FITC conjugated goat anti-mouse IgG (polyclonal; 

diluted 1:20 in PBS) and TRITC conjugated swine anti-rabbit IgG (polyclonal; 

diluted 1:20 in PBS). Cells were stained as described in section 2.11, with the 

following exception; incubation with mouse anti-CNPase was for 2 hours at 37°C.

4.2.6.2 Double immunofluoresence-TUNEL and virus/oligodendrocytes

Rat glial cells were double labelled for TUNEL enzyme and viral antigen, and 

TUNEL and anti-CNPase, as described in section 2.13, at 10 d.p.i. Table 4.1 lists 

the antibodies used during staining. All primary and secondary antibodies were 

incubated at 'i'fC for 1 hour, with the exception of mouse anti-CNPase, which 

was incubated for 2 hours.

Table 4.1: Antibodies utilised in double immunofluoresent labelling

Virus:

Normal Goat serum 1:20 Dako

F Human anti-RA27/3 (polyclonal) 1:1000 TCD

TRITC conjugate goat anti-human IgG 

(polyclonal)

01 i podendrocvtes:

1:8 Sigma

Normal Rabbit serum 1:20 Sigma

F Mouse anti CNPase (monoclonal) 1:10 Sigma

r
TRITC conjugate rabbit anti-mouse IgG 

(polyclonal)
1:20 Dako
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In Vivo Experiments

4.2.7 Infection of neonate and weanling rat brains

Viral multiplication assays were carried out in vivo, on rat brain homogenates as 

described in section 2.15.1. Paraffin embedded sections were prepared (2.15.2) 

and sections were histologically stained (2.15.3). Sections were then 

immunohistochemically stained for viral antigen (2.15.4) and TUNEL enzyme 
(2.12.5).

4.3 Results

Note: All experiments were carried out at least in triplicate; therefore all 

results quoted in the text are mean values. Data represented in graphs are 

mean values ± SEM.

In Vitro Experiments

4.3.1 Comparison of RV(T) and RA27/3 CPE in rat glial cell cultures

CPE induced by RV(T) in infected rat glial cells was very slow in appearing and 

only partial, as has previously been reported (Atkins et al., 1991; Natale et al., 

1993). Infection with RA27/3 also resuhed in very slow and partial CPE. No 

observable differences were detected in the CPE between RV(T) and RA27/3 

infected cells, by light microscopy.

4.3.2 Viral multiplication in rat glial cells
Viral titres in RV(T) and RA27/3 infected rat glial cells were low, peaking 10 

d.p.i. (at 1.0 X 10̂  and 8.5 x 10̂  pfu/ml, respectively). Although, in figure 4.1 

titres for RA27/3 are lower than for RV(T), there was no significant difference 

between them (p=0.3051). For both strains, titres decreased between 1 and 3 

d.p.i., to 4.7 and 5.5 x 10‘ pfu/ml. From 3 d.p.i., levels rose gradually, peaking at
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Figure 4.1 Multiplication of RV(T) and RA27/3 in rat glial cells. Rat glial 

cells were infected with RV(T) and RA27/3 and plaque assayed from 1 to 14 

d.p.i. Plaque assays were carried out in triplicate.



10 d.p.i. A slow decrease followed this, reaching 1.5 x 10  ̂and 2.3 x 10  ̂pfu/ml, 

for RV(T) and RA27/3, respectively.

4.3.3 Trypan blue exclusion assay

Data was collated for monolayer and floating cells (separately and combined), 

over 14 days, to compare the differences, in cell viability and cell counts, between 

rat glial cells infected with RV(T) and RA27/3, and uninfected controls. Prior to 

infection, cell viability o f healthy cells was approximately 85% to 100%.

There was no difference in cell viability between control and RV(T) infected 

monolayer and floating cells until 5 d.p.i, when viral infection resulted in cell 

viability dropping to 57.8%. Following this, the cell viability for RV(T) infected 

cells oscillated between 53.5% and 68.4%. For RA27/3, cell viability differed 

from controls as early as 2 d.p.i. After which, there was a considerable decrease 4 

d.p.i., to 55.3%. From 4 to 14 d.p.i., cell viability fluctuated between 41.2% and 

55.3%. There were extremely significant differences between control and infected 

cells (p<0.0001 for both RV(T) and RA27/3). Unexpectedly, the percentage cell 

viability for RA27/3 infected cultures was significantly (p<0.0001) lower than for 

RV(T) infected cultures, when analysed for the whole 14 day period (figure 4.2, 

panel A). The cell viability of monolayer cells was significantly lower in infected 

cells than in the uninfected controls, p<0.0001 for both RA27/3 and RV(T) (figure 

4.2, panel B). As with the total data, the cell viability of monolayer cells infected 

with RA27/3 was significantly lower than RV(T) infected cells (p<0.0001). For 

RA27/3, the cell viability decreased as early as 1 d.p.i. However, with RV(T) 

infected cells, the cell viability did not differ from the uninfected cells until 5 

dpi .

In order to comprehensively analyse the cell viability of rat glial cells it was 

deemed necessary to analyse the floating cell population separately. When the 

percentage of floating cells was analysed, an undulating pattern was observed for 

RV(T), RA27/3 and mock infected cells (figure 4.2, panel C). For RV(T) and
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Figure 4.2 Rat glial cell counts and viability measured by the trypan blue 

exclusion assay. Cells were infected with RV(T) and RA27/3 and stained with 

trypan blue, from 1 to 14 d.p.i. Controls were mock infected with DMEM. All 

assays were carried out in triplicate and counted using a haemocytometer at 

400X magnification. (A) The percentage cell viability of monolayer and 

floating cells (B) The percentage cell viability of monolayer cells (C) The 

percentage of floating cells (D) The total number of viable and non-viable 

cells.
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RA27/3, the maximum percentage of floating cells occurred on 12 and 14 d.p.i., 

respectively (at 17.8% and 10.6%). The differences between the lab strain and 

vaccine were very significant (p=0.0011), with RV(T) being on average 4.6% 

higher than RA27/3. The percentage of floating cells for uninfected controls 

ranged from 6.0% to 10%, with no significant difference between uninfected and 

RA27/3 infected cells (p=0.4497). However, the percentage of floating cells for 

RV(T) infected cultures was significantly higher than for uninfected cultures (p= 

0.0082).

Total cell counts were calculated to compare differences in cell inhibition or 

proliferation between RV(T) and RA27/3 infected cells (figure 4.2, panel D). 

Control uninfected cells grew within a narrow range over the 14 days, fi'om 4.2 to 

7.5 X 10 ,̂ up to 10 d.p.i. At 12 d.p.i. there was a small peak, at 1.3 x 10 .̂ There 

was no inhibition of cell growth when cells were infected with RV(T); in fact cell 

counts peaked on 2, 4, 6, and 11 d.p.i., with a maximum mean value of 1.8 x lo ’. 

The increase in cell numbers in RV(T) infected cells was significant (p<0.0001), 

when compared to controls. For RA27/3 infected cells, cell proliferation was also 

observed, peaking at 10 d.p.i. (2.2 x 10  ̂cells/ml). The overall stepwise increase in 

cell numbers in RA27/3 infected cultures was extremely significant (p<0.0001), 

when compared to both uninfected and RV(T) infected cultures.

4.3.4 Apoptosis detection

4.3.4.1 Detection of DNA fragmentation by agarose gel electrophoresis

The induction o f apoptosis in rat glial cells was confirmed by the detection of 

DNA fragmentation by agarose gel electrophoresis. DNA ladders were detected 

from 7 to 14 d.p.i. in RV(T) infected cells. For RA27/3, DNA ladders were 

observed from 9 or 10 d p i. to 14 d p i., although their appearance was not as 

definitive as for RV. These extractions were repeated 5 times, with consistent 

results. A representative gel of extracted DNA from RV(T) and RA27/3 infected 

rat glial cells, 11 d.p.i. is shown in figure 4.3. No DNA ladders were detected in
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Figure 4.3 Detection of DNA fragmentation in rat gUal cells, following agarose 

gel electrophoresis. Cells were infected with RV(T) or RA27/3. Controls were 

mock infected. DNA was extracted from 1 to 14 d.p.i. and ran on a 1.5% (w/v) 

agarose gel. Gels were stained with ethidium bromide. Lanes 1 and 2 contain DNA 

from RV(T) and RA27/3 infected cells, 11 d.p.i., respectively. Lanes 3 and 4 

contain DNA from u n in fec ted  controls, 11 d.p.i. The DNA molecular weight 

marker in lane 5 is Hind III digested DNA.



uninfected control cells (up to 20 d.p.i.). DNA fragmentation was observed in 

positive controls [RV(T) infected Vero cells, 7 d.p.i.].

The sensitivity of detection of the DNA ladders was increased by southern 

blotting followed by probe radiolabeling and hybridisation. For RV(T) 

infected cells, the intensity of the DNA ladder pattern increased (figure 4.4). Cells 

infected with RA27/3 were not probed with (due to the discontinued use of ̂ ^P 

radioactive material within the laboratory),

4.3.4.2 Morphological detection of apoptosis by TUNEL staining
As observed for Vero cells in section 3.3.4.2, rat glial cells stained brownish black 

during TUNEL staining. Non-apoptotic cells were counterstained blue with 

methyl green. The TUNEL positive nuclei in infected rat glial cells exhibited 

morphology unique to apoptosis, with condensation of nuclear chromatin and/or 

nuclear fragmentation (Cotter and Al-Rubeai, 1995; Hockenbery, 1995) (figure 

4.5). Characteristic of late stage apoptosis, many nuclei were fragmented into 

apoptotic bodies of nuclear and cytoplasmic material.

The percentage of TUNEL positive monolayer cells was quantified and the effects 

of infecting rat glial cells with RV(T) and RA27/3 were compared (figure 4.6, 

panel A). For uninfected monolayers, the percentages of TUNEL positive cells 

were low, with levels ranging from 0.5% to 4.4%. The overall mean for the whole 

14-day period was only 2.0%. The differences between control and infected 

[RV(T) and RA27/3] cells were extremely significant (p<0.0001 in both 

analyses). The overall mean of TUNEL positive cells was 16.4% for RV(T)- and 

14.1% for RA27/3- infected cells, this difference albeit small was extremely 

significant (p<0.0001). For RV(T), the percentage of TUNEL positive cells did 

not significantly increase until 3 d.p.i, and from this time point levels oscillated 

within a narrow range (between 12.6% and 22.7%). For RA27/3 infected cells, 

the percentage of TUNEL positive cells was significantly higher than control cells
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1 2

Figure 4.4 Southern hybridisation of rat glial DNA fragmentation gel. Gels 

were southern blotted followed by probe radiolabelling and hybridisation. Lane 

1 contains DNA from RV(T) infected rat glial cells 10 d.p.i. Lane 2 contains DNA 

from uninfected rat glial cells 10 d.p.i.



Figure 4^  TUNEL staining o f rat glial cells. Rat glial cells were infected 

with RV(T) or RA27/3 and TUNEL stained from 1 to 14 d.p.i. Controls were 

mock infected with DMEM. TUNEL positive cells stained brown. Negative 

cells appeared blue-green. (A) Mock infected cells stained 7 d.p.i. (B) TUNEL 

positive rat glial cells; RA27/3 infected cells stained 7 d.p.i. Photographs were 

taken at 200X magnification.
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Figure 4.6 Quantification of TUNEL positive rat glial cells. Rat glial cells 

were infected with RV(T) or RA27/3 and TUNEL stained from 1 to 14 d.p.i. 

Controls were mock infected with DMEM. TUNEL positive cells were 

counted using a graticule at 400X magnification and expressed as a percentage 

of total cell counts. (A) Quantification of TUNEL positive rat glial monolayer 

cells. (B) Quantification of TUNEL positive rat glial monolayer and floating 

cells.
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from 2 d.p.i. From 2 to 14 days post-infection, levels oscillated between 6.1% and 

23.3%.

100% of floating cells were TUNEL positive for all RV(T), RA27/3 and mock- 

infected rat glial cells, from 1 to 14 d.p.i. The number of floating cells was hence 

quantified and added to the number of TUNEL positive monolayer cells, to give 

the overall percentage of TUNEL positive cells (figure 4.6, panel B).

When the total data (monolayer and floating cells) was analysed, there was an 

extremely significant increase in the percentage of TUNEL positive cells for 

RV(T) infected cultures (p<0.0001), this increase was mirrored for RA27/3 

infected cultures (p<0.0001). Infected [RV(T) and RA27/3] cells both displayed 

an increase as early as 2 d.p.i. There was no significant difference between RV(T) 

and RA27/3 (p=0.6214). From 2 to 4 d.p.i., both strains exhibited a large increase 

in positive cells. From 4 to 14 d.p.i. the number of positive cells oscillated in a 

narrow range [between 20.2% and 30.3% for RV(T), and between 21.8% and 

26.7% for RA27/3]. Combined data for control cells demonstrated an extremely 

significant increase from monolayer data alone (p<0.0001). The differences 

between control and infected cells (for combined data) were also extremely 

significant for both analyses (p<0.0001).

4.3.4.3 Detection of phosphatidyl serine by Annexin V staining

Phosphatidyl serine (PS) was detected on the cell surface of apoptotic rat glial 

cells, as a fluorescent green cell membrane. Apoptotic cells were detected as early 

as 72 to 96 h.p.i., for both RV(T) and RA27/3 infected cells. The number of 

apoptotic cells in uninfected controls was minimal with only 3 to 4 cells per field, 

in contrast to virus [RV(T) and RA27/3] infected cells, which displayed between 

25 and 75 cells per field, at 200X magnification (figure 4.7). Approximately 10% 

to 30% of all cells displaying green fluorescent membranes were also 

counterstained red with propidium iodide (data not shown).
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Figure 4.7 FITC conjugated Annexin V labelled rat glial cells. (A)

Uninfected cells labelled 96 h.p.i. at 400X magnification (B) RV(T) infected 

cells labelled 96 h.p.i. at 200X magnification (C) RA27/3 infected cells 96 

h.p.i. labelled at 200X magnification. All cells were labelled with Annexin V 

and fixed in acetone at 12, 18, 24, 36, 48, 72 and 96 hours post infection





4.3.5 Quantification of viral antigen by immunohistochemical staining

Optimal staining was obtained utilising acetone as a fixative and a 1:1000 dilution 

of human polyclonal anti-RA27/3 antisera. The morphology of cells infected with 

RV(T), RA27/3 and uninfected controls was examined. Positive cells appeared 

brown in colour and negative cells were blue-green. The majority of antigen 

positive cells exhibited morphology typical of apoptosis (figure 4.8).

As with previous quantification experiments, data was analysed for monolayers 

alone and then for monolayer and floating cells combined. For uninfected 

monolayer cells, the amount of non-specific staining was extremely small, with 

the overall mean being 1.6%. The differences between infected and control 

monolayer cells were extremely significant [p<0.0001 for both RV(T) and 

RA27/3]. For RV(T) infected cells there were 4 small peaks at 6, 9, 12 and 14 

d.p.i., with maximum staining (58.6%) occurring at 14 d.p.i. For RA27/3 infected 

cells, the percentage of antigen positive cells did not rise above 5.7%, between 1 

and 6 d.p.i., this was followed by a large increase of 26.6%. Between 8 and 14 

d.p.i., the percentage of antigen positive cells remained within a narrow range, 

oscillating between 13.1% and 32.4%. When the complete dataset was statistically 

analysed, there was a significantly (p<0.0001) higher percentage of cells positive 

for viral antigen in RV(T) infected cultures, compared to RA27/3 infected 

cultures (figure 4.9, panel A).

The number o f positive floating cells was also quantified and combined with the 

number of positive monolayer cells to give the total percentage of cells positive 

for viral antigen (figure 4.9, panel B). There was no significant increase for 

control cells when the data was combined (p=0.957). The overall mean percentage 

increased from 21.9% to 33.4% (p<0.0001) for RV(T) and from 17.5% to 21.8% 

(p=0.0033) for RA27/3 infected cells, when comparing monolayer and total data. 

For RV(T), there was a steady increase in the percentage of antigen positive cells 

from 2 to 14 d.p.i. For RA27/3, positive cells peaked at 8 and 10 d.p.i., and then 

decreased at 12 d.p.i. and began to rise again at 14 d.p.i. The increase in cells
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Figure 4.8 Immunohistochemical staining of rat glial monolayer ceils with 

human anti-RA27/3 antisera. Rat glial cells were infected with RV(T) or 

RA27/3 and stained from 1 to 14 d.p.i. using the Vectastain Elite ABC kit. 

Controls were mock infected with DMEM. Cells positive for viral antigen 

stained brown. Negative cells appeared blue-green. (A) Mock infected cells 

stained 8 d.p.i. (B) A representative photogr^h of cells positive for viral 

antigen, cells were infected with RA27/3 and stained 8 d.p.i. Photographs were 

taken at lOOX magnification.





Figure 4.9 Quantification of infected rat glial cells. Rat glial cells were infected 

with RV(T) or RA27/3 and immunohistochemically stained with human anti-RA27/3 

antisera. Controls were mock infected with DMEM. Cells positive for viral antigen 

were counted and expressed as a percentage of total cell counts from 1 to 14 d.p.i. (A) 

Quantification of infected rat glial monolayer cells. (B) Quantification of infected rat 

glial monolayer and floating cells. Cells were counted under 400X magnification 

using a graticule.
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positive for viral antigen in infected cultures, compared to uninfected controls was 

extremely significant, p<0.0001 for both RV(T) and RA27/3, Over the 14 day 

experiment, the percentage of cells positive for viral antigen was higher 

(p<0.0001) in RV(T) infected cultures than in RA27/3 infected cultures.

4.3.6 Immunofluorescent labelling of oligodendrocytes and astrocytes

Infection of rat glial cells with RV(T) or RA27/3 resulted in the depletion o f the 

upper oligodendrocyte layer, leaving the lower astrocytic layer intact. In infected 

cultures, oligodendrocytes rounded up and were reduced in number. 

01igodendrocj1;es in uninfected cultures did not undergo any morphological 

changes (figure 4.10). In contrast, there was no morphological difference in 

astrocytes, between infected and uninfected cultures. Nor where astrocytic cells 

reduced in number when infected with the wild type or vaccine strains of rubella 

(figure 4.11).

4.3.7 Dual fluorescent labelled infected apoptotic oligodendrocytes

TUNEL enzyme colocalised with cells positive for viral antigen and for 

oligodendrocytes (figure 4.12). Dual labelling also displayed the destruction of 

the upper oligodendrocyte layer leaving the lower astrocytic layer intact. In figure 

4.12 panel A, a blebbing apoptotic oligodendrocyte is observed. Uninfected 

controls displayed a very low level of non-specific staining for viral antigen and 

approximately 1% to 2% of cells were TUNEL positive. Controls with primary or 

secondary antibodies substituted were negative for the appropriate antibody (data 

not shown).

In Vivo Experiments 

4.3.8.1 Clinical symptoms
No clinical symptoms were observed up to 14 d.p.i. in neonate or weanling rats.

4.3.5.2 Viral multiplication
No virus was detected by plaque assay up to 10 d.p.i. in neonate or weanling rats.
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Figure 4.10 Immunofluorescent labelling of oligodendrocytes. Rat mixed glial 

cells were infected with RV(T) or RA27/3, and labelled with anti-CNPase (A) 

Controls were mock infected with DMEM and labelled 10 d.p.i. (B) A 

representative photograph of RA27/3 infected cultures, labelled 10 d.p.i. Cells 

were photographed under 400X magnification.





Figure 4.11 Immunofluorescent labelling of astrocytes. Rat mixed glial cells 

were infected with RV(T) or RA27/3 and labelled with anti-GFAP. (A) Uninfected 

cells labelled 10 d.p.i. (B )A  representative photograph of RV(T) infected cultures 

labelled 10 d.p.i. Cells were photographed under 400X magnification.





Figure 4.12 Dual fluorescent labelling of infected apoptotic rat glial cells.

Cells were infected with RV(T) and RA27/3 and double immunofluorescently 

labelled (10 d p i.) with various combinations of different antibodies. (A) 

TUNEL positive (FITC) RA27/3 infected cells (B) Viral antigen (TRITC) 

RA27/3 infected cells. (C) TUNEL positive (FITC) RA27/3 infected cells. (D) 

Anti-CNPase (TRITC) RA27/3 infected cells. A and B were photographed 

under 400X magnification, C and D were photographed under 20X 

magnification.
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4.3.5.3 Pathology

Lesions in neonatal rats comprised occasional disruptions in the cytoarchitecture 

of the occipital cortex and hippocampus. These changes were present in small 

numbers of control and infected animals and were unaccompanied by leucocytic 

infiltrates (figure 4.13). Malacic tracts were present in occasional control and 

infected weanling rats at 5, 7, and 14 d p i. These lesions were located in the 

occipital cortex and internal capsule and were most severe in two infected animals 

at 14 d.p.i. Malacic tracts were characterised by spongiform degeneration, 

astrocytic proliferation, axonal swellings and gitter cells fi’equently containing 

haemosiderin (figure 4.14).

4.3.5.4 Detection of viral antigen
Clear positive signals for RV(T) antigen were detected 14 d.p.i., in infected 

weanling rat brains. RV(T) antigen was detected in small discrete foci in close 

vicinity to lesions (figure 4.15). No staining was detected in uninfected control 

animals.

4.3.8.5 TUNEL staining
Various methods were carried out in order to detect an increase in TUNEL 

staining. However, there was no difference in the amount of TUNEL positive 

cells between any of the control or infected rats (data not shown).

4.4 Discussion

This chapter has shown for the first time that the depletion of the upper 

oligodendrocyte layer in rat glial cell cultures resulting fi-om RV(T) infection 

(Natale et a i, 1993), is due to apoptotic cell death. It has also demonstrated that 

the live attenuated vaccine strain RA27/3 induces apoptosis in these cells. In order 

to analyse the neurological sequelae of RV(T) infection in vivo, neonatal and 

weanling rats were infected intracerebrally. This chapter has characterised
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Figure 4.13 Haematoxylin and eosin staining of infected neonate rat brains 14 

d.p.i. (A) RV(T) infected neonatal rat brain 14 d.p.i, at lOOX magnification and 

(B) RV(T) infected neonatal rat brain 14 d p i. at 400X magnification. Note the 

disruptions in the cytoarchitecture.
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Figure 4.14 Haematoxylin and eosin staining of infected weanling rat brains,

14 d.p.i. (A) RV(T) infected weanling rat brain 14 d.p.i. at lOOX magnification. 

(B) RV(T) infected weanling rat brain 14 d.p.i. at 400X magnification. Note the 

presence of lesions.
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Figure 4.15 Immunohistochemical detection of RV antigen m infected 

weanling rat brain, 14 d.p.i. Staining was conducted with the Vectastain Elite 

ABC kit and human anti-RA27/3 antibody. The arrows indicile the piwenoe of 

positive cells. The photograph was taken under 400X nMgMfkilioa



inflammatory lesions in weanling rat brains in close vicinity to cells positive for 
RV(T) viral antigen.

The slow and partial CPE observed when rat glial cells were infected with RV(T), 

accompanied with low viral titres, has confirmed previous reports by Atkins et al. 
(1991) and Natale et al. (1993). Although the viral titres for RA27/3 were lower 

than for RV(T), the lack of a statistically significant difference was surprising. It 

was expected that the attenuated vaccine strain would have significantly lower 

titres, as in Vero cells. It was presumed that due to their comparable viral titres, 

there would be no significant difference in total cell viability between RV(T) and 

RA27/3 (over the entire 14-day period). However, the percentage cell viability for 

RA27/3 infected cells was significantly lower than for RV(T) infected cells. In 

contrast there was a significantly higher percentage of floating cells for RV(T) 

than for RA27/3 infected cells, which at first seemed contradictory. However, one 

needs to take the calculations for the percentage of total cell viability and floating 

cells into account, and in particular the denominator, which in this case was the 

total number of cells. The total number of cells for RA27/3 was significantly 

higher than for RV(T). This large difference between the denominators should be 

noted when comparing the percentages There was no significant difference in the 

number of viable or floating cells between RV(T) and RA27/3 infected cultures.

The cause of the significant growth increase for RA27/3 and RV(T) infected cells 

is unknown. This observation may be attributed to the deregulation of the cell 

cycle following the interaction of the NSP90 protein with pRb (discussed in 

chapter 6) or it may alternatively be explained by the von Magnus phenomenon 

(discussed in chapter 3). This astonishing observation of cell proliferation in RV 

infected cultures and the possible mechanisms involved will be discussed in detail 

in chapter 6.

It was the purpose of this study to investigate whether virus induced cell death of 

oligodendrocytes in rat glial cell cultures was due to apoptosis or necrosis. It has
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previously been shown that the closely related SFV induces apoptotic cell death of 

oligodendrocytes in rat glial cell cultures (Glasgow et a l, 1998). The induction of 

apoptosis by RV(T) and RA27/3 was confirmed by DNA fragmentation (DNA 

ladders), apoptotic morphology (TUNEL staining), and the translocation of 

phosphatidyl serine (Annexin V). The occurrence and extent of apoptosis was 

quantified for both strains and there was no significant difference between the two 

(table 4.2). The only difference was that DNA ladders were observed 1-2 days 

earlier in RV(T) than in RA27/3 infected cells. Although these experiments were 

repeated 5 times with concurring results, this time difference may be due to the 

lack of sensitivity of the DNA ladder methodology and the difficulties in working 

with primary mixed cell cultures.

Table 4.2: Occurrence of apoptosis in rat glial cells.

RV(T) 72-96 h.p.i. 2 7/8

RA27/3 72-96 h.p.i. 2 9/10

Control Insignificant 12 None

As with Vero cells in chapter 3, the synchronicity in TUNEL positive and viral 

antigen positive cells, differed for RV(T) and RA27/3 infected rat glial cells. There 

was no significant difference in the quantity of TUNEL and viral antigen positive 

cells over the whole 14 days in RA27/3 infected cultures (p=0.5965). However, in 

RV(T) infected cells there was a slight increase in the percentage of cells positive 

for viral antigen compared to TUNEL antigen (p<0.0001). Therefore, these results 

indicate that the extent of apoptotic cells induced by both strains is associated with 

the amount o f viral antigen present. These observations were confirmed with
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double immunofluorescent labelling. In control cells, there was an extremely 

significant increase (p<0.0001) in TUNEL positive cells over viral antigen positive 

control cells. This was expected, as the presence of cells positive for viral antigen 

in controls was only a measure of low level non-specific staining, whereas the 

increase in TUNEL positive cells in controls is a normal occurrence in ageing 
cultures.

An adequate animal model that imitates clinical rubella infection in humans has 

not been developed, reviewed by Chantler et al. (2001). It was therefore no 

surprise that there were no clinical manifestations when neonate and weanling rats 

were infected with RV(T). The discovery of severe lesions in weanling rat brains 

was however unexpected, particularly when they were associated with viral 

antigen. Although TUNEL positive nuclei were also observed in the vicinity of 

these lesions in weanling rat brains, there was no difference in the quantity of 

apoptotic cells between control and infected rats. It would be interesting to pretreat 

RV(T) infected rats with aurothiolates and observe any pathological differences 

resulting from the potential increase in viral titres. Scallon and Fazakerly (1999) 

have pre-treated A7(74) SFV infected mice with two distinct aurothiolates, which 

resulted in increased brain virus titres and large confluent areas of infection in the 

brain.

In conclusion, the depletion of oligodendrocytes in RV(T) infected rat glial cell 

cultures is due to apoptotic cell death. The live attenuated vaccine strain is also 

capable of inducing apoptosis in rat oligodendrocytes in vitro and there is no 

significant difference between RV(T) and the vaccine strain RA27/3. Intracerebral 

infection of weanling rats with RV(T) resuhs in the induction of inflammatory 

lesions in close vicinity to viral antigen. It is postulated therefore that RV(T) and 

RA27/3 may induce autoimmune demyelination in neurological diseases, such as 

PRP and MS, by induction of apoptosis in oligodendrocytes and the subsequent 

generation of myelin debris.
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Chapter Five

Analysis o f apoptotic mechanisms induced by rubella virus.



5.1 Introduction

Apoptosis represents an important mechanism for the control of viral infections. Many 

viruses have evolved genes encoding proteins that effectively modulate apoptosis long 

enough for the production of sufficient quantities of progeny. Alternatively, a growing 

number of viruses are now known to induce apoptosis actively at late stages of 

infection. This process may represent a final and important step in the spread of 

progeny to neighbouring cells, whilst also evading host immune inflammatory 

responses and protecting progeny virus from host enzymes and antibodies (Shen and 

Shenk, 1995; Teodoro and Branton, 1997).

Several viruses encode proteins that interact with key regulators of the cell cycle to 

block apoptosis by inactivation of the tumour suppressor protein p53. Small DNA 

tumour viruses have adopted different strategies to cope with the lethal effects of p53, 

as described in section 1.8. Conversely, virus induced apoptosis can occur independent 

of the tumour suppressor protein, as exemplified by p53-independent apoptosis 

induced by HSV type 1 (Leopardi et al., 1997), SFV (Glasgow et al., 1998) and 

adenovirus (Marcellus ei al., 2000), and also the triggering of apoptosis by viral 

double-stranded RNA (Weaver et al., 2001).

The Bcl-2 family of proteins play a central role in the regulation of apoptosis. The 

cellular oncogene, Bcl-2, leads to tumour formation through its suppression of 

apoptosis (Vaux et al., 1988; Nunez et al., 1990). The closely related Bc1-Xl is also 

anti-apoptotic, however other related proteins, such as Bax and Bak, facilitate the cell 

death programme (Kroemer, 1997; Reed, 1997). These regulatory proteins are 

components in a pathway that culminates in the activation of members of a family of 

proteases called caspases, which begin the breakdown of the cell (Nicholson and 

Thomberry, 1997), reviewed in section 1.7.6.

Recently identified cleavages by caspases of a number of cellular proteins include Bcl- 

2, protein kinases, the retinoblastoma protein, cytoskeletal proteins, DFF protein, and
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caspase precursors (Cheng et al., 1997). Caspases are an essential element of the cell 

death program because their inhibition, by virally encoded proteins (Bump et al., 

1995; Tewari et al., 1995), or synthetic inhibitors (Cain et a l, 1996; Schlegel et al., 

1996), can effectively block apoptosis. The subgroup of caspases most directly 

involved in cleavage of apoptotic substrates has a tetrapeptide cleavage site preference 

for the sequence DexD (Nicholson and Thomberry, 1997). Apoptosis can be inhibited 

by pseudosubstrates of these proteases. A chemically modified oligopeptide called z- 

VAD-fmk [z-Val-Ala-Asp(0me)-CH2p] has been shown to efficiently and specifically 

inhibit apoptosis, (Zhivotovsky et al., 1995), including SV induced apoptosis (Nava et 
al., 1998).

The purpose of this study was to analyse the apoptotic pathway induced by RV(T) and 

RA27/3. Previous studies have shown that RV cytopathology is partially inhibited by 

z-VAD-fmk and z-DEVD-fmk (n-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl 

ketone) and have concluded from this that RV induced apoptosis is caspase dependent 

(Pugachev and Frey, 1998; Duncan et al., 1999). In contradictory papers, a p53- 

dependent (Megyeri et al., 1999) and a p53-independent (Hofmann et al., 1999) 

pathway were implicated in RV induced apoptosis. In RK13 cells, no protection from 

apoptosis was afforded by the overexpression of Bcl-2, however BHK cells were 

protected from apoptosis following overexpression of Bc1-Xl (Duncan et al., 1999). In 

contrast, Hofmann et al. (1999) found that the signals involved in RV-associated 

apoptosis were independent of the Bcl-2 gene family. The observed variability in 

apoptotic responses to various strains (of RV) and cell lines demonstrates that 

apoptosis is dependent on the properties of each cell and may be indicative of how 

selective organ damage occurs in CRS.

In this chapter, the effects of viral replication on apoptosis were assessed. To 

determine whether RV(T) and RA27/3 induced apoptosis could occur independently 

of p53, H358a cells were infected. This tumour cell line carries a homozygous p53 

deletion (Takahashi et al., 1989, Fujiwara et al., 1994). Glasgow et al. (1998) 

confirmed that p53 mRNA could not be detected in these cell lines. To analyse the role
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of caspases in RV(T) induced apoptosis, and to set up a comparative study with 

RA27/3; infected cells were cultured in the presence of a membrane permeable 

derivative of zDEVD-fmk, an irreversible caspase 3 inhibitor (Nicholson and 

Thomberry, 1997). The specific activity of caspases 3 and 6 was measured to assess 

the role of caspases in RV induced pathogenesis. The unravelling of the precise 

mechanisms of the apoptotic pathway induced by RV(T) and its live attenuated 

vaccine strain will focus understanding of the rare neurological and congenital effects 

of this virus.

5.2 Materials and Methods

5.2.1 Role of viral replication in RV(T) and RA27/3 induced apoptosis

RV(T) and RA27/3 working stocks were UV inactivated by irradiation with a UV 

lamp, as described in section 2.5. Loss of infectivity was measured by plaque assays 

(2.3.2). Cells were then examined for apoptosis by agarose gel electrophoresis (2.12.1) 

and TUNEL staining (2.12.3), every 48 hours from 2 to 14 d p i. These procedures 

were repeated using RV(T) and RA27/3 as positive controls.

5.2.2 Role of soluble factors in RV(T) and RA27/3 induced apoptosis

Vero and rat glial cells were inoculated with virus-depleted supernatant (2.6). Cells 

were then examined for apoptosis by agarose gel electrophoresis (2.12.1) and TUNEL 

staining (2.12.3), every 48 hours from 2 to 14 d.p.i. These procedures were repeated 

using RV(T) and RA27/3 as positive controls.

5.2.3 Analysis of RV(T) and RA27/3 induced apoptosis in H358a cells

H358a cells were cultured as described in section 2.2.2. Cells were infected with 

RV(T) and RA27/3 (2.4) and plaque assayed (2.3.2). Infected and mock-infected 

cuhures were assayed for cell viability (2.8). The mode o f cell death was analysed by 

agarose gel electrophoresis (2.12.1), TUNEL staining (2.12.3) and Annexin V staining 

(2.12.4). Cells were then immunohistochemically stained for viral antigen as 

previously described in sections 2.9 and 2.10.
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5.2.4 Analysis of apoptotic pathways induced by RV(T) and RA27/3

5.2.4.1 Inhibitory studies with z-DEVD-fmk

Vero and rat glial cells were pre-treated with the caspase 3 protease inhibitor (z- 

DEVD-fmk) (2.14.1) for 1 hour prior to infection with RV(T) and RA2/73 (2.4). 

Controls were pre-treated with culture medium. Cell viability was quantified by the 

trypan blue exclusion assay (2.8) in controls and pre-treated cells, infected with RV(T) 

and RA27/3, and uninfected controls, at 7 d p i. for Vero cells and 10 d.p.i. for rat glial 

cells.

5.2.4.2 Fiuorogenic assays of caspase 3 and caspase 6 proteases

Vero and rat glial cells were infected with RV(T) and RA27/3, as described in section 

2.4. On various days post infection, from 1 to 14 d p i, cytosolic extracts were 

prepared from infected and uninfected cells (2.14.2.1). The protein concentrations o f 

the samples were determined by Bradford assays (2.14.2.2). The activity o f caspase 3 

and caspase 6 proteases was measured by fluorometric assays (2.14.2.3). HL60 cells 

exposed to UV light were used as positive controls (2.14.2.3).

5.3 Results

Note: All experiments were carried out at least in triplicate; therefore all results 

quoted in the text are mean values. Data represented in graphs are mean values ± 

SEM.

5.3.1 Role of viral replication in RV(T) and RA27/3 induced apoptosis

No plaques were detected when UV inactivated -RV(T) and -RA27/3 were plaque 

assayed. Plaques were detected in positive controls. No DNA ladders were observed in 

Vero or rat glial cells inoculated with UV inactivated -RV(T) or -RA27/3 up to 14 

d.p.i. (figure 5.1). DNA ladders were observed in positive controls (cells infected with 

RV(T) and RA27/3). When Vero cells were TUNEL stained, there was a dramatic 

decrease in TUNEL positive cells, between cells inoculated with inactivated
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Figure 5.1 Detection of DNA ladders in Vero and rat glial cells infected with 

UV inactivated virus. Cells were infected with UV inactivated -RV(T), -RA27/3 

and growth medium. Controls were infected with RV(T) and RA27/3 and also 

mock infected with growth medium. DNA was extracted every 48 hours, from 2 to 

14 d.p.i. and ran on a 1.5% (wt/vol) agarose gel. Gels were stained with ethidium 

bromide. (A) DNA fragmentation in Vero cells, 8 d.p.i. Lane 1 and 2 contain DNA 

from RV(T) and RA27/3 infected cells. Lane 3 contains DNA from uninfected 

control cells. Lanes 4 and 5 contain DNA from cells infected with UV inactivated 

RV(T) and RA27/3, respectively. Lane 6 contains DNA from cells infected with 

UV irradiated BHK medium. The DNA molecular weight marker in lane 7 is HinA 

III digested DNA. (B) DNA fragmentation in rat glial cells, 10 d p i. The DNA 

molecular weight marker in lane 1 is Hind III digested DNA. Lane 2 and 3 contain 

DNA from RV(T) and RA27/3 infected rat glial cells, respectively. Lane 4 contains 

DNA from uninfected control cells. Lanes 5 and 6 contain DNA from cells infected 

with UV-inactivated RV(T) and RA27/3, respectively. Lane 7 contains DNA from 

cells infected with UV irradiated DMEM.





virus/vaccine and positive controls. This decrease was extremely significant for 

inactivated -RV(T) (p<0.0001) and -RA27/3 (p<0.0001) in Vero cells. There was 

however a small increase in the percentage of positive cells for inactivated -RV(T) and 

-RA27/3 compared to the uninfected treated controls [p=0.0011 for RV(T) and 

p=0.0007 for RA27/3], For rat glial cells, there was also a dramatic decrease in 

TUNEL positive antigen in cells inoculated with inactivated virus/vaccine compared 

to the positive controls, p<0.0001 for both RV(T) and RA27/3. There was a slight 

increase in the percentage positive antigen between cells inoculated with inactivated 

RV(T) or RA27/3 and uninfected treated controls, however when analysed this was 

deemed insignificant [p=0.1686 for RV(T) and p=0.0872 for RA27/3] (figure 5.2).

5.3.2 Role of soluble factors in RV(T) and RA27/3 induced apoptosis

No DNA ladders were detected in Vero or rat glial cells inoculated with virus-depleted 

supernatant up to 14 d.p.i. As expected DNA ladders were detected in positive control 

cells infected with RV(T) and RA27/3 (figure 5.3). When Vero cells were TUNEL 

stained, there was an extremely significant decrease in TUNEL positivity between 

cells inoculated with virus depleted supernatant and cells infected with RV(T) 

(p<0.0001) or RA27/3 (p<0.0001). The mean percentage decrease was 41.7% for 

RV(T) and 17.4% for RA27/3 (figure 5.4, panel A). There was a small significant 

increase in TUNEL positive antigen in cells inoculated with supernatant depleted o f 

^V(T) (p=0.0004) and RA27/3 (p=0.0018), compared to the uninfected treated 

controls.

For rat glial cells, an extremely significant difference in TUNEL positivity was 

observed, between RV(T)- or RA27/3- infected cells and cells inoculated with virus 

depleted supernatant (figure 5.4, panel B). There was a mean decrease o f 13.0% 

(p<0.0001) for RV(T) and 13.6% (p<0.0001) for RA27/3. There was a small increase 

in the percentage o f TUNEL positive antigen in cells inoculated with virus depleted 

supernatant compared to the uninfected treated controls [p=0.0084 for RV(T) and 

P=0.0209 for RA27/3].
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Figure 5.2 EIT«« «f UV in.crtv.«iDg RV(T) .nd  RA27«. Vero and mt glia) cells 
were infected with UV inactivated -RV(T) and -RA27/3, Controls were infected with 

non-treated RV(T) and RA27/3 and were also mock infected with growth medium. 

Veto (A) and rat glial cells (B) were TUNEL stained every 48 horns from 2 to 14 
d p i. TUNEL positive cells were counted using a graticule at 400X magnification 

3nd expressed as a percentage of total cell counts.



Figure 5.3 DNA fragmentation in Vero and ra t glial cells infected with virus 

depleted supernatant. Cells were infected with virus-depleted supernatant and the 

DNA was extracted every 48 hours from 2 to 14 d p i. and ran on a 1.5% (wt/vol) 

agarose gel. Controls were infected with RV(T) and RA27/3 and also mock 

infected with growth medium. Gels were stained with ethidium bromide (A) DNA 

fragmentation in Vero cells, 8 d p i. The DNA molecular weight marker in lane 1 is 

HinA III digested DNA. Lanes 2 and 3 contain DNA from uninfected and RV(T) 

infected cells, respectively. Lanes 4 and 5 contain DNA from uninfected and 

RA27/3 infected cells, respectively. Lane 6 contains DNA from cells mock 

infected with treated BHK medium. Lanes 7 and 8 contain DNA from cells 

infected with virus depleted -RV(T) and -RA27/3, respectively. (B) DNA 

fragmentation in rat glial cells, 10 d.p.i. Lanes 1 and 2 contain DNA from 

uninfected and RV(T) infected cells, respectively. Lanes 3 and 4 contain DNA 

from uninfected and RA27/3 infected cells, respectively. Lane 5 contains DNA 

from cells mock infected with treated DMEM. Lanes 6 and 7 contain DNA from 

cells infected with virus depleted RV(T) and RA27/3, respectively. The DNA 

molecular weight marker in lane 8 is Hind III digested DNA.
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Figure 5.4 Effects of soluble factors on RV(T) and RA27/3 induced apoptosis.

Vero (A) and rat glial (B) cells were infected with virus-depleted supernatant. 

Negative controls were mock infected with growth medium. Positive controls were 

infected with RV(T) and RA27/3. Cells were TUNEL stained every 48 hours from 2 

to 14 d.p.i. Positive cells were counted using a graticule at 400X magnification and 

expressed as a percentage of the total cell counts.



5.3.3 Involvement of p53 in RV(T)- and RA27/3- induced apoptosis

5.3.3.1 Viral multiplication in H358a cells

CPE was first observed in both RV(T) and RA27/3 infected H358a cells at 

approximately 3 or 4 d.p.i. CPE was partial, with only a small percentage of infected 

cells floating in the supernatant. Viral titres peaked 9 d p i., with mean titres o f l.I  x 

10  ̂ pfu/ml for RV(T) and 9.3 x 10  ̂ pfii/ml for RA27/3. There was no statistically 

significant difference between the viral titres for RV(T) and RA27/3, p=0.8243 (figure 

5.5).

5.3.3.2 Trypan blue exclusion assay

As with Vero and rat glial cells, data was collated for monolayer and floating H358a 

cells, over 14 days, to compare the differences, in cell viability and cell counts, 

between cells infected with RV(T) and RA27/3, and uninfected controls. Prior to 

infection, cell viability o f healthy confluent cells was approximately 85% to 95%.

From 1 to 14 d.p.i., there was an extremely significant difference in the percentage cell 

viability o f infected and uninfected H358a monolayer and floating cells (p<0.0001 for 

both RV(T) and RA27/3). This difference occurred as early as 1 d.p.i., with a mean 

difference of 14.1% for RA27/3 and 7.9% for RV(T) (figure 5.6, panel A). Over the 14 

days post infection, there was a significant difference in cell viability between RV(T) 

and RA27/3 (p<0.0001), with the percentages oscillating between means of 66.8% and 

81.6% for both virus and vaccine. For uninfected cells the mean percentage undulated 

between values o f 86.4% and 93.7%. The percentage cell viability o f monolayer cells 

infected with RV(T) or RA27/3 was also significantly lower than uninfected controls, 

p<0.0001 (figure 5.6, panel B),

In order to comprehensively analyse cell viability, the floating cell population of 

H358a cells was quantified separately. When the percentage of floating cells was 

graphed, an undulating pattern was observed for RV(T) and RA27/3 (figure 5.6, 

panel C). For uninfected controls, the percentage floating cells changed little over
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Figure 5.5 Multiplication of RV(T) and RA27/3 in H358a cells. H358a cells 

were infected with RV(T) and RA27/3 and plaque assayed from 1 to 14 d.p.i. 

Plaque assays were carried out in triplicate.



Figure 5.6 H358a cell viability and counts measured by the trypan blue exclusion 

assay. Cells were infected with RV(T) and RA27/3 and stained with trypan blue, from 

1 to 14 d.p.i. Controls were mock infected with RPMI mediimi. All assays were 

carried out in triplicate and coimted using a haemocytometer at 400X magnification. 

(A) The percentage cell viability of monolayer and floating cells. (B) The percentage 

cell viability of monolayer cells. (C) The percentage of floating cells. (D) Viable and 

non-viable cells were counted and total cell counts were calculated.
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the 14 days, oscillating between 2.7% and 4.7%, with a mean value of 3.9%. There 

was an extremely significant increase in the percentage of floating cells in infected 

cells [p<0.0001 for both RV(T) and RA27/3], compared to controls. For RV(T) the 

mean percentage was 8.2%, ranging from 3.3% to 11.4%. RA27/3 infected cells 

differed little from RV(T) infected cells (p=0.2394), with a mean percentage of 

9.1%, ranging firom 5.2% to 13.0%.

As with Vero and rat glial cells, the same unusual growth pattern occurred with 

H358a cells (figure 5.6, panel D). From 1 to 14 dpi . ,  infection of cells with RA27/3 

resulted in an increase in cell growth with total cell numbers ranging from 2.0 x 10  ̂

to 6.3 X 10 ,̂ peaking at 2, 6 and 12 d.p.i. There was a significant increase in cell 

growth in RA27/3 infected cells, compared to RV(T) infected (p<0.0001) and 

uninfected cells (p<0.0001). For uninfected and RV(T) infected cells, total cell 

numbers ranged from 1.2 x 10  ̂to 3.3 x lO’ and 1.5 x 10  ̂to 2.7 x 10 ,̂ respectively. 

Although, the increase in cell growth in RV(T) infected cells was slight compared to 

uninfected controls, it was significant (p=0.0041).

S.3.3.3 Apoptosis Detection
DNA ladders were detected in RV(T) infected H358a cells from 4 to 14 d.p.i. The 

most intense DNA ladders occurred on day 5 post-infection. For RA27/3 infected 

H358a ceils, DNA ladders were detected from 5 to 14 d.p.i., RA27/3 induced DNA 

fragmentation was not as intense as for RV(T) (figure 5.7).

Apoptotic H358a cells stained brownish black as previously described for Vero and 

rat glial cells. Non-apoptotic cells were counterstained blue green. A complete 

change in cellular morphology was observed in apoptotic cells. Characteristic o f late 

stage apoptosis, many nuclei were fragmented into apoptotic bodies (figure 5.8).

For uninfected H388a cells, the percentage of TUNEL positive cells oscillated 

within a narrow range, between a minimum mean value of 3.2% and a maximum 

mean value of 14.1%. The overall mean from 1 to 14 d p i. was 7.5%. The increase
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Figure 5.7 Detection of DNA fragmentation in H358a cells, following agarose 

gel electrophoresis. Cells were infected with RV(T) or RA27/3. Controls were 

mock infected. DNA was extracted from 1 to 14 d.p.i. and ran on a 1.5% (wt/vol) 

agarose gel. Gels were stained with ethidium bromide. Lanes 1 and 2 contain DNA 

from RV(T) and RA27/3 infected cells, 6 d.p.i. Lanes 3 and 4 contain DNA from 

uninfected confrols 6 d.p.i. The DNA molecular weight marker in lane 5 is Hind III 

digested DNA.
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Figure 5.8 TUNEL staining of H358a cells. H358a cells were infected with 

RV(T) or RA27/3 and TUNEL stained from 1 to 14 d.p.i. Controls were mock 

infected with RPMI medium. TUNEL positive cells stained brown. Negative cells 

appeared blue-green. The arrows indicate the brown apoptotic cells. (A) RA27/3 

infected cells TUNEL stained 6 d.p.i. (B) Uninfected cells TUNEL stained 6 d.p.i. 

Photographs were taken at 400X magnification.



in TUNEL positive cells when infected with RV(T) or RA27/3 was highly 

significant [p<0.0001 for both RV(T) and RA27/3], The mean percentage of TUNEL 

positive cells from 1 to 14 d.p.i. was 22.0% for RV(T) and 19.1% for RA27/3. The 

percentage of cells positive for TUNEL antigen in RV(T) infected cultures, was 

higher than for RA27/3 (p=0.0219). TUNEL positive cells increased as early as 1 

d.p.i. when infected with RV(T) and 4 d p i. when infected with RA27/3. The 

percentage of TUNEL positive cells peaked at 14 d.p.i. for RV(T)- and RA27/3- 

infected H358a cells, with mean values of 28,1% and 25.2% respectively (figure 
5.9).

The induction o f apoptosis in H358a cells by RV(T) and RA27/3 was further 

confirmed by the translocation of phosphatidyl serine from the inner to the outer 

surface of the cell membrane of apoptotic cells (data not shown). Apoptotic cells 

were observed as early as 3 d.p.i. when infected with RV(T) and 2 d.p.i. when 

infected with RA27/3.

S.3.3.4 Quantification of viral antigen by immunohistochemical staining

Viral antigen was detected in H358a cells fixed in 10% NBF and 

immunohistochemically stained with human anti-RA27/3 antisera (1:1000 in PBS). 

The majority of cells positive for viral antigen also displayed morphological features 

of apoptosis (figure 5 .10).

Low levels o f background non-specific staining were observed in uninfected control 

H358a cells, oscillating between 3.9% and 11.4% over the 14 days. When cells were 

infected with RV(T) the percentage of antigen positive cells remained below 14.3% 

until after 3 d.p.i. and then rose to a mean of 22.4% at 4 d.p.i. From 4 to 14 d.p.i., 

the mean percentage of cells positive for viral antigen ranged from 19.5% to 27.5%. 

The difference between control cells and cells infected with RV(T) was extremely 

significant (p<0.0001). There was no significant difference between RV(T)- and 

RA27/3- infected cells (p=0.3746). Like RV(T), the percentage of antigen positive 

cells in cultures infected with RA27/3 remained low until after 3 d.p.i. (below a
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Figure 5.9 Quantification of TUNEL positive H358a cells. H358a cells were 

infected with RV(T) or RA27/3 and TUNEL stained fi-om 1 to 14 d.p.i. Controls 

were mock infected with RPMI medium. TUNEL positive monolayer and floating 

cells were counted using a graticule at 400X magnification and expressed as a 

percentage of total cell counts.
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Figure 5.10 Immunohistochemical staining of H358a monolayer ceils with 

human anti-RA27/3 antisera. H358a cells were infected with RV(T) or RA27/3 

and stained from 1 to 14 d.p.i. using the Vectastain Elite ABC kit. Controls were 

mock infected with RPMI medium. Cells positive for viral antigen stained brown. 

Negative cells appeared blue-green. (A) Uninfected cultures stained 6 d.p.i. (B) A 

representative photograph of cells infected with RV(T) stained 6 d.p.i. Photographs 

were taken at 400X magnification.



mean value of 11.4%). Thereafter, antigen positive cells oscillated between 17.6% 

and 27.0%. The difference between RA27/3 infected and uninfected cells was 

extremely significant (p<0.0001) (figure 5.11).

5.3.4 Analysis of the RV(T) and RA27/3 apoptotic pathway

5.3.4.1 Inhibitory studies with z-DEVD fmk in Vero cells

Vero cells pre-treated with z-DEVD fmk and then infected with RV(T) or RA27/3 

displayed an increase in the percentage of viable cells (figure 5.12, panel A), 

compared to non-treated infected cells. There was no difference in cell viability 

between treated and non-treated control cells (p=0.0557). For RV(T)-infected Vero 

cells; pre-treatment increased cell viability by a mean of 36.7% (p=0.0557), but did 

not restore viability to control levels (p=0.0025). For RA27/3-infected Vero cells, 

pre-treatment increased cell viability by 17.6% (p=0.0005), and did restore viability 

to control levels (p=0.4186).

The percentage of floating Vero cells was also analysed (figure 5.12, panel B). 

There was no significant difference between treated and non-treated control cells 

(p=0.2503). The percentage decrease in floating cells between treated and non- 

treated RV(T)- and RA27/3- infected cells was very significant (p=0.0026 and 

p=0.0071, respectively) with mean decreases of 53.0% for RV(T) and 4.2% for 

RA27/3.

When controls were pre-treated with z-DEVD-fmk there was no difference in the 

total cell count (p=0.27). When RV(T)-infected cells were pre-treated there was a 

very significant increase in cell number to a mean of 2.8 x 10 (p=0.0062). As 

observed with cell viability experiments, levels were not restored to that of the 

controls (p=0.0036). RA27/3 infected cells when pre-treated displayed a decrease in 

total cell numbers, which were restored to control levels (p=0.342) (figure 5.12, 

panel C).
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Figure 5.11 Quantification of viral antigen in H358a cells. H358a cells 

were infected with RV(T) or RA27/3 and immunohistochemically stained with 

hiiman anti-RA27/3 antisera. Controls were mock infected with RPMI 

medium. Cells positive for viral antigen were counted using a graticule at 

400X magnification and expressed as a percentage of total cell counts.



a

Control

Control (zDEVD)

RV(T)

RV(T) (zDEVD)

RA27/3

RA27/3 (zDEVD)

II

% Floating cells
o to

C/I o
H l-J ■----- 1----- 1-

n

75 n

% Cell viability (Total)

Control

Control (zDEVD)

RV(T)

RV(T) (zDEVD)

RA27/3

RA27/3 (zDEVD) H



c

Figure 5.12 Effects of z-DEVD-fmk on Vero cell viability and growth, 7

d.p.i. Vero cells were infected with RV(T), RA27/3 and BHK medium and 

were either treated with z-DEVD or non-treated. Cells were counted using a 

haemocytometer at 400X magnification (A) Total cell viability of treated and 

non-treated Vero cells. (B) The percentage of Vero cells floating. (C) Total 

cell counts of Vero cells.



5.3.4.2 Inhibitory studies with z-DEVD fmk in rat glial cells

Rat glial cells pre-treated with z-DEVD fmk and then infected with RV(T) or 

RA27/3 also displayed an increase in the percentage of viable cells (data not 

shown). z-DEVD fmk had no effect on the cell viability o f uninfected controls 

(0.8642). When RV(T) infected cells were pre-treated with zDEVD, the percentage 

cell viability increased by 8.3%, restoring viability to that of the controls 

(p=0.0410). Similarly, RA27/3 infected cells when pre-treated with zDEVD the cell 

viability increased by 13.2%, returning to control levels (p=0.0117).

The percentage of floating cells in infected cultures that were treated with zDEVD 

also returned to the same levels as that of the uninfected controls, p=0.0390 for 

RV(T) and p=0.0499 for RA27/3. As expected total cell counts also returned to 

control levels following treatment of infected cultures with zDEVD fmk (data not 

shown).

5.3.4.3 Caspase 3- and 6-protease specific activity in Vero cells

Caspase 3- and caspase 6-protease activity were extremely significant in both 

RV(T) and RA27/3 infected Vero cells.

Caspase 3 protease
From day 1 to 14 post infection, there was an extremely significant difference in the 

specific activity o f caspase 3 protease, between infected [p<0.0001 for both RV(T) 

and RA27/3] and control cells. However, it was not until 6 d p i., that there was a 

significant difference (p=0.0260), between RA27/3 infected and control cells. For 

RV(T) infected cells the specific activity occurred in peaks and troughs, peaking at 

3 and 6 d.p.i. and rising again at 12 d.p.i. For RA27/3 infected cells caspase 3 

protease activity peaked at 7 d.p.i. and then rose again after 10 d.p.i. Between 2 and 

6 d.p.i., the specific activity in RV(T) infected cells was higher than in RA27/3 

infected cells, however there was no significant difference between the two strains 

between 7 and 12 d p i. Surprisingly, at 14 d.p.i. the specific activity levels in
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RA27/3 infected cells were almost twice that of RV(T) infected cells. The overall 

mean specific activity level for RV(T) and RA27/3 infected cells was 17.2 and 15.3 

nmol AMC/min/mg protein respectively; control cells had a mean specific activity 

o f 4.4 nmol AMC/min/mg protein (figure 5.13, panel A). Over the 14-day period, 

there was an extremely significant difference in caspase 3 activity between cells 

infected with RV(T) and RA27/3. The mean specific activity of UV exposed HL60 

cells was 30 nmol AMC/min/mg protein.

Caspase 6 protease

The specific activity o f caspase 6 protease was observed earlier in RV(T) infected 

Veto cells, than in RA27/3 infected cells (as with caspase 3 protease activity). 

There was an extremely significant difference in caspase 6 protease activity 

between RV(T) infected and control cells (p=0.0004), as early as 1 and 2 d.p.i. 

Between 3 and 7 d.p.i., there was no difference in caspase 6 protease activity 

between RV(T) infected and control cells (interestingly this was when there were 

peaks o f caspase 3 activity). Caspase 6-protease activity occurred in peaks and 

troughs, as was observed with caspase 3 protease activity. For RV(T) infected cells 

activity peaked at 8 and 14 d.p.i. For RA27/3 infected Vero cells, activity peaked at 

4 d.p.i. and 7 d.p.i., after which the specific activity slowly began to decline (it was 

of interest to note that caspase 3 protease activity was increasing at this time). There 

was an extremely significant difference between the specific activity o f RA27/3 and 

RV(T) (p<0.0001) and RA27/3 and the uninfected controls (p<0.0001). The mean 

specific activity o f caspase 6 protease over the 14 days was 8.8 and 13.6 nmol 

AMC/min/mg protein, for RV(T) and RA27/3 infected cells, respectively; control 

cells had an overall mean of 4.8 nmol AMC/min/mg protein (figure 5.13, panel B). 

The mean specific activity of UV exposed HL60 cells was 35 nmol AMC/min/mg 

protein.
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Figure 5.13 Specific Activity of Caspase 3 and 6 proteases in RV(T) and 

RA27/3 infected Vero cells. Vero cells were infected with either RV(T) or 

RA27/3 and caspase specific activity was measured using fluorometric assays, 

from 1 to 14 d.p.i. Control cells were mock infected with growth medium. (A) 

Caspase 3 protease specific activity in Vero cells. (B) Caspase 6 protease 

specific activity in Vero cells.
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5.3.4.4 Caspase 3- and 6-protease specific activity in rat glial cells

Caspase 3 protease

Caspase 3 protease activity in RV(T) and RA27/3 infected rat glial cells was 

extremely significant (p<0.0001) (figure 5.14). In RV(T) infected cells the specific 

activity o f caspase 3 protease was not significant until 4 d.p.i. (p=0.0025). Activity 

peaked for RV(T) infected cells at 8 and 9 d p i. and again at 14 d p i., reaching 

maximum activity levels at a mean value of 37.6 nmol AMC/min/mg protein (8 

d.p.i.). The minimum mean specific activity for RV(T) infected cells was at 1 d.p.i. 

(6.2 nmol AMC/min/mg protein). For RA27/3 infected cells, specific activity 

undulated from 1 to 14 d.p.i., only becoming significantly higher than the control 

cells on days 3, 5, 7, 9 and 12 d.p.i., peaking at 21.1 nmol AMC/min/mg protein (3 

d.p.i.). At 14 d.p.i., the specific activity dropped to its lowest mean level, 4.95 nmol 

AMC/min/mg protein. Over the 14 days the overall mean specific activity for 

RV(T) and RA27/3 infected cells was 22.3 and 13.5 nmol AMC/min/mg protein 

respectively; control cells had an overall mean of 9.4 nmol AMC /min/mg protein. 

The specific activity o f caspase 6 protease was significantly different between 

RV(T) and RA27/3 infected cells (p<0.0001). The mean specific activity o f UV 

exposed HL60 cells was 30 nmol AMC/min/mg protein.

Caspase 6 protease
In RV(T) infected cells, caspase 6 specific activity was only detected at 14 d.p.i., 

10.6 nmol AMC/min/mg protein. The caspase 6 protease activity for uninfected and 

RA27/3 infected cells was undetectable. The mean specific activity of UV exposed 

HL60 cells was 35 nmol AMC/min/mg protein.

5.4 Discussion

Mechanisms of virus induced apoptosis, are not completely understood because of 

the complexity o f the underlying biochemical cascades and because not all o f the 

participating host factors have been identified (Teodoro and Branton, 1997). In this
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Figure 5.14 Specific Activity of Caspase 3 protease in RV(T) and RA27/3 

infected rat glial cells. Rat glial cells were infected with either RV(T) or 

RA27/3 and caspase specific activity was measured using fluorometric assays, 

from 1 to 14 d.p.i. Control cells were mock infected with growth medium.



chapter the apoptotic mechanisms induced by RV(T) and its vaccine strain have 

been compared for the first time. This study has demonstrated that viral replication 

is necessary for RV(T) and RA27/3 induction of apoptosis. A p53-independent 

pathway has been described, confirming a previously controversial report 

(Hoffman et al., 1999). This study has also verified an association of caspases with 

RV induced programmed ceil death and has for the first time analysed the specific 

activity of caspases 3 and 6.

Viral replication

In order to render RV(T) and RA27/3 RNA incapable of active replication, the 

virus and vaccine were exposed to UV light (Lai and Joklik, 1973). Loss of 

infectivity was observed when no plaques were measured by plaque assay. The lack 

of detectable apoptosis (DNA ladders or a significant increase in apoptotic 

morphology) in cultures inoculated with UV inactivated RV(T) or RA27/3, 

suggested that productive virus infection is necessary to trigger cell death. 

Although RV is a togavirus, these viruses can induce apoptosis via different 

mechanisms, for example virus replication was required for SFV (Glasgow et al., 

1998), but not required for Sindbis virus induced apoptosis (Jan and Griffin, 1999). 

However, in the study by Jan and Griffin, 1999, to achieve apoptosis in the absence 

of replication, cells were treated with a number of UV inactivated SV particles 

equivalent to 100 times the number required for induction of apoptosis by live 

virus. In this study, this large excess of UV inactivated particles was not tested and 

therefore the results cannot be compared directly.

It is possible that the observed apoptosis induced by RV(T) and RA27/3 could be 

due to soluble factors released fi-om infected cells (inducing apoptosis in adjacent 

uninfected cells). To answer this question, cells were inoculated with virus- 

depleted supernatant. No DNA ladders and only minimal TUNEL staining were 

detected; indicating that the presence of virus particles is necessary for RV(T) and 

RA27/3 induced apoptosis. Recently published results (Duncan et al., 1999; 

Hofmann et al., 1999) have shown that virus particles are necessary for virus-
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induced cell death by the M33 strain of RV, indicating that this observation may be 
true for all strains of RV.

p 53-independent pathway

In order to establish whether apoptosis induction by RV(T) and RA27/3 requires 

p53, the H358a human lung carcinoma cell line was used. The results of this study 

indicate that p53-independent apoptosis can be induced by RV(T) and its vaccine 

strain. These results confirm a previously controversial study by Hofmann et al., 

1999, where no significant changes in the levels of expression of p53 and of the 

Bcl-2 family members (Bcl-2, Bax and B c1-Xl) were observed following acute or 

persistent RV infection in Vero cells. Apoptosis independent of p53 can also be 

induced by SFV (Glasgow et al., 1998) and by adenovirus (Marcellus et al., 2000). 

These results do not preclude the possibility that p53-dependent RV induced 

apoptosis may also occur, as described by Megyeri etal. (1999).

Role of Caspases

To assess the role of caspases in RV(T) and RA27/3 induced apoptosis, infected 

cells were cultured in the presence of the irreversible caspase 3 inhibitor, z-DEVD- 

fmk, (also an inhibitor of caspases-6, -7, -8 and -10) (Nicholson and Thomberry, 

1997). This study has demonstrated that apoptosis induced by RV(T) and RA27/3 

is associated with caspases. This confirms previous reports on the involvement of 

caspases in RV induced cytopathogenicity (Pugachev and Frey, 1998; Duncan et 

at., 1999). In the study by Pugachev and Frey (1998), the addition of a broad- 

spectrum inhibitor z-VAD-fmk (an inhibitor of caspase-1, -3, -4 and -7) to infected 

Vero cells resulted in the reduction of floating cells. Duncan et al. (1999) also 

observed a decrease in the number of floating cells in RV (M3 3 strain) infected 

Vero and RK13 cells following treatment with z-DEVD-fmk.

In this study, the effects of z-DEVD-fmk have been confirmed and expanded, 

comparing RV(T) and RA27/3 infected Vero and rat glial cells. The increase in the 

percentage of cell viability following the addition of z-DEVD-fmk, suggests that a
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member of the caspase 3 family of proteases is involved in the mechanism by 

which RV(T) and RA27/3 induce apoptosis. In Vero cells, however the addition of 

z-DEVD-fmk did not completely inhibit the induction of apoptosis, suggesting that 

caspase 3 proteases may not be essential in the mechanism by which RV(T) and 

RA27/3 induce apoptosis in these cells. Janicke et al. (1998) and others have 

shown that activation of caspase 3 is not essential for tumour necrosis factor, 

staurosporine-, or Fas-induced apoptosis. Pugachev and Frey (1998), and Duncan 

et al. (1999) also observed a reduction in floating cells, and not complete inhibition 

of apoptosis in Vero and RK13 cells. z-DEVD-fmk completely inhibited apoptosis 

in infected rat glial cells, suggesting that the pathway in which RV(T) and RA27/3 

induce apoptosis is cell type specific.

In order to clarify the role of caspases in RV(T) and RA27/3 induced apoptosis, the 

specific activity of caspases 3 and 6 was measured. In Vero cells, particularly with 

RV(T) infected cells, the specific activity of caspase 6 protease appears to peak 

prior to peaks in caspase 3 protease. It has recently been demonstrated that caspase 

6 is a significant initiator of early caspase 3 activity in apoptotic cerebellar granule 

cells (Allsopp et a l, 2000). It was also recently reported that during experimental 

Streptococcus pneumoniae meningitis in mouse brain, caspase 6 mRNA was 

elevated 6 hours following infection and 18 hours prior to caspase 3 mRNA (von 

Mering et al., 2001).

In rat glial cells infected with RV(T), the specific activity of caspase 6 protease was 

not observed until 14 d.p.i. This may explain the less severe cytopathogenicity 

observed in rat glial cells and hence the reduction in the percentage of apoptotic 

cells as compared to Vero cells. Zhang et al. (2000) have shown that astrocytes 

undergo apoptosis within 24 hours when microinjected with caspase 3 but not 

caspase 6, 7, or 8, thereby showing cell type-specific vulnerability to caspases in 

the CNS.
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To summarise, caspase 3 protease is essential for apoptosis induced by RV(T) and 

RA27/3 in rat glial cells. However, in Vero cells caspase 3 proteases are associated 

with RV(T) and RA27/3 induced apoptosis, but may not be essential. The specific 

activity of caspase 3 and 6 appears to be cell type- and strain- specific. Small 

variations in the specific activity o f caspases 3 and 6 do not seem to have a direct 

correlation with increases in apoptosis, but do appear to have a definitive 

association with RV(T) and RA27/3 induced apoptosis. It is possible that certain 

threshold levels o f caspase activity have to be reached for particular apoptotic 

events to occur. For example, in rat glial cells infected with RV(T), DNA ladders 

were only observed when the specific activity for caspase 3 was approximately 25 

nmol AMC/min/mg protein.

Conclusion

The molecular events implicated in RV(T) and RA27/3 induced cell death were 

investigated in an effort to gain some insight into the teratogenic and 

neuropathological effects o f this virus and its vaccine. In the present study the 

apoptotic pathways induced by RV(T) and RA27/3 were compared for the first 

time, in Vero and rat glial cells. As was noted in previous studies, the pathogenesis 

of RV appears to be cell-type and strain specific. Viral replication is essential for 

RV(T) and RA27/3 induced apoptosis. RV(T) and RA27/3 induced apoptosis can 

occur independent of p53, as suggested by Pugachev and Frey (1998). It is 

postulated that the greater extent of apoptosis in Vero cells may be due in part to 

the ameliorating effects o f caspase 6 on caspase 3 and to the cell-type specific 

nature of caspases in the CNS. It is possible that the inflammatory lesions in RV(T) 

infected weanling rat brains at 14 d.p.i. (figure 4.12), may be due to the effects of 

caspase 6 (which was only active in rat glial cells at 14 d.p.i.). These results have 

given a clearer insight into the apoptotic pathway of RV(T) and RA27/3 and may in 

part explain the cell type specificities of RV and the cytopathological effects o f the 

virus.
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Chapter Six 

General Discussion



6.1 General Discussion

Acute rubella infection is the cause of a relatively benign disease, known as 

German measles. The teratogenic effects of this virus can, in contrast, be 

devastating. The neurological sequelae following either acute or congenital 

infections can result in encephalitis and in the rare neurodegenerative disorder, 

PRP. RV has also, along with many other candidate viruses, been implicated in 

the aetiology o f MS, as reviewed in chapter one. The pathogenesis of RV 

infection is incompletely understood. Apoptosis may be an important mechanism 

in the underlying pathogenicity induced by RV and the live attenuated RV 

vaccine, RA27/3.

This thesis has analysed the cell death mechanisms induced by the Therien strain 

of rubella virus, RV(T), and compared these molecular mechanisms with those 

induced by RA27/3. The complex interplay of rubella viral proteins and host 

proteins resulting in apoptotic cell death is intriguing. Although RV is less then 10 

kb in size, recent publications and research regarding the life cycle, structure, and 

pathogenic mechanisms o f this virus are both complex and fascinating.

The main aim of this thesis was to investigate the cell death mechanisms induced 

by RV in cells o f the CNS. However, in order to do this, the induction of 

apoptosis by RV(T) and RA27/3 was first assessed in Vero cells. One of the main 

conclusions that can be drawn from this study (chapter three) is that both RV(T) 

and RA27/3 induce apoptosis in these cells. Viral titres correlated with decreases 

in cell viability, and also with the extent of apoptosis. The occurrence of apoptosis 

was earlier in Vero cells infected with RV(T) and was of greater quantity than for 

RA27/3 infected cells.

The quantification of cell viability and TUNEL and viral antigen resulted in 

undulating patterns of peaks and troughs for both RV(T) and RA27/3 infected 

Vero, H358a and rat glial cells. A number o f explanations attributed to these
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patterns were discussed; (1) the von Magnus phenomenon (2) the interaction of 

NSP90 with pRb or (3) the time dependent activation of caspases 3 and 6.

The characteristic decrease in cell growth that is usually observed following 

infection with RV (Naeye and Blanc, 1965) was also demonstrated for RV(T) 

infected Vero cells. This decrease can be attributed to the induction of apoptosis 

by the virus. However, the resulting significant increase in cell growth induced by 

RA27/3 was surprising, particularly when the induction of apoptosis by the 

vaccine was occurring simultaneously. This increase in cell numbers was also 

observed in H358a and rat glial cells, infected with RA27/3 and to a much lesser 

extent when these cells were infected with RV(T). This cell growth may be 

attributed to the deregulation of the cell cycle following the interaction of the 
NSP90 protein with pRb.

pRb deregulation and the cell cycle

The non-structural protein of RV, NSP90, contains the retinoblastoma-binding 

motif LXCXE. NSP90 interacts with pRb, and it has been demonstrated that this 

interaction is essential for efficient RV replication. However, in facilitating RV 

replication, the cell growth properties of pRb could be potentially altered. The 

pRb-binding motif is found in several strains ofRV, including RA27/3 (Atreya et 
ai, 1998; Fomg and Atreya, 1999). The interaction of NSP90 and pRb may be 

one of the initial steps in the pathogenesis of RV. The teratogenic virus, HCMV, 

also interacts with pRb (Fortunato et ah, 1997). The conserved LXCXE binding 

motif of pRb, is found in many DNA tumour virus oncoproteins and is also found 

in the cyclin D1 protein. Thus, the LXCXE motif may be responsible for the 

targeting of either a kinase or a viral protein to pRb, to achieve the inactivation of 

its fiinction. The consequence of inactivating pRb, allows the accumulation of 

E2F activity. The pRb/E2F pathway, which is normally controlled by the action of 

Gi cyclin-dependent kinases, is responsible for the apparatus of DNA replication. 

Inactivation of pRb leads to the deregulation of E2F. Over-expression of the E2F 

protein, E2F1, a key target for pRb control, leads not only to an induction of S
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phase, but also to the induction o f apoptosis (reviewed by Chantler et a l ,  2001). 

The expression o f E2F1 induces a transient increase o f proliferation followed by 

massive apoptosis (Fueye et al., 2001). It is therefore postulated that the binding 

o f pRb to the LXCXE motif o f  NSP90 provides one possible explanation for the 

induction o f apoptosis by RV(T) and RA27/3, and also for the observed unusual 

patterns in cell growth induced by the virus and its vaccine.

Induction o f apoptosis in oligodendrocytes

In chapter four, the depletion o f oligodendrocytes from rat glial cell cultures 

infected with RV(T) and RA27/3 was concluded to be due to the apoptotic cell 

death o f oligodendroc5^es. The analysis of the lesions present in weanling rat 

brains following RV(T) infection, 14 d.p.i., revealed they were in the vicinity o f  

viral antigen. However, this investigation failed to produce any evidence that 

these lesions were due to the induction of apoptosis in vivo. It is however, 

believed, that this may have been due to technical difficulties experienced during 

experimentation. The use o f aurothiolates in vivo (discussed in chapter four) may 

provide an improved animal model to demonstrate the induction of apoptosis and 

its correlation to neuropathological mechanisms. It has been postulated that the 

induction o f apoptosis, by RV(T) and/or RA27/3, in oligodendrocytes and the 

subsequent generation o f myelin debris and presentation o f myelin antigens to T- 

helper lymphocytes, could trigger autoimmune demyelination. This proposed 

mechanism could in part explain the immune-mediated pathology evident in PRP, 

and possibly MS, and also the neuropathies associated with RA27/3 (reviewed in 

chapter one). Alternatively, the autoimmunity induced in PRP, and possibly in 

MS, could be explained by molecular mimicry. As already mentioned there is 

sequence similarity between the El and E2 glycoproteins and PLP, between E2 

and MOG and between the capsid antigen motif and MBP (section 1.6.5.5).

It is proposed that the capsid protein may play an important role in the induction 

of apoptosis by RV(T) and RA27/3. It is of interest, that following immunisation 

with the RA27/3 vaccine, a young woman developed a mild, distal demyelinating
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neuropathy. In this case report, serological studies demonstrated the presence of 

antibodies to RV, particularly against the capsid antigen, and also to MBP (Cusi et 

al., 1999). It has also been demonstrated that more females produce capsid 

specific proteins after immunisation with RA27/3 (Mitchell, 1999). It is o f 

relevance that one of the attenuating elements of RA27/3 was found in the capsid 

gene (Pugachev et al., 2000). Moreover, the persistence of anti-capsid antibodies 

against RA27/3 for long periods has also been observed (Cusi et a l,  1989, 1993). 

Duncan et al. (2000) recently demonstrated that the expression of the capsid 

protein (containing a membrane-anchoring domain) is required for the induction 

of apoptosis in RK13 cells by the M33 strain of RV. The assembly pathways of 

RV capsids are quite different to other alphaviruses. RV nucleocapsid assembly 

occurs on the surface of intracellular membranes (Frey, 1994). The E2 signal 

peptide that flinctions as a membrane anchor for the capsid protein is not only 

necessary for the induction o f apoptosis (Duncan et al., 2000) but also for the 

localisation of the capsid protein to the juxtanuclear region and for virus assembly 

(Law e ta l ,  2001).

The mitochondria and teratogenesis

It has recently been confirmed that the RV capsid associates with the host cell 

protein p32 and that this interaction occurs at the mitochondria. The over

expression of RV structural proteins results in the clustering of the mitochondria 

in the perinuclear region (Beatch and Hobman, 2000). In addition, p32 has a 

putative role in apoptosis through the regulation of the mitochondrial permeability 

transition pore (Jiang et al., 1999). The mitochondria play a vital role in cell death 

during the early stages o f teratogenesis. Teratogens induce changes in embryonic 

mitochondria resulting in the release of cytochrome c and the subsequent 

activation of caspase 9 (Mirkes and Little, 2000). A number of unusual features 

have been observed in RV infected cell cultures, including mitochondrial 

abnormalities and cytoskeletal disruptions; these manifestations probably play an 

important role in RV teratogenesis (Lee and Bowden, 2000). Teratogen induced 

cell death is cell type specific, certain cells within certain tissues die whilst others
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survive (Mirkes and Little, 1998), this cell type specificity has been demonstrated 

throughout this study.

A p53 dependent or independent pathway?

The induction of apoptosis in H358a cells by RV(T) and RA27/3 demonstrated 

that RV induced apoptosis can occur independent of p53, which was also 

confirmed by Hofmann et al. (1999). It does not preclude the possibility o f p53 

dependent apoptosis (as suggested by Megyeri et al., 1999). The deregulation of 

the pRb pathway can result in apoptosis, which is largely p53 dependent. 

Moreover, E2F1 induces an accumulation of the p53 protein. A pathway has now 

been elucidated linking the deregulation of the pRb pathway with the induction of 

p53 accumulation. A key component is the p i9 ^  gene product, ARF. ARF 

interacts with Mdm2 and prevents Mdm2 from targeting p53 for degradation. The 

p i9 ^ ^  gene is activated by E2F1, thus linking the deregulation of the pRb 

pathway with the activation of ARF, inactivation of Mdm2, the accumulation o f 

p53 protein, and finally, the induction of apoptosis (reviewed by Chantler et al., 

2001). In contrast, Yang et al. (2000) have shown that following the 

overexpression of E2F1 and the subsequent induction of apoptosis, p53 

expression remains undetectable, in esophageal cancer.

The role o f caspases

This study has confirmed the association of caspases with RV(T) and RA27/3 

induction of apoptosis. An interesting finding, in light of the proposed role o f pRb 

in RV(T) and RA27/3 induced apoptosis, is the caspase-dependent cleavage of 

pRb as an early step in neuronal apoptosis (Boutillier et al., 2000). The 

observation of incomplete inhibition of apoptosis by z-DEVD-fmk, in chapter 

five, is quite significant, and was also observed by Pugachev et al. (1998) and 

Duncan et al. (1999). This incomplete inhibition could be due to a small 

percentage of necrotic cells that ahhough non-viable, are obviously not inhibited 

by the caspase inhibitor z-DEVD-fmk. A small proportion of necrotic cells would 

explain the dual labeling observed with Annexin V and propidium iodide. A
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further explanation is that a minority of the cells is undergoing caspase- 

independent apoptosis. The Herpes Simplex virus 1 mutant dl20  induces 

apoptosis by a caspase-3 independent pathway. In dl20  induced apoptosis, 

caspase 3 is not activated and DNA fragmentation is not blocked by caspase 

inhibitors, even though the virus causes cytochrome c release and depolarization 

of the inner mitochondrial membrane (Galvan eta/., 1999). Cell death in response 

to granzyme B and perforin also does not require caspase activation (Trapani et 

al., 1998).

The specific activity o f caspases 3 and 6 provided a further insight into the 

complex apoptotic pathway(s) induced by RV(T) and RA27/3. It is o f interest that 

the nucleocapsid protein o f transmissible gastroenteritis coronavirus (TGEV) is 

cleaved by caspases 6 and 7, during TGEV induced apoptosis (Eleouet et al., 

2000). Like RV, TGEV is an enveloped, positive stranded, capped and 

polyadenylated RNA virus (Eleouet et al., 1995). In light o f the recent 

publications regarding the RV capsid protein and its putative role in apoptosis, it 

would be interesting to analyse whether the capsid protein could be cleaved by 

caspase 6.

The peak in caspase 6 activity prior to caspase 3 activity observed in this study 

has, as previously mentioned, been observed in apoptotic cerebellar granule cells 

(Allsopp et al., 2000) and in experimental Streptococcus pneumoniae meningitis 

in mouse brains (von Mering e ta l,  2001). Interestingly, the nuclear death domain 

containing protein p84N5 of adenovirus induces apoptosis that is also initially 

accompanied by the activation of caspase 6. Activation of caspase 3 does not peak 

until 3 days after the peak of caspase 6 activity, in adenovirus-induced apoptosis 

(Doostzadeh-Cizeron et al., 2000). Caspases 3 and 6 are also involved in E2F1 

mediated apoptosis, as demonstrated by the cleavage of caspase 3 and PARP and 

also by the fragmentation of the caspase 6 substrate, lamin B (Yang et al., 2000). 

The lack of a direct correlation in the analysis of specific activity of caspases 3 

and 6 with increases in TUNEL positive cells was also similarly observed in the
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expression of caspases 3 and 6 in non-small cell lung carcinomas. Tormanen- 

Napankangas et al. (2001) demonstrated the quantification of apoptotic cells and 

bodies had no association with the expression of caspases 3 and 6.

Double-stranded RNA and apoptosis

Another possible mechanism for the induction of apoptosis by RV(T) and 

RA27/3, is the activation of dsRNA dependent protein kinase (PKR) (Geiss et al., 

2001). The presence of dsRNA and activated PKR induces apoptotic cell death in 

vaccinia virus infections where the deletion of the viral E3L gene was shown to 

lead to activation of PKR (Lee and Esteban, 1994; Kibler et al., 1997). dsRNA 

synthesis has long been recognised as a factor in alphavirus cytopathogenicity, 

which is linked to interferon induction, but the cell death mechanism involved at 

the time was not recognised as apoptosis (Atkins and Lancashire, 1976; Atkins, 

1977). RV replication includes the formation of complexes that contain dsRNA 

bound to endosomal and lysosomal proteins (Lee et al., 1994; Magliano et al., 

1998; Kujala et al., 1999); an association with cell death has however not yet been 

described.

Although, the contribution o f the induction of apoptosis by RV(T) and RA27/3 to 

pathogenicity in vivo remains to be clarified, it is conceivable that the interactions 

o f viral proteins and host cell proteins have important consequences for viral 

pathogenesis and the host immune response. Further investigation o f the 

apoptotic processes induced by rubella virus will expand understanding o f the 

teratogenic and demyelinating properties of this virus.
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